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Abstract

Hormone-dependent activation of enhancers includes histone hyperacetylation and media-
tor recruitment. Histone hyperacetylation is mostly explained by a bimodal switch model,
where histone deacetylases (HDACs) disassociate from chromatin, and histone acetyl
transferases (HATS) are recruited. This model builds on decades of research on steroid
receptor regulation of transcription. Yet, the general concept of the bimodal switch model
has not been rigorously tested genome wide. We have used a genomics approach to study
enhancer hyperacetylation by the thyroid hormone receptor (TR), described to operate as a
bimodal switch. H3 acetylation, HAT and HDAC ChlP-seq analyses of livers from hypo- and
hyperthyroid wildtype, TR deficient and NCOR1 disrupted mice reveal three types of thyroid
hormone (T3)-regulated enhancers. One subset of enhancers is bound by HDAC3-NCOR1
in the absence of hormone and constitutively occupy TR and HATSs irrespective of T3 levels,
suggesting a poised enhancer state in absence of hormone. In presence of T3, HDACS-
NCOR1 dissociates from these enhancers leading to histone hyperacetylation, suggesting a
histone acetylation rheostat function of HDACs at poised enhancers. Another subset of
enhancers, not occupied by HDACs, is hyperacetylated in a T3-dependent manner, where
TRis recruited to chromatin together with HATs. Lastly, a subset of enhancers, is not occu-
pied directly by TR yet requires TR for histone hyperacetylation. This indirect enhancer acti-
vation involves co-association with TR bound enhancers within super-enhancers or
topological associated domains. Collectively, this demonstrates various mechanisms con-
trolling hormone-dependent transcription and adds significant details to the otherwise sim-
ple bimodal switch model.

Author summary

Thyroid hormone (T3) is a central regulator of growth, thermogenesis, heart rate and
metabolism. In the liver T3 binds thyroid hormone receptor beta (TRp) controlling
expression of genes involved in processes such as lipid and cholesterol metabolism. The
molecular mechanisms controlling TR-dependent gene regulation are centred on a
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bimodal switch model. In the absence of T3 co-repressors bind TR reducing gene expres-
sion. When hormone binds TR, co-repressors dissociate, and co-activators are recruited
inducing gene expression. This model predominates the current understanding of T3-reg-
ulated gene expression. However, only a few studies have tested this model by genome-
wide approaches. We have quantified histone3 acetylation genome-wide in the liver of
hypo- and hyperthyroid mice and identified gene regulatory regions regulated by T3.
Probing TR and co-regulators at these regulatory regions, and analysing histone3 acetyla-
tion in mouse models for disrupted co-repressor and TR activity, reveal additional
insights to the mechanisms regulating T3-dependent gene expression. We suggest a revi-
sion of the prevailing bimodal switch model which helps understanding T3-regulated
gene expression in tissues such as liver. We hope that this study, together with future stud-
ies, will add new perspectives on nuclear receptor-mediated transcriptional regulation to
reveal general principles.

Introduction

Active enhancers are defined by DNase accessible chromatin, histone 3 (H3) hyperacetylation
(e.g- H3K9Ac and H3K27Ac), H3K4 mono- and dimethylation (H3K4mel and H3K4me2)
and occupancy of the mediator complex [1-5]. Establishment of active enhancers has been
studied extensively using nuclear hormone receptors as model systems [6]. This includes a
number of key studies using TR to identify and characterize the function of transcriptional co-
regulators such as, steroid receptor coactivators (SRCs) [7-9] and CBP/p300 [10,11] with HAT
activity, the mediator complex [12], nuclear receptor co-repressors (NCOR1 and NCOR2)
[13,14] and histone deacetylase HDAC3 [15]. In absence of ligand TR interacts with the
nuclear receptor co-repressor complex (NCoR) consisting primarily of NCOR1/2, TBL1,
GPS2 and HDAC3 [16-19] by a direct interaction between TR and the NCOR1 C-terminal
domain [20-22]. When recruited to chromatin the unliganded TR-NCoR complex deacety-
lates the surrounding histone tails and facilitates active repression of transcription. In presence
of thyroid hormone, the extreme C-terminal alpha helix (helix 12) of TR changes conforma-
tion, enabling the receptor to interact with transcriptional co-activators [23-26]. Recruitment
of co-activators such as MED1, SRC1 and CBP/p300 leads to hyperacetylation of nearby his-
tone tails and RNA polymerase II recruitment/activation, collectively resulting in increased
expression of nearby genes [27,28]. This bimodal molecular switch has served as the canonical
model describing nuclear receptor regulation of enhancer activity in the last two decades and
thus is generally applied to describe TR-dependent activation of enhancers [29,30]. Yet, no
studies have systematically tested this bimodal switch model in a genome-wide manner.

Importantly, in addition to direct TR binding to the genome (so called type 1 action), thy-
roid hormone regulates multiple processes by alternative mechanisms, including T3 actions by
TR tethering to other transcription factors (TFs) (type 2 actions) and non-genomic actions in
a TR-dependent (type 3 actions) and independent manner (type 4 actions) [31]. Thus, in addi-
tion to the bimodal switch model (characterized by type 1 actions), enhancer regulation by T3
may be controlled by alternative mechanisms. Moreover, previous studies have shown
T3-dependent recruitment of TR to chromatin [32,33], which does not agree with the bimodal
switch model. Thus, several subcategories of type 1 action of T3 may exist.

Here we used a genomics approach to test if the prevailing bimodal switch model suffi-
ciently explains thyroid hormone regulation of enhancers. As a model system we used livers
from hypo- and hyperthyroid animals and identified regulatory regions in the genome, where
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histones (H3K27 and H3K9) are hyperacetylated in response to T3 (i.e. regulatory regions acti-
vated by T3). First, we defined hyperacetylated regions bound by TR and discovered consider-
able amount of hyperacetylated regions not occupied by TR yet required TR for activation.
Next, we carefully characterized hyperacetylated regions with and without occupancy of TR
using a combination of already published HiC data, extensive DNA motif analysis and ChIP-
seq against co-regulators. Finally, we functionally tested the role of the NCoR complex using a
mouse strain expressing a NCOR1 mutant unable to interact with TR (L-NCORIAID). Collec-
tively, this suggests that the canonical bimodal switch model does not fully explain T3-depen-
dent activation of enhancers. We present a revised model that adds significant details to the
mechanistic action of thyroid hormone signalling.

Results
Histone hyperacetylation of regulatory regions by thyroid hormone

Histones surrounding enhancers engaged in gene transcription are hyperacetylated at a num-
ber of lysine residues including H3K9 and H3K27 [34,35] and thus provide a molecular signa-
ture of active enhancers [2,35,36]. To characterize enhancer activation by T3 in a genome-
wide manner, we initially performed a series of ChIP-seq experiments against H3K27Ac and
H3K9Ac in liver tissue from hypo- (PTU treated) and hyperthyroid (PTU+T3 treated) mice.
Using replicate ChIP-seq experiments (S1A-S1D Fig) we found a total of 34,533 H3K27Ac
regions and 31,793 H3K9Ac regions in mouse liver tissue (S1E and S1F Fig). In combination,
this revealed a total of 37,200 H3 acetylated regions (S1G Fig) with high correlation between
H3K27Ac and H3K9Ac (S1H and S1I Fig). These regions varied greatly in size with a mean
size of 3782bp (H3K27Ac) and 3522bp (H3K9Ac) (S1]J and S1K Fig). Using these genomic
coordinates, we next quantified histone acetylation in response to T3 and found that T3 treat-
ment caused increased acetylation at both H3K9 and H3K27 at numerous regions in the
genome. This includes a region near the well-described T3-regulated gene Thrsp (Fig 1A). To
identify bona fide hyperacetylated regions in response to T3 we initially extracted regions with
increased H3K27Ac and H3K9Ac in response to T3 at FDR<0.01 and log2FC>1 (S2A and
S2B Fig). Next, we extracted regions hyperacetylated at both H3K27 and H3K9, collectively
constituting high confidence hyperacetylated regions in the genome in response to T3 (Fig 1B;
S2C Fig). Importantly, the H3K4mel level at these regions correlated with H3K27Ac and
H3K9Ac in hyperthyroid condition confirming active enhancers (52D and S2E Fig). More-
over, the vast majority of the hyperacetylated regions are positioned in introns and intergenic
regions (S2F Fig), where gene regulatory regions are most frequently positioned [37]. To test if
the identified hyperacetylated regions are also present under normal physiological situations
we correlated H3K27Ac under euthyroid conditions using previously published ChIP-seq data
[38] and found a high correlation (S2G Fig).

The identified hyperacetylated regions covered hundreds to thousands of kilobases (S1] and
S1K Fig) and, as indicated in Fig 1A, can harbour multiple DNase hypersensitive sites (DHSs)
likely to bind regulatory TFs. Thus, to identify TFs involved in T3-mediated histone hyperacety-
lation we extracted all DHSs within these regions (total of 3778 DHSs) and performed de novo
DNA motif analysis. This showed that the TR response element (direct repeat separated by four
nucleotides, DR4) was the most significantly enriched motif, indicating direct TR binding to
response elements within hyperacetylated regions (Fig 1C). Yet, the TR response element was
only found in 17% of the 3778 DHSs, representing 37% of the hyperacetylated regions. In agree-
ment, integration of TR ChIP-seq data [32] revealed that less than 40% of the hyperacetylated
regions contain at least one TR binding site (TRBS) (Fig 1D, n = 601). Quantification of
H3K27Ac and H3K9Ac at the TR bound, and unbound regions showed that the histone
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Fig 1. Identification of T3-regulated hyperacetylated regions in the liver. (A) Example of increased H3K9 and H3K27 acetylation at
DHSs near the Thrsp gene. TR binding sites (TRBSs) identified from TR ChIP-seq data are indicated as black bars. The identified
hyperacetylated region is displayed above density graphs of sequenced tags. (B) 1592 regions hyperacetylated at both H3K9 and H3K27
constitute high confidence hyperacetylated regions in hyperthyroid condition. (C) De novo motif analysis of 3778 DHSs within
hyperacetylated regions. The most enriched motif is shown. (D) Relative amount of hyperacetylated regions with at least one TRBS based on
TR ChIP-seq data. (E) T3-induced H3K27Ac in mice expressing TR-PV mutant lacking a functional activating helix 12. Statistical difference
was determined by a Wilcoxon Signed Rank Test, ***p<0.001.
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acetylation level in general was lower at hyperacetylated regions not bound by TR (S2H Fig).
This suggests that occupancy of TR is associated with a general more robust H3 acetylation.

The absence of TR binding in the majority of hyperacetylated regions, suggests a consider-
able number of regions hyperacetylated by T3 in a TR-independent manner. To test this, we
replicated the H3K27Ac ChIP-seq experiments in a TRBPV/PV (TR-PV) mutant mouse
model [39], where TR is functional inactive as a result of frame-shift mutation in the ligand-
binding domain [40]. Interestingly, using this model we observed a complete lack of
T3-induced hyperacetylation (Fig 1E), indicating that TR in part regulates histone hyperacety-
lation without being directly associated with the hyperacetylated region. This could be medi-
ated by T3-regulated expression of TFs that in turn facilitate histone hyperacetylation (i.e.
secondary TFs) or T3 control of signalling pathways potentially regulating activity of specific
downstream TFs (type 3 actions). For example, T3 has been shown to regulate the activity of
PI3K [41]. Alternatively, enhancers not bound by TR may be hyperacetylated through close
proximity of TRBSs in the three-dimensional space.

