1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Sci Signal. Author manuscript; available in PMC 2022 February 17.

-, HHS Public Access
«

Published in final edited form as:
Sci Signal. 2021 November 16; 14(709): eabh3839. doi:10.1126/scisignal.abh3839.

Thyroid hormone signaling promotes hepatic lipogenesis
through the transcription factor ChREBP

Arturo Mendozal, Catherine Tang?, Jinyoung Choil, Mariana Acufia®, Maya Logan?,
Adriana G. Martinl, Lujain Al-Sowaimel?, Bhavna N. Desai?, Danielle E. Tenen?,
Christopher Jacobs?, Anna Lyubetskaya?, Yulong Fu*T, Hong Liu4, Linus Tsai?, David E.
Cohen®, Douglas Forrest*, Andrew A. Wilson3, Anthony N. Hollenbergl*

1Division of Endocrinology, Diabetes and Metabolism, Joan & Sanford I. Weill Department of
Medicine, Weill Cornell Medical College, New York, NY, 10021, USA

2Division of Endocrinology Diabetes & Metabolism, Beth Israel Deaconess Medical Center and
Harvard Medical School, Boston, MA, 02115, USA

3Center for Regenerative Medicine (CReM) of Boston University and Boston Medical Center,
Boston, MA, 02118, USA

4Laboratory of Endocrinology and Receptor Biology, NIDDK, National Institutes of Health,
Bethesda, MD 20892, USA

SDivision of Gastroenterology and Hepatology, Joan & Sanford I. Weill Department of Medicine,
Weill Cornell Medical College, New York, NY 10021, USA

Abstract

Thyroid hormone (TH) action is essential for hepatic lipid synthesis and oxidation. Analysis of
hepatocyte-specific thyroid receptor beta 1 (TRB1) knockout mice confirmed a role for TH in
stimulating de novo lipogenesis and fatty acid oxidation through its nuclear receptor. Specifically,
TRP1 and its principal corepressor NCoR1 in hepatocytes repressed de novo lipogenesis, whereas
the TH-mediated induction of lipogenic genes depended on the transcription factor ChREBP.
Indeed, mice with a hepatocyte-specific deficiency in ChREBP lost TH-mediated stimulation of
the lipogenic program, which in turn impaired the regulation of fatty acid oxidation. TH regulated
ChREBP activation and recruitment to DNA, revealing a mechanism by which TH regulates
specific signaling pathways. Regulation of the lipogenic pathway by TH through ChREBP was
conserved in hepatocytes derived from human induced pluripotent stem cells. These results
demonstrate that TH signaling in the liver acts simultaneously to enhance both lipogenesis and
fatty acid oxidation.
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One-Sentence Summary:

The transcription factor ChREBP mediates lipid accumulation in the liver in response to thyroid

hormone.

Editor’'s Summary: Fattening livers with thyroid hormone

Nonalcoholic fatty liver disease can lead to impaired hepatic function and carcinogenesis. Analogs
of the thyroid hormone T3 have been suggested as a possible therapy for NAFLD because T3 can
promote fatty acid oxidation in the liver. However, T3 can also have the opposite effect on hepatic
lipid metabolism, which Mendoza et al. investigated with mice with liver-specific deficiencies on
diets that mimicked hypothyroidism or hyperthyroidism. The authors found that T3 enhanced de
novo lipogenesis in the liver through the transcription factor ChREBP, which was recruited to the
promoters of lipogenic genes by the T3 receptor TRB1. Mice with a hepatocyte-specific deficiency
of ChREBP had decreased hepatic triglyceride amounts in response to T3 treatment. These results
suggest that T3 analogs may regulate both the accumulation and removal of lipids in the liver.

INTRODUCTION

Thyroid hormones (TH) are essential for the regulation of multiple metabolic pathways
including the synthesis and oxidation of lipids in the liver (1). Indeed, there is an increasing
interest in the production of thyroid hormone analogs for the treatment of NAFLD (non-
alcoholic fatty liver disease) and its life-threatening complications, including NASH (non-
alcoholic steatohepatitis), cirrhosis and hepatocellular carcinoma (HCC) which account for
approximately 2 million death per year (2—4). Thus, it is critical to understand the molecular
mechanisms engaged by thyroid hormone receptors (TRs) to control lipid metabolism in the
liver (1).

TRs are ligand-dependent transcription factors that transduce TH signaling and that are
responsible for the functional actions of T3, the principal mediator of TH action (5).

In the absence or in the presence of limiting amounts of ligand, the TRs recruit the

nuclear receptor corepressors (NCoR1 and SMRT), which are a scaffold for a multiprotein
repressive complex that includes Thl1x, Gps2 and HDACS3 (6). Increasing concentrations
of T3 induce the dissociation of the corepressor complex and facilitate the interaction with
coactivators including CBP and SRC1, which in turn promote the expression of genes that
are positively regulated by T3 (7). T3 stimulates both fatty acid synthesis and oxidation
through the engagement of the TRP1 isoform in the liver (1, 8, 9). However, the mechanisms
by which T3 induces these two apparently opposing metabolic pathways is not understood.
Estrogen-related receptor a (ERRa) likely plays a role downstream of TRB1 to mediate the
actions of T3 on fatty acid oxidation by regulating mitochondrial turnover (10).