To address secondary genomic effects of T3 we quantified genome wide H3K27Ac in liver
from hypothyroid mice treated acutely with T3 for 2 or 6 hours (h). The vast majority (~85%)
of hyperacetylated regions with a TRBS had increased H3K27Ac after 2h of T3 treatment
(S3A-S3C Fig), indicating predominately direct genomic effects of TR. Interesting, most
(~60%) hyperacetylated regions without a TRBS also showed increased H3K27Ac in response
to acute T3 treatment (S3D and S3E Fig), demonstrating that a significant number of regions
not occupied by TRBS were hyperacetylated by the same kinetic profile as regions with a
TRBS. This suggests a potential co-regulatory mechanism. Notably, there was clearly less
regions without a TRBS with increased H3K27Ac in response to acute T3 treatment compared
to regions with a TRBS (S3C Fig), suggesting that some hyperacetylated regions may be regu-
lated by secondary TFs.
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Putative T3-regulated TFs controlling histone hyperacetylation

To identify potential secondary TFs involved in T3-regulated histone hyperacetylation we
applied a machine-learning approach IMAGE [42] using H3K27Ac and H3K9Ac quantified at
DHSs combined with hepatic RNA-seq data from hypo- and hyperthyroid animals. Out of 1611
curated TF binding sites (DNA motifs), IMAGE identified 51 and 50 DNA motifs contributing
to H3K27 and H3K9 hyperacetylation (p<0.01), respectively (S4A and S4B Fig). A total of 31
DNA motifs contributed to both H3K27 and H3K9 acetylation (54C and S4D Fig) and correla-
tion of the position weight matrices showed that DNA motifs resembling the DR4 motif dis-
played the most significant differential motif activity in response to T3 (S4E Fig). Moreover, a
number of additional DNA motifs showed significant contribution to T3-induced H3K27Ac
and H3K9Ac including motifs shown to bind transcription factors such PPARD, ESR1, CEBPB
and SREBF2/SREBP2 (54D and S4E Fig). However, quantification of the motif scores within
DHSs in the TR bound and unbound hyperacetylated regions, suggested that none of the indi-
vidual non-DR4 motifs contributed significantly to histone hyperacetylation of regions without
a TRBS (S4E Fig, right). In contrast, we did observe differential DR4 motif score enrichment in
agreement with differential TR occupancy. Moreover, we performed de novo motif analysis of
DHSs associated with hyperacetylated regions with and without TRBSs. In agreement with pres-
ence of TRBSs we identified the DR4 motif exclusively in the DHSs associated with regions
occupied by TR (S4F Fig). In addition, we identified a number of additional motifs, however
none of these showed differential motif score enrichment comparing regions with and without
TRBS (S4F Fig). Thus, T3-dependent hyperacetylation of regions not bound by TR is likely not
explained by occupancy of individual secondary transcription factors.

Higher-order organization of hyperacetylated enhancers

Organization of individual enhancers into co-regulatory hubs of enhancer-clusters is central
for balanced mRNA transcription in response to various signals [43]. This higher-order orga-
nization has been described at different levels such as relatively close proximity (10-15kb) of
individual enhancers into super-enhancers (SE) and long-range interaction of enhancers span-
ning hundreds of kilobases within topological associated domains (TADs) [44,45]. Thus,
T3-dependent hyperacetylation of enhancers may arise from enhancer co-regulation within
interacting clusters of individual enhancers.

Using the H3K27Ac ChIP-seq data we identified 688 SEs in hyperthyroid condition, with a
mean size of 24kb (Fig 2A) and about seven times the average size of hyperacetylated regions.
More than 22% of the SEs contained T3 hyperacetylated regions of which two third contained
hyperacetylated regions with TRBSs (Fig 2B). Close to 60% of the SEs containing hyperacety-
lated regions without a TRBS were co-occupied by hyperacetylated regions with a TRBS,
which was significantly higher compared to the frequency of co-occupancy by random H3
acetylated regions (Fig 2C). Moreover, close to 7% of 991 individual hyperacetylated enhanc-
ers, not occupied by TR, were positioned in a SE also containing hyperacetylated regions with
a TRBS (Fig 2D). Although this only constitutes a small fraction of the non-TR occupied
hyperacetylated enhancers it represents more than a threefold enrichment compared to ran-
domly selected histone acetylated regions. Remarkably, hyperacetylated regions without a
TRBS co-occurring in SE with a TRBS were more pronouncedly H3K27acetylated in response
to acute (2h) T3 treatment compared to regions not in a SE with TRBSs (Fig 2E). This suggests
that hyperacetylation of some non-TR bound enhancers may arise from enhancer co-regula-
tion within SEs. Hyperacetylated regions near the Procal gene represent one example (Fig 2F).

SEs are composed of enhancer constituents spaced 10-15kb and thus fail to describe long-
range enhancer interactions spanning hundreds of kb. To analyse the potential impact of long-
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Fig 2. Configuration of hyperacetylated enhancers in SEs and TADs. Hyperacetylated regions were divided into regions with TRBS (w/
TRBS) and without TRBS (no/TRBS). (A) Size distribution of SE in hyperthyroid condition based on H3K27Ac. (B) Fraction of SE
containing T3-responsive hyperacetylated enhancers with TRBS and without TRBS. (C) Fraction of SEs containing a hyperacetylated region
without a TRBS together with regions containing a TRBS. ***Fisher’s exact test p< 0.001 using 600 random selected histone acetylated
regions. (D) Fraction of hyperacetylated regions without a TRBS that co-occurs in SE with hyperacetylated regions with a TRBS. ***Fisher’s
exact test p< 0.001 using 600 random selected histone acetylated regions. (E) Acute H3K27Ac of regions without a TRBS in a SE with and
without hyperacetylated regions containing a TRBS. Statistical difference was determined by a Wilcoxon Signed Rank Test, *p<0.05,
***p<0.001. Non significant is marked by n.s. (F) Example of a SE near the T3-regulated Procal gene. (G) Distance between hyperacetylated
regions w/TRBS and no/TRBS. The median [M] distance is indicated for no/TRBS to w/TRBS containing regions and no/TRBS to random
regions. (H) Fraction of hyperacetylated regions without TRBSs within TADs containing a TRBS. ***Fisher’s exact test p< 0.001 using 600
random selected histone acetylated regions. (I) Example of HiC contacts in a TAD harbouring the Thrsp gene. (J) HiC tag count of all
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detected interactions between hyperacetylated regions with and without TRBS. Interaction between regions in the opposite direction was
quantified as a background control. Statistical difference was determined by a Wilcoxon Signed Rank Test (n = 56), ***p<0.001. (K)
Frequency of hyperacetylated regions contacting other hyperacetylated regions. Fisher’s exact test ***p<0.001, **p< 0.01, *p<0.05 using 365
random selected histone acetylated regions. (L) Acute H3K27Ac of regions without a TRBS interacting with regions with a TRBS or random
selected regions. Statistical difference was determined by a Wilcoxon Signed Rank Test, *p<0.05, ***p<0.001. Non-significant is marked by

https://doi.org/10.1371/journal.pgen.1008770.9g002

range interactions between enhancers we first mapped the distance between hyperacetylated
regions not bound by TR and regions bound by TR and compared this with the distance to
random histone acetylated regions. This showed that most hyperacetylated regions not bound
by TR were on average positioned hundreds of kb from hyperacetylated regions bound by TR
(Fig 2G). Interestingly, the hyperacetylated regions without TRBSs were positioned closer to
hyperacetylated with TRBS compared to random (Fig 2G), suggesting that the relative distance
between hyperacetylated regions could have a regulatory role.

Interactions between regulatory regions are often confined in TADs [43], suggesting that
TAD organization in the liver may confine T3 co-regulated regions. To test this, we quanti-
fied histone acetylated regions within previously mapped TADs and subTADs in mouse
liver tissue (TADs defined by HiC data and subTADs by sub-megabase structures of differ-
ent lengths within the TADs flanked by CTCF, cohesin and occupied by MED1) [46]. This
showed that hyperacetylated regions without TRBSs are more frequently positioned in the
same TAD as hyperacetylated regions with TRBS compared to randomly selected regions
(Fig 2H).

To map actual interactions between hyperacetylated regions we used previously pub-
lished deep sequenced HiC libraries from liver tissue [46] and scored specific interactions
between hyperacetylated regions with and without TRBS. Combining all HiC libraries
from two different circadian time points (ZT10 and ZT22), we scored more than 14,000
total interactions with a median distance of 190kb (S5A Fig). Extracting HiC contact
regions overlapping with hyperacetylated regions indicated smaller interacting distances
(~145kb), yet similar to randomly selected H3 acetylated regions in the genome (S5B Fig).
For example, we observed an interaction between a hyperacetylated region more than
100kb upstream of the TR bound hyperacetylated region near Thrsp (Fig 2I). Similar long-
distance interactions between hyperacetylated regions were observed near other T3-regu-
lated genes such as Ginm1 and Glul (S5C and S5D Fig). Next, we selected all detected inter-
actions between hyperacetylated regions with and without TRBSs (n = 56, 6% of all
hyperacetylated regions without TRBS) and compared HiC signals for these interactions
with HiC of interactions in the opposite direction (Fig 2]). This confirms that detected con-
tacts were significantly higher than background. Moreover, we found that interactions
between hyperacetylated regions with TRBS and without TRBS are as frequent as interac-
tions between regions with TRBS (Fig 2K). Importantly, this level of interaction was lower
between randomly selected regions (Fig 2K), suggesting that a subset of the hyperacetylated
regions not bound by TR were hyperacetylated as a result of interaction with regions occu-
pied by TR. In agreement, we observed that hyperacetylated regions not bound by TR had
a higher tendency to be acutely H3K27acetylated in response to T3 (2h) if they interacted
with regions bound by TR compared to random selected regions (Fig 2L).

Collectively, these data suggest that a subset of T3 hyperacetylated regions without a TRBS
can be acetylated by presence in SEs with TRBSs and/or by direct interaction with regions con-
taining a TRBS. Thus, the higher order chromatin structure allows enhancer activation by T3
in a TR dependent manner without direct TR interaction with the enhancer.
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Distinct co-regulator recruitment to TRBSs suggests several mechanisms
for enhancer regulation

The canonical model describing T3-regulated histone acetylation of enhancers infers that unli-
ganded TR recruits HDAC3 to chromatin and maintains local histone hypoacetylation. Bind-
ing of T3 results in reduced HDAC3 occupancy and increased HAT recruitment, collectively
leading to histone hyperacetylation. To test this model on a genome-wide scale, we first pro-
filed HDAC3 by ChIP-seq and mapped HDAC3 binding sites to hyperacetylated regions. In
agreement with direct action of TR, HDAC3 occupancy was preferentially enriched at T3-reg-
ulated enhancers bound by TR compared to T3-regulated enhancers not occupied by TR (Fig
3A). Interestingly, in hypothyroid condition HDAC3 occupied a minority of the hyperacety-
lated regions with a TRBS (Fig 3B), suggesting that differential occupancy of HDAC3 only
partly explains T3-induced histone acetylation.

To further characterize the hyperacetylated enhancers associated with TRBSs (type 1
actions of T3) we initially extracted all TRBSs within hyperacetylated regions (n = 720). We
subsequently quantified occupancy of different co-regulators known to interact with unli-
ganded TR (HDAC3 and NCORI1) and ligand bound TR (CBP, p300, SRC1 and MED1). Note
that p300 and SRC1 were only quantified at selected genomic regions due to low ChIP-seq sig-
nal to noise ratio for these factors. Based on HDAC3 ChIP-seq tag density in hypothyroid con-
dition we binned the TRBSs in high and low HDAC3 bound regions, referred to as type 1A
and type 1B TRBS, respectively (Fig 3C and 3D). This clearly showed that only a subset of
TRBSs were occupied by the histone deacetylase in absence of hormone, also illustrated by the
frequency of identified HDAC3 peaks in hypothyroid condition (S6A Fig). Moreover, the pat-
tern of HDAC3 occupancy was confirmed by NCOR1 ChIP-seq (Fig 3C and 3D). Importantly,
acute T3-induced H3K27Ac of type 1A and type 1B showed a similar pattern, where the major-
ity of TRBSs were hyperacetylated within two hours of T3 treatment (S6B Fig). Collectively,
this indicates that the NCoR complex is not actively engaged in histone hypoacetylation at all
putative TRBSs, suggesting that the canonical bimodal switch model does not fully explain
enhancer activation by TR bound directly to DNA.

In hypothyroid condition TR primarily occupied type 1A TRBSs (S6A Fig), suggesting that
TR potentially recruits the NCoR complex to chromatin to maintain histone hypoacetylation
specifically at type 1A sites. Interestingly, we found that the histone acetyltransferases CBP,
p300 and SRC1 occupied these regions in both hypo- and hyperthyroid condition (Fig 3C-
3E), suggesting that occupancy of HATS is not obligatory associated with hyperacetylated
chromatin but can also be found at hypoacetylated regions. Similar findings have been
reported for poised enhancers during embryonic development, where CBP can interact with
hypoacetylated chromatin in ES cells poised for activation during differentiation [5,47]. Thus,
type 1A TRBSs may represent poised hepatic enhancers in hypothyroid condition. Accord-
ingly, we found relatively high H3K4mel levels at these enhancers (Fig 3D), also indicative of
poised enhancer status [2]. Upon activation by T3, HDAC3 and NCOR1 occupancy was
reduced and CBP, p300 and SRC1 occupancy remained unchanged (Fig 3C-3E), suggesting
that T3-induced H3 hyperacetylation at these poised TRBSs is mediated by decreased occu-
pancy of HDAC:s rather than increased occupancy of HATS.

Focusing on the type 1B TRBSs showed that occupancy of CBP, p300 and SRC-1, as well as
HDAC3 and NCOR1, was increased in response to T3 (Fig 3C-3E). Together with the more
pronounced gain in chromatin accessibility and increased H3K4mel (Fig 3D), suggest that
this group of TRBSs is inaccessible and inactive in hypothyroid conditions and T3 treatment
establishes accessible and active enhancers. TR occupancy at type 1B TRBSs was relatively low
in hypothyroid condition (S6A Fig), indicating that TR is not involved in maintenance of a
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Fig 3. Occupancy of transcriptional co-regulators at TRBSs within T3 hyperacetylated regions. (A) Enrichment of HDAC3 occupancy within
hyperacetylated regions compared to random selected H3 acetylated regions. Statistical test was performed by a Wilcoxon Signed Rank Test, ***p<0.001.
(B) Fraction of hyperacetylated regions containing a TRBS (w/TRBS) occupied by HDAC3. (C) Heatmap illustrating H3K27Ac, H3K9Ac, co-regulator and
TR occupancy at TRBSs within hyperacetylated regions (n = 720). TRBSs are sorted according to HDAC3 occupancy in hypothyroid condition. Type 1A
TRBSs, poised enhancers, are defined by high occupancy of HDAC3, CBP and H3K4mel. Type 1B TRBSs, T3-established enhancers, are defined by low
occupancy of HDAC3, CBP and H3K4mel in absence of T3. (D) ChIP-seq tag density of histone modifications, DHS, TR and co-regulators at TRBSs
associated with poised (type 1A) and T3-established enhancers (type 1B). Statistical difference was determined by a Wilcoxon Signed Rank Test. (E) ChIP-
qPCR for four type 1A TRBSs (1-4) and four type 1B TRBSs (5-8). Genomic coordinates can be found in S2 Table. Statistical difference was determined by
Student’s t-test (n = 4), *p<0.05, **p<0.01 and ***p<0.001. (F) Example of co-regulator occupancy of hyperacetylated regions near T3-regulated genes
Diol and Pdp2.

https://doi.org/10.1371/journal.pgen.1008770.9003

hypoacetylated state in absence of T3. However, as TR together with HAT's were strongly
recruited to these sites in presence of T3 (Fig 3D and 3E), suggests that hyperacetylation is
mediated by TR and HAT recruitment. Importantly, using an unrelated TR ChIP-seq data set
[33] confirmed T3-dependent recruitment of TR to chromatin at type 1B TRBSs (Fig 3D).
Although this unrelated TR ChIP-seq dataset was based on tagged TR overexpression in liver,
potentially overestimating TR occupancy, it agrees well with the ChIP-seq data probing endog-
enous TR. Interestingly, ChIP-seq against MED1 suggests that the mediator complex was gen-
erally recruited to hyperacetylated TRBS in a ligand-dependent manner (Fig 3C-3E). Thus,
whereas the HATSs can occupy hypoacetylated chromatin, MEDI1 recruitment is strictly associ-
ated with ligand bound TR at hyperacetylated chromatin. This agrees well with previous stud-
ies showing that MED1 is required for full TR activity [48] and histone hyperacetylation
precedes MED1 [49].

Taken together these data indicate that type 1 actions of TR should be subdivided into at
least two categories. The high NCOR1-HDACS3 occupied TRBSs (type 1A) are poised enhanc-
ers, where the NCoR complex may function as a histone acetylation rheostat regulating the
overall level of histone acetylation deposited by HATSs. In contrast, activation of low
NCORI1-HDACS3 occupied TRBSs (type 1B) is established in a T3-dependent manner by
recruitment of TR and HATs leading to increased histone acetylation. Regions near the well-
known TR target genes, Pdp2 and Diol, represent examples of poised (type 1A) and estab-
lished (type 1B) TRBSs, respectively (Fig 3F).

Disrupted NCoR-TR interaction leads to increased histone acetylation at a
subset of TR-regulated enhancers

The poised enhancer model described above infers that disruption of NCoR recruitment to
chromatin will result in increased histone acetylation at unliganded type 1A TRBSs and not
type 1B TRBSs. To test this, we used the L-NCORI1AID mouse model. These mice express a
liver-specific NCOR1 mutant lacking two TR interaction domains resulting in disruption of
NCoR interaction with TR [50]. In agreement, we observed considerable decreased HDAC3
occupancy of TRBSs in the livers from L-NCORI1AID mice compared to WT mice in hypothy-
roid condition (Fig 4A and S6C and S6D Fig). Interestingly, reduced HDAC3 occupancy was
also observed for a number of non-TRBSs, suggesting that the deleted domains may be impor-
tant for NCOR1-HDACS3 recruitment to other transcriptional regulators than TR. With
focused attention on all T3-regulated regions harbouring a TRBS (defined in Fig 1D) we found
that 33% of the 601 T3-regulated enhancers became hyperacetylated at H3K9 and H3K27 in
NCORIAID compared to WT (Fig 4B and 4C). Importantly, this indicates that histone hypoa-
cetylation at the majority of TRBSs is not dependent on NCoR occupancy, in agreement with
previous findings from a NCOR1 KO model [38]. This supports the observation that only a
fraction of TRBSs is occupied by NCOR1-HDACS3 in hypothyroid condition.
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Fig 4. Histone acetylation of TR occupied regions due to disrupted interaction between TR and NCoR. (A) HDAC3 occupancy of chromatin in WT
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L-NCORIAID mice compared to hypothyroid WT mice. ***Fisher’s exact test p< 0.001. (F) Fold change of H3K9/27Ac at hyperacetylated regions occupied
by TR and associated with high and low occupancy of NCOR1-HDACS3 in livers from hypothyroid L-NCOR1AID mice compared to hypothyroid WT mice.
Statistical difference was determined by a Wilcoxon Signed Rank Test, ***p<0.001. (G) Fold change of H3K27Ac at hyperacetylated regions occupied by TR
and associated with high and low occupancy of NCOR1-HDACS3 in livers from hypothyroid NCOR1 KO mice compared to hypothyroid WT mice.
Statistical difference was determined by a Wilcoxon Signed Rank Test, ***p<0.001. (H) Examples of hyperacetylated regions occupied by type 1A TRBS
(left, chr16:21,817,000-21,842,000) and type 1B TRBS (right, chr2:167,527,000-167,558,000).

https://doi.org/10.1371/journal.pgen.1008770.9004
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To further characterize the function of NCoR we isolated hyperacetylated regions occupied
by type 1A and type 1B TRBSs (Fig 4D). In agreement with the proposed poised enhancer
model, we found that the percentage of the T3-regulated regions containing type 1A TRBSs
showed more pronounced increased acetylation in the NCORI mutant compared to regions
with type 1B TRBSs (Fig 4E). Moreover, the overall fold change of histone acetylation was
more pronounced at regions with type 1A TRBSs compared to regions with type 1B TRBSs
(Fig 4F). To validate this, we used previously published H3K27Ac ChIP-seq data from hypo-
thyroid liver-specific NCOR1 KO mice [38] and found increased histone acetylation in
NCORI KO specifically at regions with type 1A TRBSs (Fig 4G). Fig 4H illustrates examples of
hyperacetylated regions with type 1A and type 1B TRBSs.

Derepressed TRBS correlates with derepressed gene expression

To link histone hyperacetylation to gene expression we initially performed RNA-seq in hypo-
and hyperthyroid WT mice and identified 1015 genes induced by T3 treatment (Fig 5A). Of
these genes, 472 (47%) were associated with at least one hyperacetylated region within 100kb
of the TSS (Fig 5A). In contrast, 2% of T3-repressed genes were associated with hyperacety-
lated regions, indicating a strong correlation between T3-induced histone hyperacetylation
and T3-induced gene expression (Fisher’s exact test < 2.2e-16). Out of the 472 genes associ-
ated with hyperacetylated regions, about a third was associated with nearby hyperacetylated
regions without a TRBS. And two thirds of the genes were associated with hyperacetylated
regions with a TRBS (Fig 5B), suggesting a gene regulatory function for both types of hyperace-
tylated enhancers defined in Fig 1. Interestingly, gene expression in hypothyroid condition as
well as in presence of T3 was lower for T3-regulated genes associated with hyperacetylated
regions without a TRBS compared to genes associated with hyperacetylated regions with a
TRBS (Fig 5C). This agrees well with the general lower acetylation level of T3-regulated regions
not bound by TR (S2H Fig), consistent with previous findings reporting direct correlation
between gene expression and the level of nearby histone acetylation [2,51].

To specifically test if NCoR recruited to TRBS in hypothyroid condition is involved in
nearby gene expression, we performed RNA-seq from liver of hypothyroid L-NCORIAID
mice and analysed differential gene expression compared to hypothyroid WT mice. Strikingly,
only a minority (10%) of the T3-induced genes were affected in mice expressing NCOR1AID
(Fig 5D). This suggests that chromatin bound NCOR1-HDACS3 only controls a small subset of
T3-regulated genes in hypothyroid condition which agrees well with previous studies of
NCOR1 KO mice [38]. To specifically analyse the effect of the NCORIAID mutant on TRBSs
associated with the NCoR complex (as defined in Fig 3C) we extracted genes associated with
type 1A TRBS (n = 100 genes) and genes associated with type 1B TRBS (n = 85 genes) (Fig 5E).
Quantification of genes regulated by NCORI1AID within these two groups of genes showed
that 16 of the type 1A TRBS associated genes (16%) were induced in presence of NCORIAID
(Fig 5F), whereas this could only be observed for 5 genes (6%) associated with regions with
type 1B TRBSs (Fig 5G, p-value = 0.037, Fisher’s exact test). This indicates that the NCoR com-
plex is more important for the repression of genes associated with a TRBS with high NCoR
occupancy than at TRBS with low NCoR occupancy. This is further illustrated by comparing
the fold enrichment of genes regulated in hypothyroid NCORI1AID mice relative to sets of
1000 random selected genes (Fig 5H). Genes associated with nearby occupancy of NCOR1-H-
DACS3 (type 1A TRBS) have a higher tendency to be deregulated in the NCOR1AID mutant
compared to genes not associated with NCOR1-HDACS3 (type 1B TRBS) or randomly selected
genes.
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hypothyroid L-NCORI1AID mice. Red marks induced genes in L-NCORI1AID mice at FDR<0.01 and 1og2FC>0. (E) Number of T3-induced genes
associated with hyperacetylated type 1A (brown) or type 1B (orange) TRBSs. (F) Differential expression of T3-induced genes associated with type 1A
TRBSs in hypothyroid WT mice compared to hypothyroid L-NCORIAID mice. Brown marks induced genes in L-NCORI1AID mice at FDR<0.01 and
log2FC>0. (G) Differential expression of T3-induced genes associated with hyperacetylated regions occupied by type 1B TRBSs in hypothyroid WT
compared to hypothyroid L-NCORIAID mice. Yellow marks induced genes in L-NCORIAID mice at FDR<0.01 and log2FC> 0. (H) Enrichment of
genes induced in hypothyroid L-NCORIAID mice relative to random selected genes. Genes are binned according to association with hyperacetylated
type 1A and/or type 1B TRBSs. Ten different sets of 1000 randomly selected genes from all annotated genes were used as control. Statistical difference is
calculated using a Student’s t-test (n = 10), **p<0.01.

https://doi.org/10.1371/journal.pgen.1008770.9005

Discussion

Here we used a genomics approach to study enhancer activation by T3 in liver tissue. We
focused exclusively on enhancers hyperacetylated in response to hormone treatment and
found that enhancers are activated by several possible mechanisms depending on the chroma-
tin context. These include a) hyperacetylation of poised enhancers as a result of HDAC3 loss
and not increased HAT recruitment to the enhancer, b) hyperacetylation of dormant enhanc-
ers as a result of TR and HAT recruitment to the enhancer and c¢) hyperacetylation of enhanc-
ers not bound by TR in part as a result of higher-order chromatin structures. Importantly,
hyperacetylation at all T3-regulated enhancers require functional TR expression. Moreover,
we observed that MED1 is generally ligand dependently recruited to TR-bound hyperacety-
lated enhancers, suggesting that mediator recruitment is a hallmark of hyperacetylated TR
occupied enhancers in response to T3.

Hypoacetylated enhancers, associated with H3K4mel, hypersensitive to DNase and co-
occupied by HATs and HDACs, are inactive yet poised for activation when the right molecular
signal arrives [1]. We show that poised enhancers bound by unliganded TR are co-occupied by
HATs and the NCoR complex capable of acetylating and deacetylating lysines at histone tails,
respectively. HATs do not interact directly with unliganded TR [10,11] but interaction with
TR occupied enhancers could be mediated by RXR possibly though SRCs [52-54] or other
transcription factors occupying the enhancers (Fig 6A). Interestingly, although HATs interact
with poised enhancers overall histone hypoacetylation is maintained either by selective control
of the HAT activity or by actively deacetylating histones by NCoR recruitment. We show that
disruption of NCoR interaction with TR leads to hyperacetylation of a subset of TR bound
poised enhancers. However, it is important to note that only half of the poised enhancers,
occupied by high levels of NCOR1-HDACS3, were hyperacetylated as a result of NCOR1-H-
DACS3 depletion (Fig 4E). This argues for additional NCORI1 independent mechanisms for his-
tone hypoacetylation as suggested previously [38]. Thus, additional histone deacetylase
complexes, such as SIN3A complexes containing HDAC1 or HDAC?2, may be involved in
active histone hypoacetylation at TRBSs when NCOR1-HDACS3 is depleted [55,56]. An alter-
native explanation may include differential activity of HATs at the NCOR1-HDACS3 depleted
TRBS in hypothyroid condition. A prerequisite for hyperacetylation, as a result of NCoR
depletion, is increased activity of pre-occupied or recruited HATs. Enhancer selective CBP
activity has been demonstrated in several studies and involves multiple mechanisms including
eRNAs [57] and posttranslational modifications [58-60]. Thus, increased histone acetylation
upon NCoR depletions may be determined by a combination of HDAC depletion and residual
HAT activity at the TRBSs in a chromatin context dependent manner.

Interestingly, we found a large fraction of TRBSs not associated with NCOR1-HDACS3 in
hypothyroid condition. Compared to the poised TRBSs, these regions were less likely to be
hyperacetylated in response to NCOR1-HDACS3 depletion. Moreover, these regions recruited
TR and HAT: in presence of T3, correlating with histone hyperacetylation. In addition, both
DNase accessibility and H3K4mel were dramatically increased at these regions in response to
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Fig 6. Models describing T3-dependent H3 hyperacetylation and activation of enhancers. (A) Poised enhancers
(type 1A) are hyperacetylated as a result of HDAC3 disassociation from the TRBS. As HDAC3 occupancy is reduced,
histone acetylation increases as a result of pre-occupied HATs. In addition, MEDI is recruited to the enhancers in a
T3-dependent manner. (B) Dormant enhancers (type 1B) are hyperacetylated as a result of T3-dependent TR and HAT
recruitment to chromatin. Activation of these enhancers is associated with increased chromatin accessibility,
H3K4mel and MED1 recruitment. (C) A subset of T3-activated enhancers is not occupied by TR yet activated in a TR-
dependent manner. These enhancers are connected to TR occupied enhancers either though long-range interaction
within TADs or local interaction within SEs. The TRE illustrates the TR response element, which predominantly
consists of DR4 motifs.

https://doi.org/10.1371/journal.pgen.1008770.g006

T3, suggesting that these dormant T3-responsive enhancers are established in a hormone-
dependent manner (Fig 6B). Since the majority of these enhancers were H3K27Ac within 2h
of T3 treatment suggests that these enhancers are directly regulated by T3 dependent recruit-
ment of TR to chromatin. This agrees with recent observations showing that TR can be ligand
dependently recruited to a subset of TRBSs and induce de novo chromatin accessibility [32,33].
Thus, hypoacetylation of these regions in absence of T3 is simply a consequence of a con-
densed chromatin environment with low occupancy of transcription factors and HATs. In
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agreement, we found that disruption of NCORI was less likely to result in increased histone
acetylation compared to the poised enhancers. Importantly, correlation with gene expression
analysis suggests that a number of T3-induced genes are regulated by enhancers controlled by
ligand-dependent enhancer establishment. This agrees with earlier studies showing that a sub-
set of T3-induced genes are not repressed by TR in hypothyroid condition [61].

In addition to the TRBS described above, we identified a number of enhancers hyperacetylated
by T3 without any apparent occupancy of TR and presence of canonical TR response elements.
Importantly, perturbed TR activity abolished T3-dependent hyperacetylation, demonstrating that
these enhancers are regulated in a TR-dependent manner. In agreement, disrupted T3-induced
hyperacetylation has also been observed in the liver of TRB KO mice [62]. Interestingly, disrupted
hyperacetylation is also observed in the liver of mice expressing TRp mutant (TR GS) not able to
bind DNA, suggesting that type 1 actions are predominantly involved in T3-mediated hyperace-
tylation [62]. Moreover, disrupting type 4 actions of TR does not impair histone hyperacetylation
[62]. Thus, T3-mediated histone hyperacetylation of regions not occupied by TR is likely a conse-
quence of secondary effects of type 1 actions of TR, including regulation of secondary TFs. We
used extensive DNA motif analysis to test if secondary TR-regulated TFs may be involved in
T3-dependent hyperacetylation, however, this failed to reveal obvious putative candidates. In
contrast, analysis of the higher-order chromatin structure suggests that chromatin organization
may be partly involved in T3-dependent hyperacetylation of enhancers without apparent occu-
pancy of TR (Fig 6C). First, a fraction of T3-regulated enhancers, not occupied by TR, is located
in SEs containing TRBSs. Second, hyperacetylated enhancers containing TRBS are interacting
with a fraction of T3-regulated enhancers lacking TRBS. Using CRISPR-mediated genome edit-
ing it has previously been shown that deletion of a specific enhancer can lead to reduced
H3K27Ac of interacting enhancers [63], suggesting possible functional hierarchy between inter-
acting enhancers. Future functional studies of T3-regulated enhancers using genome editing
technology will likely provide functional insights to communication between interacting T3-reg-
ulated enhancers.

The three different models shown in Fig 6 seek to explain different mechanisms controlling
T3-induced histone acetylation, yet a direct link to T3-regulated genes remains a challenge. To
initially address the question, we used a 100kb-to-TSS approximation approach with the obvi-
ous disadvantage of being unable to directly connect every hyperacetylated enhancer with a
given gene promoter. We found that less than half of the identified T3-activated genes con-
tained a hyperacetylated region within 100kb of the TSS. This suggests a) that a large propor-
tion of T3-induced gene transcription may be regulated independently of H3 hyperacetylated
enhancers or b) that a majority of T3-induced genes are controlled by hyperacetylated enhanc-
ers positioned more than 100kb from the TSS. To address this, future high-resolution
enhancer-promoter capture HiC experiments will be essential. Interestingly, of the 472
T3-induced genes that were associated with nearby hyperacetylated regions, we found that
only a small subset was dysregulated in the NCOR1AID mutant. This indicates that the canoni-
cal bimodal switch model, where NCoR represses gene expression in hypothyroid condition,
only explains regulation of a minority of T3-regulated genes. Similar observations have been
reported using NCOR1KO and TRKO models [38,61]. Thus, we suggest that T3-induced gene
expression is explained by different mechanisms depending on the chromatin context of
involved enhancers. This includes the mechanisms illustrated in Fig 6 and future mapping of
the higher order chromatin structure in hypo- and hyperthyroid condition will help delineat-
ing regulatory mechanisms for individual T3-regulated genes.

In conclusion, we show that T3-regulated histone acetylation is controlled by a number of
putative mechanisms, which do not fully agree with the prevailing bimodal switch model. This
argues for revision of the model and provides additional insight to NCoR independent
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regulation of T3-responsive enhancers and highlight the complexity of hormone dependent
gene regulation that may be relevant for other ligand-regulated transcription factors such as
RAR, ER and VDR able to occupy chromatin in absence of agonist.

Materials and methods
Ethics sstatement

All animal work was performed in accordance with local rules and approved by the National
Cancer Institute Animal Care and Use Committee (LMB-037).

Mouse models

The L-NCORI1AID/ID (NCORIAID) and the TRBPV/PV (TR-PV) mouse models were gener-
ated and assessed as described earlier [39,50,64]. L-NCORI1AID mice were maintained on a
mixed C57BL/6;129S strain background. TR-PV mice and wildtype littermates were main-
tained on a C57BL/6];NIH Black Swiss background. Only male mice were used in this study.
Mice within each genetic background had similar age, total body and liver weights (S1 Table).
Mice were housed in single or group cages at ~23°C, in a 12h light-dark cycle and had free
access to water. To induce hypo- and hyperthyroidism we fed mice an ad libitum low iodine
diet containing 0.15% PTU (TD.95125, Envigo Teklad) for 16 days leading to hypothyroidism
as described previously [65]. Mice were subsequently randomized and injected intraperitoneal
with 5ug of T3 (T2752, Sigma-Aldrich) or vehicle for the last 4-6 days resulting in a hypothy-
roid and hyperthyroid population [65]. On the last day of the T3 treatment protocol mice were
sacrificed and livers were isolated and snap-frozen in liquid nitrogen. In the acute treatment
setup hypothyroid mice were injected with a single dose of 5ug of T3 and sacrificed 2 and 6
hours later. On the last day of the T3 treatment protocol mice were sacrificed, and livers were
isolated and snap-frozen in liquid nitrogen. The short-term treatment of PTU and PTU and
T3 had no apparent effects on mouse body weight and liver weight (S1 Table).

Chromatin immunoprecipitation

MED1, HDAC3, NCOR1, CBP, p300, SRC-1, H3K27Ac, H3K9Ac and H3K4mel ChIP ex-
periments were essentially performed as described in [66]. ~25mg of frozen liver material was
used per IP from 3-4 mice in each group (WT PTU, WT T3, TR-PV PTU, TR-PV T3 or
NCORIAID/ID PTU). Liver samples were homogenised using IKA ULTRA-TURRAX in
crosslinking agent. In MED1, HDAC3, CBP, p300, SRC-1 and NCORI1 ChIP experiments
samples were crosslinked in 2.1mM DSG (c1104, Proteochem) for 30min at RT with rotation
mediating protein-protein fixation before 10min crosslinking in 1% formaldehyde for protein-
chromatin fixation. Crosslinking was quenched in 0.125M glycine, washed 2x in cold 1xPBS
and resuspend in 1ml lysis buffer (0.1% SDS, 1% Triton X-100, 0.15M NaCl, ImM EDTA,
20mM Tris-HCl pH8.0, 1x Complete Protease Inhibitor Cocktail (04693116001, Roche) and
1ug/ul BSA). Chromatin was sonicated using Diagenode Biorupter Twin or Covaris ME220 to
shear DNA into fragments of ~200-1000bp in size. An initial 30min pre-clearing step with
30pl Protein A/G beads was performed before IP. 2ug/IP of antibody was used in all ChIP
experiments except in H3K27Ac and NCOR1 ChIPs where 0.2ug/IP and 3ul/IP whole antise-
rum was used, respectively. Antibodies used: HDAC3 (sc-11417), CBP (sc-369), p300 (sc-584),
SRC-1 (sc-8995), MED1/TRAP220 (sc-8998) from Santa Cruz Biotechnology, NCoR
(ab24552), H3K27Ac (ab4729), H3K4mel (ab8895) from Abcam and H3K9Ac (06-942) from
Millipore. Samples were incubated ON at 4°C with rotation followed by addition of 30ul Pro-
tein A/G PLUS-Agarose beads (sc-2003, Santa Cruz Biotechnology) and an additional 2.5-3h
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incubation. The immunoprecipitated samples were washed and DNA was eluted by 30min
incubation at RT with rotation in elution buffer (1% SDS and 0.1M NaHCO3). Reverse-cross-
linking was mediated by addition of 5M NaCl followed by ON incubation at 65°C. DNA was
purified with phenol-chloroform extraction and precipitated with ethanol. Recovery and qual-
ity were evaluated by qPCR (see S2 Table for primers used), before sample pooling, library
preparation and sequencing.

RNA purification

~10-15mg of frozen liver material was used for RNA isolation from 4 biological replicates. The
samples were homogenized, and RNA extracted using TRI-Reagent (T9424, Sigma-Alrich)
and EconoSpin Columns (1920-250, Epoch Life Science) according to manufacturer’s proto-
col. RNA concentration was determined by NanoDrop ND-1000 Spectrophotometer. RT-
qPCR was performed to verify expected expression level of selected hypo- and hyperthyroid
responsive genes. RNA quality was determined on Agilent Fragment Analyzer using Standard
Sensitivity RNA Analysis Kit (DNF-471, Agilent).

Library construction and sequencing

Libraries were prepared using NEBNext reagents and kits for Illumina Sequencing following
manufacturer’s instructions. In brief, mRNA was isolated from 1pg total RNA using magnetic
poly d(T) beads (E7490L). cDNA was synthesized using RNase inhibitor (M0314L), Reverse
Transcriptase (M0368L) and buffers, random primers, enzymes from NEBNext Ultra II kit
(E7771L). DNA and cDNA samples were end-repaired and 5’ phosphorylated using a mix of
T4 ligase buffer (B0202S), ANTP (N0447S), T4 DNA polymerase (M0203L), Klenow DNA
polymerase (M0210S) and T4 polynucleotide kinase (M0201S) followed by 30min incubation
at RT. Samples were cleaned and size-selected using magnetic AMPure XP beads (A63881,
Beckman Coulter). 3’-ends were adenylated by a 30min 37°C incubation in A-tailing mix con-
taining NEBuffer 2 (B7002S), dATP (N0440S) and Klenow exo (3’->5’ exo-) (M0212S). 5’
phosphylated and 3’-adenylated DNA ends allow hairpin-adapter ligation using Blunt/TA
ligase (M0367L) incubating 15min at RT. Adaptors were cleaved by USER enzyme (E6609S,
E6440S). Samples were cleaned with magnetic AMPure XP beads. Libraries were amplified
with 10-16 cycles of PCR using Q5 polymerase (B9027S) and index primers (E6609S, E6440S).
Clean up and size selection steps were performed using AMPure XP magnetic beads. Library
concentration was determined using KAPA library Quantification Kit (KK4854, Kapa Biosys-
tems) following manufacturer’s instructions. Libraries were sequenced on an Illumina HiSeq
1500 or Illumina NovaSeq 6000 instrument.

Sequencing data analysis

Sequencing: Sequenced data was aligned to the reference mouse genome mm9 using STAR
[67] and aligned tags were normalized and quantified using HOMER [4]. Number aligned
reads and uniquely mapped reads for each library can be found in S3 Table. Sequenced data
was visualized using the UCSC Genome Browser.

ChIP-seq analysis: T3-responsive histone hyperacetylated regions were identified using
HOMER [4] by findPeaks -region-size 1000 and -MinDist 2500. Differential T3-regulated
histone acetylated regions were identified with DESeq2 [68] using the thresholds FDR<0.01
and log2FC>1. High-confidence hyperacetylated regions were defined as regions significantly
hyperacetylated at both H3K27 and H3K9. Previous published DNase-seq data [32] was used
to identify putative transcription factor binding sites within the histone acetylated regions.
T3-induced hyperacetylated regions bound by TR were ranked based on HDAC3 occupancy
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in the hypothyroid condition. The top 1/3 of the regions, with high HDAC3 occupancy (type
1A TRBS), and the bottom 1/3 of the regions, with low HDAC3 occupancy (type 1B TRBS),
were used for further comparison of poised and established enhancers, respectively. Quantifi-
cation of histone modification, chromatin accessibility and co-regulator recruitment was per-
formed by HOMER and average tag counts from two biological replicates were used for
differential tag quantification. HDAC3 ChIP-seq peaks were identified using HOMER by find-
Peaks -style factor and replicate concordant peaks (from two biological replicates) was used
for downstream analysis. SEs were identified based on H3K27Ac levels using HOMER by find-
Peaks -style super. Heatmaps were generated using the pheatmap package in R or MeV [69].
Random genomic regions were selected using Sample() in R.

DNA motif analysis: De novo motif analysis was performed using HOMER by findMotifs-
Genome using 200bp regions extracted from DHS within hyperacetylated regions. IMAGE
[42] identified potential transcription factors regulated by TR involved in T3-regulated histone
hyperacetylation. Aligned H3K27Ac or H3K9Ac ChIP-seq and RNA-seq data was used as
input for IMAGE. Motif activity scores with p<0.01 and differential motif activity (T3 vs
PTU) >0 were extracted for further analysis. Motif similarity was analysed by hierarchical
clustering of pearson correlation of the position weight matrix of individual motifs and plotted
as a heatmap using R (Pheatmap). Motif scores of DNA motifs enriched by IMAGE analysis
and de novo motif analysis were quantified using HOMER by annotatePeaks using -mscore
setting.

HiC analysis: Illumina paired end sequencing data from GSE104129 [46] was aligned by
STAR (mm?9 genome assembly). Aligned data from two different timepoints of a circadian
rhythm (ZT10 and ZT22) was combined and genomic interactions were identified using
HOMER by findTADsAndLoops with a resolution of 5000bp and a window size of 10000bp.
Similarly, quantification of interaction between specific regions was determined by HOMER
by analyzeHiC using a resolution of 5000bp and a window size of 10000bp. Statistical differ-
ence between no/TRBS regions and w/TRBS regions interactions compared to regions in the
opposite direction (control) was determined by Wilcoxon Signed Rank Test. T3 co-regulated
regions confined in TADs were determined using available TAD information from mouse
liver tissue (Kim et al., 2018). Random genomic regions were selected using Sample() in R.

RNA-seq analysis: Differential gene expression was identified with DESeq2 using the
threshold FDR<0.01. Furthermore, T3-induced genes were defined as log2FC>1 (T3 vs PTU).
The analysis was further focused on genes with a nearby hyperacetylated regions with and
without occupancy of HDAC3 (+100kb). Differentially regulated genes in NCOR1AID mice
was defined with FDR<0.01 and log2FC>0. Random genes were selected using Sample() in R.

Data visualization: All Venn diagrams, volcano plots, heatmaps and histograms were gener-
ated using R.

Analysed NGS data availability: ChIP-seq count tables, ChIP/HiC/SE genomic positions
and RNA expression data can be found in S1-S6 Data.

qPCR data analysis

Microsoft Office Excel software (v16.16.10) was used for analysing statistical parameters for
qPCR data, which is presented as mean with SD. Statistical significance was calculated using a
two-tailed unpaired Student’s t-test. Numerical data can be found in S7 Data.

Previously published data used for analysis

Previously published TR ChIP-seq and DNase-seq data is from The Sequence Read Archive:
SRP055020 (https://www.ncbi.nlm.nih.gov/sra/?term=SRP055020) [32] or Gene Expression
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Omnibus: GSE52613 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgitacc=GSE52613) [33].
Previously published HiC data is from Gene Expression Omnibus: GSE104129 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE104129) [46]. Previously published liver
H3K27Ac ChIP-seq data from hypothyroid NCOR1 KO and euthyroid WT mice is from Gene
Expression Omnibus: GSE99475 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE99475) [38].

Supporting information

S1 Fig. Identification of H3K27Ac and H3K9Ac regions in the liver of hypo- and hyperthy-
roid mice. (A) Correlation between two replicate H3K27Ac ChIP-seq experiments in mice
treated with PTU. (B) Correlation between two replicate H3K27Ac ChIP-seq experiments in
mice treated with PTU+T3. (C) Correlation between two replicate H3K9Ac ChIP-seq experi-
ments in mice treated with PTU. (D) Correlation between two replicate H3K9Ac ChIP-seq
experiments in mice treated with PTU+T3. (E) Replicate concordant H3K27Ac regions in
mice treated with PTU and PTU+T3. (F) Replicate concordant H3K9Ac regions in mice
treated with PTU and PTU+T3. (G) Combined number of identified H3K27Ac and H3K9Ac
regions. (H) Correlation between H3K27Ac and H3K9Ac in mice treated with PTU. (I) Corre-
lation between H3K27Ac and H3K9Ac in mice treated with PTU+T3. (]) Size of identified
H3K27Ac regions. (K) Size of identified H3K9Ac regions.

(TIF)

S2 Fig. Identification of H3K27 and H3K9 hyperacetylated regions in the liver of hypo-
and hyperthyroid mice. (A) Identification of 2882 H3K27 hyperacetylated regions in hyper-
thyroid condition (FDR<0.01 and log2FC>1). (B) Identification of 1928 H3K9 hyperacety-
lated regions in the hyperthyroid condition (FDR<0.01 and log2FC>1). (C) Correlation
between H3K27- and H3K9 hyperacetylation at 1592 H3 hyperacetylated regions. (D) Correla-
tion between H3K4mel and H3K27Ac at hyperacetylated regions (n = 1592). (E) Correlation
between H3K4mel and H3K9Ac at hyperacetylated regions (n = 1592). (F) Distribution of
hyperacetylated regions within exons, introns, promoters and intergenic regions. (G) Correla-
tion between H3K27Ac in hyperthyroid and euthyroid condition (n = 1592). Correlation coef-
ficient (Pearson) indicated in plots panels C, D, E and G. (H) Quantification of H3K27Ac and
H3K9Ac at regions hyperacetylated with (w/TRBS) and without TRBS (no/TRBS) in response
to T3. Statistical difference was determined by a Wilcoxon Signed Rank Test, ***p<0.001.
(TIF)

$3 Fig. H3K27Ac in response to 2 hour (h) and 6h T3 treatment. (A) H3K27Ac after 2h of
T3 treatment was quantified at hyperacetylated regions with a TRBS (w/TRBS) and analysed
by DESeq2. FDR<0.05 are coloured red. (B) Quantification of H3K27Ac in response to 2h
and 6h treatment with T3 at hyperacetylated regions with a TRBS. ChIP-seq tag counts are
normalized by a z-score. (C) Percentage of hyperacetylated regions with significant increased
H3K27Ac (FDR<0.05, Log2FC>0) after 2h and 6h treatment with T3. (D) H3K27Ac after 2h
of T3 treatment was quantified at hyperacetylated regions without a TRBS (no/TRBS) and ana-
lysed by DESeq2. FDR<0.05 are coloured red. (E) Quantification of H3K27Ac in response to
2h and 6h treatment with T3 at hyperacetylated regions without a TRBS. ChIP-seq tag counts
are normalized by a z-score.

(TIF)

$4 Fig. Analysis of DNA motifs contributing to hyperacetylation of H3K27 and H3K9. (A)
Motifs contributing to T3-regulated H3K27Ac. Motifs contributing to T3-induced H3K27Ac
with p<0.01 are coloured yellow. (B) Motifs contributing to T3-regulated H3K9Ac. Motifs
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contributing to T3-induced H3K9Ac with p<0.01 are coloured green. (C) Motifs contributing
to both H3K27 and H3K9 hyperacetylation by T3. (D) Hierarchical clustering of pearson cor-
relation of the positions weight matrix (PWM) of motifs contributing to T3-induced H3K27
and H3K9 acetylation. Motifs resembling DR4 or DR4 half sites are shown on the right. (E,
left) Motifs contributing to T3-induced H3K9Ac and H3K27Ac evaluated by IMAGE analysis.
Motifs enriched at p<0.01 are ranked according to the mean differential motif activity (z-
score) in response to T3 (Dmotif activity). Normalized motif activities for H3K9Ac and
H3K27Ac in hypo- and hyperthyroid condition are visualized as a heatmap. Motifs resembling
DR4 or DR4 half site are marked red. (E, right) Statistical test of differential motif scores of
hyperacetylated enhancers with and without TRBS. The test was performed using Wilcoxon
Signed Rank Test corrected for multiple testing using Benjamini & Hochberg method. (F) De
novo DNA motif analysis of DHSs associated with hyperacetylated regions with and without
TRBS. Left part of the panel shows statistical test of differential motif scores. The statistical test
was performed using Wilcoxon Signed Rank Test corrected for multiple testing using Benja-
mini & Hochberg method.

(TIF)

S5 Fig. Interaction between T3-regulated enhancers in mouse liver tissue. (A) Distance
between all interacting regions identified from HiC. (B) Distance between hyperacetylated
regions associated with and without TRBSs. (C and D) Examples of interacting regions near
T3-regulated genes. Hyperacetylated regions (T3-regulated enhancers) are indicated by green
(w/TRBS) and orange (no/TRBS). The T3-regulated GinmI and Glul genes are indicated in
red.

(TIF)

S6 Fig. HDAC3 occupancy at TRBS in livers from mice expressing NCORAID. (A) Fraction
of type 1A and type 1B TRBS with HDAC3 or TR peaks in hypothyroid condition. (B)
H3K27Ac at type 1A and type 1B TRBS in response to 2h and 6h T3 treatment. (C) Heatmap
illustrating HDAC3 occupancy at TRBS in the NCORAID mutant compared to WT. TRBS are
ranked according to HDAC3 occupancy in hypothyroid WT mice. HDAC3 ChIP-seq per-
formed on livers from hypothyroid animals. (D) Quantification of HDAC3 occupancy at
TRBSs associated with type 1A and type 1B TRBSs. Statistical difference was determined by a
Wilcoxon Signed Rank Test, ***p<0.001.

(TIF)

S1 Table. Age, body weight and liver weight of animals. Data represent average with indi-
cated standard deviations.
(PDF)

S2 Table. ChIP-qPCR primers. Primers used in HDAC3, NCOR1, CBP, SRC1, MED1 and
p300 ChIP-qPCR experiments presented in Fig 3E.
(PDF)

S3 Table. Summary of next generation sequencing data. Sequenced tags were aligned to
mm9 using STAR. Uniquely aligned reads were used for downstream analysis.
(PDF)

S1 Data. NGS count tables for H3 acetylated domains. Averaged sequence tags from biologi-
cal replicates were normalized to sequencing depth. Output from DEseq2 analysis is included
as basemean, log2FC and FDR. Overlap with TRBS, HDAC3 and hyperacetylated regions is
indicated with 0/1.

(XLSX)
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$2 Data. NGS count tables for TRBS. Averaged sequence tags from biological replicates were
normalized to sequencing depth. Overlap with TRBS and HDACS3 is indicated with 0/1 or 1A,
1B (for TRBS).

(XLSX)

S3 Data. NGS count tables for HDAC3. Averaged sequence tags from biological replicates
were normalized to sequencing depth. Overlap with TRBS is indicated with 0/1.
(XLSX)

$4 Data. Genomic position of SEs. SE slope is indicated.
(XLSX)

S5 Data. HiC contacts. Overlap with histone hyperacetylated regions and TRBS is indicated
with 0/1.
(XLSX)

$6 Data. Gene expression data (RNA-seq). Averaged sequence tags from biological replicates
were normalized to sequencing depth. Output from DEseq2 analysis is included as log2FC and
FDR. Overlap with nearby occupancy of TRBS and histone hyperacetylation is indicated with
0/1.

(XLSX)

S7 Data. ChIP-qPCR. Recovery for individual replicates at nine different genomic positions.
(XLSX)

Author Contributions

Conceptualization: Stine M. Praestholm, Lars Grentved.

Data curation: Lars Grontved.

Formal analysis: Stine M. Praestholm, Lars Grentved.

Funding acquisition: Lars Grentved.

Investigation: Stine M. Praestholm, Majken S. Siersbaek, Ronni Nielsen, Xuguang Zhu.
Methodology: Anthony N. Hollenberg, Sheue-yann Cheng, Lars Grontved.
Project administration: Lars Grentved.

Resources: Anthony N. Hollenberg, Sheue-yann Cheng.

Supervision: Anthony N. Hollenberg, Sheue-yann Cheng, Lars Grentved.
Writing - original draft: Stine M. Praestholm.

Writing - review & editing: Majken S. Siersbaek, Anthony N. Hollenberg, Sheue-yann Cheng,
Lars Grontved.

References
1. Heinz S, Romanoski CE, Benner C, Glass CK (2015) The selection and function of cell type-specific
enhancers. Nat Rev Mol Cell Biol 16: 144—154. https://doi.org/10.1038/nrm3949 PMID: 25650801

2. Creyghton MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, et al. (2010) Histone H3K27ac sepa-
rates active from poised enhancers and predicts developmental state. Proc Natl Acad SciU S A 107:
21931-21936. https://doi.org/10.1073/pnas.1016071107 PMID: 21106759

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008770 May 26, 2020 22/26


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008770.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008770.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008770.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008770.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008770.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008770.s016
https://doi.org/10.1038/nrm3949
http://www.ncbi.nlm.nih.gov/pubmed/25650801
https://doi.org/10.1073/pnas.1016071107
http://www.ncbi.nlm.nih.gov/pubmed/21106759
https://doi.org/10.1371/journal.pgen.1008770

PLOS GENETICS

Enhancer activation by the thyroid hormone receptor

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, et al. (2009) Histone modifications at
human enhancers reflect global cell-type-specific gene expression. Nature 459: 108—112. hitps://doi.
org/10.1038/nature07829 PMID: 19295514

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, et al. (2010) Simple combinations of lineage-deter-
mining transcription factors prime cis-regulatory elements required for macrophage and B cell identities.
Mol Cell 38: 576-589. https://doi.org/10.1016/j.molcel.2010.05.004 PMID: 20513432

Rada-Iglesias A, Bajpai R, Swigut T, Brugmann SA, Flynn RA, et al. (2011) A unique chromatin signa-
ture uncovers early developmental enhancers in humans. Nature 470: 279-283. https://doi.org/10.
1038/nature09692 PMID: 21160473

Millard CJ, Watson PJ, Fairall L, Schwabe JWR (2013) An evolving understanding of nuclear receptor
coregulator proteins. J Mol Endocrinol 51: T23-36. https://doi.org/10.1530/JME-13-0227 PMID:
24203923

Voegel JJ, Heine MJ, Zechel C, Chambon P, Gronemeyer H (1996) TIF2, a 160 kDa transcriptional
mediator for the ligand-dependent activation function AF-2 of nuclear receptors. EMBO J 15: 3667—
3675.

Jeyakumar M, Tanen MR, Bagchi MK (1997) Analysis of the functional role of steroid receptor coactiva-
tor-1 in ligand-induced transactivation by thyroid hormone receptor. Mol Endocrinol 11: 755-767.
https://doi.org/10.1210/mend.11.6.0003 PMID: 9171239

Onate SA, Tsai SY, Tsai MJ, O'Malley BW (1995) Sequence and characterization of a coactivator for
the steroid hormone receptor superfamily. Science 270: 1354—1357.

Chakravarti D, LaMorte VJ, Nelson MC, Nakajima T, Schulman IG, et al. (1996) Role of CBP/P300 in
nuclear receptor signalling. Nature 383: 99-103. https://doi.org/10.1038/383099a0 PMID: 8779723

Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, et al. (1996) A CBP integrator complex mediates tran-
scriptional activation and AP-1 inhibition by nuclear receptors. Cell 85: 403—414. https://doi.org/10.
1016/s0092-8674(00)81118-6

Fondell JD, Ge H, Roeder RG (1996) Ligand induction of a transcriptionally active thyroid hormone
receptor coactivator complex. Proc Natl Acad Sci U S A 93: 8329-8333.

Chen JD, Evans RM (1995) A transcriptional co-repressor that interacts with nuclear hormone recep-
tors. Nature 377: 454—457. https://doi.org/10.1038/377454a0 PMID: 7566127

Horlein AJ, Naar AM, Heinzel T, Torchia J, Gloss B, et al. (1995) Ligand-independent repression by the
thyroid hormone receptor mediated by a nuclear receptor co-repressor. Nature 377: 397—404. https:/
doi.org/10.1038/377397a0 PMID: 7566114

Ishizuka T, Lazar MA (2003) The N-CoR/histone deacetylase 3 complex is required for repression by
thyroid hormone receptor. Mol Cell Biol 23: 5122-5131. https://doi.org/10.1128/MCB.23.15.5122—
5131.2003

Oberoi J, Fairall L, Watson PJ, Yang J-C, Czimmerer Z, et al. (2011) Structural basis for the assembly
of the SMRT/NCoR core transcriptional repression machinery. Nat Struct Mol Biol 18: 177-184. https:/
doi.org/10.1038/nsmb.1983 PMID: 21240272

Yoon H-G, Chan DW, Huang Z-Q, Li J, Fondell D, et al. (2003) Purification and functional characteriza-
tion of the human N-CoR complex: the roles of HDAC3, TBL1 and TBLR1. EMBO J 22: 1336—1346.
https://doi.org/10.1093/emboj/cdg120 PMID: 12628926

Guenther MG, Lane WS, Fischle W, Verdin E, Lazar MA, et al. (2000) A core SMRT corepressor com-
plex containing HDAC3 and TBL1, a WD40-repeat protein linked to deafness. Genes Dev 14: 1048—
1057.

Zhang J, Kalkum M, Chait BT, Roeder RG (2002) The N-CoR-HDACS3 nuclear receptor corepressor
complex inhibits the JNK pathway through the integral subunit GPS2. Mol Cell 9: 611-623. https://doi.
org/10.1016/S1097-2765(02)00468-9

Cohen RN, Wondisford FE, Hollenberg AN (1998) Two separate NCoR (nuclear receptor corepressor)
interaction domains mediate corepressor action on thyroid hormone response elements. Mol Endocrinol
12: 1567—-1581. https://doi.org/10.1210/mend.12.10.0188 PMID: 9773980

Seol W, Mahon MJ, Lee YK, Moore DD (1996) Two receptor interacting domains in the nuclear hor-
mone receptor corepressor RIP13/N-CoR. Mol Endocrinol 10: 1646—1655. https://doi.org/10.1210/
mend.10.12.8961273 PMID: 8961273

Hu X, Lazar MA (1999) The CoRNR motif controls the recruitment of corepressors by nuclear hormone
receptors. Nature 402: 93-96. https://doi.org/10.1038/47069 PMID: 10573424

Mclnerney EM, Rose DW, Flynn SE, Westin S, Mullen TM, et al. (1998) Determinants of coactivator
LXXLL motif specificity in nuclear receptor transcriptional activation. Genes Dev 12: 3357-3368.
https://doi.org/10.1101/gad.12.21.3357 PMID: 9808623

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008770 May 26, 2020 23/26


https://doi.org/10.1038/nature07829
https://doi.org/10.1038/nature07829
http://www.ncbi.nlm.nih.gov/pubmed/19295514
https://doi.org/10.1016/j.molcel.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20513432
https://doi.org/10.1038/nature09692
https://doi.org/10.1038/nature09692
http://www.ncbi.nlm.nih.gov/pubmed/21160473
https://doi.org/10.1530/JME-13-0227
http://www.ncbi.nlm.nih.gov/pubmed/24203923
https://doi.org/10.1210/mend.11.6.0003
http://www.ncbi.nlm.nih.gov/pubmed/9171239
https://doi.org/10.1038/383099a0
http://www.ncbi.nlm.nih.gov/pubmed/8779723
https://doi.org/10.1016/s0092-8674(00)81118-6
https://doi.org/10.1016/s0092-8674(00)81118-6
https://doi.org/10.1038/377454a0
http://www.ncbi.nlm.nih.gov/pubmed/7566127
https://doi.org/10.1038/377397a0
https://doi.org/10.1038/377397a0
http://www.ncbi.nlm.nih.gov/pubmed/7566114
https://doi.org/10.1128/MCB.23.15.51225131.2003
https://doi.org/10.1128/MCB.23.15.51225131.2003
https://doi.org/10.1038/nsmb.1983
https://doi.org/10.1038/nsmb.1983
http://www.ncbi.nlm.nih.gov/pubmed/21240272
https://doi.org/10.1093/emboj/cdg120
http://www.ncbi.nlm.nih.gov/pubmed/12628926
https://doi.org/10.1016/S1097-2765(02)00468-9
https://doi.org/10.1016/S1097-2765(02)00468-9
https://doi.org/10.1210/mend.12.10.0188
http://www.ncbi.nlm.nih.gov/pubmed/9773980
https://doi.org/10.1210/mend.10.12.8961273
https://doi.org/10.1210/mend.10.12.8961273
http://www.ncbi.nlm.nih.gov/pubmed/8961273
https://doi.org/10.1038/47069
http://www.ncbi.nlm.nih.gov/pubmed/10573424
https://doi.org/10.1101/gad.12.21.3357
http://www.ncbi.nlm.nih.gov/pubmed/9808623
https://doi.org/10.1371/journal.pgen.1008770

PLOS GENETICS

Enhancer activation by the thyroid hormone receptor

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Wagner RL, Apriletti JW, McGrath ME, West BL, Baxter JD, et al. (1995) A structural role for hormone
in the thyroid hormone receptor. Nature 378: 690-697. https://doi.org/10.1038/378690a0 PMID:
7501015

Feng W, Ribeiro RC, Wagner RL, Nguyen H, Apriletti JW, et al. (1998) Hormone-dependent coactivator
binding to a hydrophobic cleft on nuclear receptors. Science 280: 1747-1749.

Lin BC, Hong SH, Krig S, Yoh SM, Privalsky ML (1997) A conformational switch in nuclear hormone
receptors is involved in coupling hormone binding to corepressor release. Mol Cell Biol 17: 6131-6138.

Liu'Y, Xia X, Fondell JD, Yen PM (2006) Thyroid hormone-regulated target genes have distinct patterns
of coactivator recruitment and histone acetylation. Mol Endocrinol 20: 483—490. https://doi.org/10.
1210/me.2005-0101 PMID: 16254015

Lee KC, Li J, Cole PA, Wong J, Kraus WL (2003) Transcriptional activation by thyroid hormone recep-
tor-beta involves chromatin remodeling, histone acetylation, and synergistic stimulation by p300 and
steroid receptor coactivators. Mol Endocrinol 17: 908-922. https://doi.org/10.1210/me.2002-0308
PMID: 12586842

Singh BK, Sinha RA, Ohba K, Yen PM (2017) Role of thyroid hormone in hepatic gene regulation, chro-
matin remodeling, and autophagy. Mol Cell Endocrinol 458: 160—168. https://doi.org/10.1016/j.mce.
2017.02.018 PMID: 28216439

Perissi V, Rosenfeld MG (2005) Controlling nuclear receptors: the circular logic of cofactor cycles. Nat
Rev Mol Cell Biol 6: 542-554. https://doi.org/10.1038/nrm1680 PMID: 15957004

Flamant F, Cheng S-Y, Hollenberg AN, Moeller LC, Samarut J, et al. (2017) Thyroid hormone signaling
pathways: time for a more precise nomenclature. Endocrinology 158: 2052—2057. https://doi.org/10.
1210/en.2017-00250 PMID: 28472304

Grgntved L, Waterfall JJ, Kim DW, Baek S, Sung M-H, et al. (2015) Transcriptional activation by the thy-
roid hormone receptor through ligand-dependent receptor recruitment and chromatin remodelling. Nat
Commun 6: 7048. https://doi.org/10.1038/ncomms8048 PMID: 25916672

Ramadoss P, Abraham BJ, Tsai L, Zhou Y, Costa-e-Sousa RH, et al. (2014) Novel mechanism of posi-
tive versus negative regulation by thyroid hormone receptor 31 (TRB1) identified by genome-wide profil-
ing of binding sites in mouse liver. J Biol Chem 289: 1313-1328. https://doi.org/10.1074/jbc.M113.
521450 PMID: 24288132

Barnes CE, English DM, Cowley SM (2019) Acetylation & Co: an expanding repertoire of histone acyla-
tions regulates chromatin and transcription. Essays Biochem 63: 97—-107. https://doi.org/10.1042/
EBC20180061 PMID: 30940741

Wang Z, Zang C, Rosenfeld JA, Schones DE, Barski A, et al. (2008) Combinatorial patterns of histone
acetylations and methylations in the human genome. Nat Genet 40: 897-903. https://doi.org/10.1038/
ng.154 PMID: 18552846

Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward LD, et al. (2011) Mapping and analysis of chro-
matin state dynamics in nine human cell types. Nature 473: 43—49. https://doi.org/10.1038/
nature09906 PMID: 21441907

Yue F, Cheng Y, Breschi A, Vierstra J, Wu W, et al. (2014) A comparative encyclopedia of DNA ele-
ments in the mouse genome. Nature 515: 355-364. https://doi.org/10.1038/nature13992 PMID:
25409824

Mendoza A, Astapova |, Shimizu H, Gallop MR, Al-Sowaimel L, et al. (2017) NCoR1-independent
mechanism plays a role in the action of the unliganded thyroid hormone receptor. Proc Natl Acad Sci U
S A 114. hitps://doi.org/10.1073/pnas.1706917114 PMID: 28923959

Kaneshige M, Kaneshige K, Zhu X, Dace A, Garrett L, et al. (2000) Mice with a targeted mutation in the
thyroid hormone beta receptor gene exhibit impaired growth and resistance to thyroid hormone. Proc
Natl Acad Sci U S A 97: 13209—-13214. https://doi.org/10.1073/pnas.230285997 PMID: 11069286

Parrilla R, Mixson AJ, McPherson JA, McClaskey JH, Weintraub BD (1991) Characterization of seven
novel mutations of the c-erbA beta gene in unrelated kindreds with generalized thyroid hormone resis-
tance. Evidence for two “hot spot” regions of the ligand binding domain. J Clin Invest 88:2123-2130.
https://doi.org/10.1172/JCI115542 PMID: 1661299

Hiroi Y, Kim H-H, Ying H, Furuya F, Huang Z, et al. (2006) Rapid nongenomic actions of thyroid hor-
mone. Proc Natl Acad Sci U S A 103: 14104-14109. https://doi.org/10.1073/pnas.0601600103 PMID:
16966610

Madsen JGS, Rauch A, Van Hauwaert EL, Schmidt SF, Winnefeld M, et al. (2018) Integrated analysis
of motif activity and gene expression changes of transcription factors. Genome Res 28: 243-255.
https://doi.org/10.1101/gr.227231.117 PMID: 29233921

Yu M, Ren B (2017) The Three-Dimensional Organization of Mammalian Genomes. Annu Rev Cell Dev
Biol 33:265-289. https://doi.org/10.1146/annurev-cellbio-100616-060531 PMID: 28783961

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008770 May 26, 2020 24/26


https://doi.org/10.1038/378690a0
http://www.ncbi.nlm.nih.gov/pubmed/7501015
https://doi.org/10.1210/me.2005-0101
https://doi.org/10.1210/me.2005-0101
http://www.ncbi.nlm.nih.gov/pubmed/16254015
https://doi.org/10.1210/me.2002-0308
http://www.ncbi.nlm.nih.gov/pubmed/12586842
https://doi.org/10.1016/j.mce.2017.02.018
https://doi.org/10.1016/j.mce.2017.02.018
http://www.ncbi.nlm.nih.gov/pubmed/28216439
https://doi.org/10.1038/nrm1680
http://www.ncbi.nlm.nih.gov/pubmed/15957004
https://doi.org/10.1210/en.2017-00250
https://doi.org/10.1210/en.2017-00250
http://www.ncbi.nlm.nih.gov/pubmed/28472304
https://doi.org/10.1038/ncomms8048
http://www.ncbi.nlm.nih.gov/pubmed/25916672
https://doi.org/10.1074/jbc.M113.521450
https://doi.org/10.1074/jbc.M113.521450
http://www.ncbi.nlm.nih.gov/pubmed/24288132
https://doi.org/10.1042/EBC20180061
https://doi.org/10.1042/EBC20180061
http://www.ncbi.nlm.nih.gov/pubmed/30940741
https://doi.org/10.1038/ng.154
https://doi.org/10.1038/ng.154
http://www.ncbi.nlm.nih.gov/pubmed/18552846
https://doi.org/10.1038/nature09906
https://doi.org/10.1038/nature09906
http://www.ncbi.nlm.nih.gov/pubmed/21441907
https://doi.org/10.1038/nature13992
http://www.ncbi.nlm.nih.gov/pubmed/25409824
https://doi.org/10.1073/pnas.1706917114
http://www.ncbi.nlm.nih.gov/pubmed/28923959
https://doi.org/10.1073/pnas.230285997
http://www.ncbi.nlm.nih.gov/pubmed/11069286
https://doi.org/10.1172/JCI115542
http://www.ncbi.nlm.nih.gov/pubmed/1661299
https://doi.org/10.1073/pnas.0601600103
http://www.ncbi.nlm.nih.gov/pubmed/16966610
https://doi.org/10.1101/gr.227231.117
http://www.ncbi.nlm.nih.gov/pubmed/29233921
https://doi.org/10.1146/annurev-cellbio-100616-060531
http://www.ncbi.nlm.nih.gov/pubmed/28783961
https://doi.org/10.1371/journal.pgen.1008770

PLOS GENETICS

Enhancer activation by the thyroid hormone receptor

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Schmitt AD, Hu M, Jung |, Xu Z, Qiu Y, et al. (2016) A compendium of chromatin contact maps reveals
spatially active regions in the human genome. Cell Rep 17:2042—-2059. https://doi.org/10.1016/j.
celrep.2016.10.061 PMID: 27851967

Rao SSP, Huntley MH, Durand NC, Stamenova EK, Bochkov ID, et al. (2014) A 3D map of the human
genome at kilobase resolution reveals principles of chromatin looping. Cell 159: 1665—-1680. https://doi.
org/10.1016/j.cell.2014.11.021 PMID: 25497547

Kim YH, Marhon SA, Zhang Y, Steger DJ, Won K-J, et al. (2018) Rev-erba dynamically modulates chro-
matin looping to control circadian gene transcription. Science 359: 1274—1277. https://doi.org/10.1126/
science.aao6891 PMID: 29439026

Holmqvist P-H, Boija A, Philip P, Crona F, Stenberg P, et al. (2012) Preferential genome targeting of the
CBP co-activator by Rel and Smad proteins in early Drosophila melanogaster embryos. PLoS Genet 8:
€1002769. https://doi.org/10.1371/journal.pgen.1002769 PMID: 22737084

Ito M, Yuan CX, Okano HJ, Darnell RB, Roeder RG (2000) Involvement of the TRAP220 component of
the TRAP/SMCC coactivator complex in embryonic development and thyroid hormone action. Mol Cell
5: 683—693. https://doi.org/10.1016/S1097-2765(00)80247-6

Sharma D, Fondell JD (2002) Ordered recruitment of histone acetyltransferases and the TRAP/Media-
tor complex to thyroid hormone-responsive promoters in vivo. Proc Natl Acad Sci U S A 99: 7934—
7939. https://doi.org/10.1073/pnas.122004799 PMID: 12034878

Astapoval l, Lee LJ, Morales C, Tauber S, Bilban M, et al. (2008) The nuclear corepressor, NCoR, regu-
lates thyroid hormone action in vivo. Proc Natl Acad Sci U S A 105: 19544—19549. https://doi.org/10.
1073/pnas.0804604105 PMID: 19052228

Schiibeler D, MacAlpine DM, Scalzo D, Wirbelauer C, Kooperberg C, et al. (2004) The histone modifica-
tion pattern of active genes revealed through genome-wide chromatin analysis of a higher eukaryote.
Genes Dev 18: 1263—-1271. https://doi.org/10.1101/gad.1198204 PMID: 15175259

Castillo Al, Sanchez-Martinez R, Moreno JL, Martinez-lIglesias OA, Palacios D, et al. (2004) A permis-
sive retinoid X receptor/thyroid hormone receptor heterodimer allows stimulation of prolactin gene tran-
scription by thyroid hormone and 9-cis-retinoic acid. Mol Cell Biol 24: 502-513.

LiD, Li T, Wang F, Tian H, Samuels HH (2002) Functional evidence for retinoid X receptor (RXR) as a
nonsilent partner in the thyroid hormone receptor/RXR heterodimer. Mol Cell Biol 22: 5782-5792.

Li J, O’Malley BW, Wong J (2000) p300 requires its histone acetyltransferase activity and SRC-1 inter-
action domain to facilitate thyroid hormone receptor activation in chromatin. Mol Cell Biol 20: 2031—
2042.

Mathur M, Tucker PW, Samuels HH (2001) PSF is a novel corepressor that mediates its effect through
Sin3A and the DNA binding domain of nuclear hormone receptors. Mol Cell Biol 21: 2298-2311. https:/
doi.org/10.1128/MCB.21.7.2298-2311.2001

Heinzel T, Lavinsky RM, Mullen TM, Séderstrom M, Laherty CD, et al. (1997) A complex containing N-
CoR, mSin3 and histone deacetylase mediates transcriptional repression. Nature 387: 43-48. https://
doi.org/10.1038/387043a0 PMID: 9139820

Bose DA, Donahue G, Reinberg D, Shiekhattar R, Bonasio R, et al. (2017) RNA binding to CBP stimu-
lates histone acetylation and transcription. Cell 168: 135—-149.e22. https://doi.org/10.1016/j.cell.2016.
12.020 PMID: 28086087

Ait-Si-Ali S, Ramirez S, Barre FX, Dkhissi F, Magnaghi-Jaulin L, et al. (1998) Histone acetyltransferase
activity of CBP is controlled by cycle-dependent kinases and oncoprotein E1A. Nature 396: 184—186.
https://doi.org/10.1038/24190 PMID: 9823900

Huang W-C, Chen C-C (2005) Akt phosphorylation of p300 at Ser-1834 is essential for its histone acet-
yltransferase and transcriptional activity. Mol Cell Biol 25: 6592—6602. https://doi.org/10.1128/MCB.25.
15.6592-6602.2005

Perissi V, Dasen JS, Kurokawa R, Wang Z, Korzus E, et al. (1999) Factor-specific modulation of CREB-
binding protein acetyltransferase activity. Proc Natl Acad SciU S A 96: 3652—-3657.

Yen PM, Feng X, Flamant F, Chen Y, Walker RL, et al. (2003) Effects of ligand and thyroid hormone
receptor isoforms on hepatic gene expression profiles of thyroid hormone receptor knockout mice.
EMBO Rep 4:581-587. hitps://doi.org/10.1038/sj.embor.embor862 PMID: 12776178

Hoénes GS, Rakov H, Logan J, Liao X-H, Werbenko E, et al. (2017) Noncanonical thyroid hormone sig-
naling mediates cardiometabolic effects in vivo. Proc Natl Acad SciU S A 114: E11323-E11332.
https://doi.org/10.1073/pnas.1706801115 PMID: 29229863

Huang J, LiK, Cai W, Liu X, Zhang Y, et al. (2018) Dissecting super-enhancer hierarchy based on chro-
matin interactions. Nat Commun 9: 943. https://doi.org/10.1038/s41467-018-03279-9 PMID: 29507293

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008770 May 26, 2020 25/26


https://doi.org/10.1016/j.celrep.2016.10.061
https://doi.org/10.1016/j.celrep.2016.10.061
http://www.ncbi.nlm.nih.gov/pubmed/27851967
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1016/j.cell.2014.11.021
http://www.ncbi.nlm.nih.gov/pubmed/25497547
https://doi.org/10.1126/science.aao6891
https://doi.org/10.1126/science.aao6891
http://www.ncbi.nlm.nih.gov/pubmed/29439026
https://doi.org/10.1371/journal.pgen.1002769
http://www.ncbi.nlm.nih.gov/pubmed/22737084
https://doi.org/10.1016/S1097-2765(00)80247-6
https://doi.org/10.1073/pnas.122004799
http://www.ncbi.nlm.nih.gov/pubmed/12034878
https://doi.org/10.1073/pnas.0804604105
https://doi.org/10.1073/pnas.0804604105
http://www.ncbi.nlm.nih.gov/pubmed/19052228
https://doi.org/10.1101/gad.1198204
http://www.ncbi.nlm.nih.gov/pubmed/15175259
https://doi.org/10.1128/MCB.21.7.22982311.2001
https://doi.org/10.1128/MCB.21.7.22982311.2001
https://doi.org/10.1038/387043a0
https://doi.org/10.1038/387043a0
http://www.ncbi.nlm.nih.gov/pubmed/9139820
https://doi.org/10.1016/j.cell.2016.12.020
https://doi.org/10.1016/j.cell.2016.12.020
http://www.ncbi.nlm.nih.gov/pubmed/28086087
https://doi.org/10.1038/24190
http://www.ncbi.nlm.nih.gov/pubmed/9823900
https://doi.org/10.1128/MCB.25.15.65926602.2005
https://doi.org/10.1128/MCB.25.15.65926602.2005
https://doi.org/10.1038/sj.embor.embor862
http://www.ncbi.nlm.nih.gov/pubmed/12776178
https://doi.org/10.1073/pnas.1706801115
http://www.ncbi.nlm.nih.gov/pubmed/29229863
https://doi.org/10.1038/s41467-018-03279-9
http://www.ncbi.nlm.nih.gov/pubmed/29507293
https://doi.org/10.1371/journal.pgen.1008770

PLOS GENETICS

Enhancer activation by the thyroid hormone receptor

64.

65.

66.

67.

68.

69.

Fozzatti L, Kim DW, Park JW, Willingham MC, Hollenberg AN, et al. (2013) Nuclear receptor corepres-
sor (NCOR1) regulates in vivo actions of a mutated thyroid hormone receptor a. Proc Natl Acad Sci U S
A 110: 7850-7855. https://doi.org/10.1073/pnas.1222334110 PMID: 23610395

Park S, Han CR, Park JW, Zhao L, Zhu X et al. (2017) Defective erythropoiesis caused by mutations of
the thyroid hormone receptor a gene. PLoS Genet 13: €1006991. https://doi.org/10.1371/journal.pgen.
1006991 PMID: 28910278

Siersbaek M, Varticovski L, Yang S, Baek S, Nielsen R, et al. (2017) High fat diet-induced changes of
mouse hepatic transcription and enhancer activity can be reversed by subsequent weight loss. Sci Rep
7:40220. https://doi.org/10.1038/srep40220 PMID: 28071704

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, et al. (2013) STAR: ultrafast universal RNA-
seq aligner. Bioinformatics 29: 15-21. https://doi.org/10.1093/bioinformatics/bts635 PMID: 23104886

Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion for RNA-seq
data with DESeq2. Genome Biol 15: 550. https://doi.org/10.1186/s13059-014-0550-8 PMID: 25516281

Saeed Al, Sharov V, White J, Li J, Liang W, et al. (2003) TM4: a free, open-source system for microar-
ray data management and analysis. BioTechniques 34: 374—378. https://doi.org/10.2144/03342mt01
PMID: 12613259

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008770 May 26, 2020 26/26


https://doi.org/10.1073/pnas.1222334110
http://www.ncbi.nlm.nih.gov/pubmed/23610395
https://doi.org/10.1371/journal.pgen.1006991
https://doi.org/10.1371/journal.pgen.1006991
http://www.ncbi.nlm.nih.gov/pubmed/28910278
https://doi.org/10.1038/srep40220
http://www.ncbi.nlm.nih.gov/pubmed/28071704
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.2144/03342mt01
http://www.ncbi.nlm.nih.gov/pubmed/12613259
https://doi.org/10.1371/journal.pgen.1008770