Previous work in our laboratory and those of others (11, 12) has demonstrated that NCoR1
controls a pathway for hepatic lipid synthesis and storage that requires the presence of TRB1
(9, 13, 14). Indeed, disruption of NCoR1 function in hepatocytes increases the mRNA levels
and H3K27 acetylation of T3-regulated lipogenic genes such as Acaca, Fasn, and Thrsp

(9, 15, 16). In addition, hypothyroid mice with a hepatocyte-specific deficiency of NCoR1
maintain increased expression and histone acetylation of these lipogenic genes whereas
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liver-specific TRB1KO mice lose their ability to downregulate or upregulate these genes in
response to changes in thyroid status (9). Together, these data suggest that in the absence

of NCoR1, TRB1 can mediate upregulation of lipogenic genes in euthyroid and hypothyroid
conditions.

Here, we further evaluated how TRB1 regulates lipogenesis. Deletion of TRB1 in
hepatocytes led to a loss of T3-dependent lipid synthesis and TRB1 cistromically regulated
a key regulator of lipid synthesis, the transcription factor ChREBP. Indeed, disruption of
both NCoR1 and TRpB1 in hepatocytes of mice (NVTKO) resulted in enhanced lipogenesis
associated with an upregulation of the ChREBPR isoform, suggesting that TRB1 served as a
repressor of ChREBP that is regulated by T3. We confirmed this notion in mice with a liver-
specific ChREBP knockout (CAREBPKO), in which T3 no longer upregulated lipogenic
genes. Indeed, ChREBP recruitment to lipogenic genes was controlled by T3 through TRB1.
Finally, we observed that this same pathway was conserved in a human hepatocyte model.
The ability of T3 to control lipogenesis through ChREBP raises the possibility that specific
approaches to target T3-mediated fatty acid oxidation may be possible, which could enhance
the therapeutic effects of T3 in NAFLD or NASH.

T3 stimulates both fatty acid synthesis and oxidation in the liver

To demonstrate the physiologic role of TRB1 in hepatic lipid metabolism, we used liver-
specific TRBLKO mice to examine the ability of T3 to regulate the genes encoding factors
involved de novo lipogenesis and fatty acid oxidation (FAQ) (Figure 1A, fig.S1A). Primary
hepatocytes harvested from 7RBIKO mice on a PTU/LID+T3 diet showed significantly
decreased rates of de novo lipogenesis and fatty acid oxidation in contrast to hepatocytes
harvested from WT controls under the same condition, supporting the primary role of
TRP1 to regulate lipogenesis and FAO upon T3-stimulus (Figure 1B). The levels of hepatic
triglycerides were not affected by T3 administration or by TRB1 ablation (Figure 1C) .
However, the T3-induced, TRB1-dependent increase in lipogenesis and fatty acid oxidation
was consistent with increased mRNA levels of genes regulating lipogenesis including
Acach, Fasn, Pnpala3, ChREBPa and ChREBPB, and genes regulating FAO including Mg/l
Atgl, Cgi-58, Fgf21and Esrra. In addition, Fasn, Pnpla3and both ChREBP isoforms were
not suppressed in hypothyroid TRB1KO mice, suggesting that the TRB1 may suppress this
pathway (Figure 1D,E, fig.S1B,C).

To examine the ability of TRB1 to regulate gene expression, we established the cistrome

of TRP1 using mice in which the endogenous TR is tagged at its C-terminus with a
peptide that can be biotinylated by BirA in vivo. This system allows determination of
endogenous TRP1 binding by chromatin-affinity purification (ChAP)-Seq, which we have
done previously with adenoviral overexpression of TRpB1 (17). We found 6935 overlapping
ChAP peaks in the two different TRB1 cistromes with or without TRPB1 overexpression.
Moreover, 730 of those ChAP peaks were concordantly regulated by T3 levels, whereas
we observed T3-induced recruitment to DNA in 553 ChAP peaks (Figure 1F, Data File
S1). Indeed, we observed overlapping TRB1 ChAP peaks in ChREBP (also known as
Mixipl), Fasnand Mgll, supporting that TRB1 directly engages those genes to regulate both
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the lipogenic and FAO pathways, potentially by regulating secondary transcription factors
such as Esrra and ChREBP (Fig 1D,E,G). In this context, we observed that T3 regulated
ChREBP recruitment to DNA in a TRB1-dependent manner, suggesting that TRB1 and
ChREBP coordinate to control de novo lipogenesis (Fig. 1H).

TRP1 and NCoR1 repress lipogenesis in liver by regulating ChREBP expression

We previously showed that the heptic ablation of NCoR1 in mice (VCORIKO mice)
upregulates lipogenic T3 target genes in euthyroid and hypothyroid conditions, suggesting
that derepressed TR in these mice mediates the enhanced lipogenic gene expression (9). To
determine if this pathway overlaps with the T3-mediated pathway that regulates lipogenesis,
we generated mice with hepatocyte-specific deficiency of both NCoR1 and TRB1 (N7TKO)
in female and male mice (Figure 2A fig.S2A, respectively). The lack of NCoR1 led to
increased levels of hepatic triglycerides in the euthyroid and hypothyroid states, but hepatic
TGs were decreased in hyperthyroid NCOR1IKO mice (Figure 2B). Consistent with a role
for the NCoRL/TRpB1 pathway in regulating lipogenesis, NTKO mice had higher levels

of hepatic TGs that were not regulated by T3. This finding was supported by increased

liver weights in euthyroid and hyperthyroid A/TKO mice (Figure 2B, fig. S2B). Consistent
with the increased liver weights and triglycerides, the ablation of TRp1 and NCoR1

in NTKO mice derepressed T3-regulated lipogenic genes including Fasn, Acaca, Mel,

and £/ov/6 as compared to WT controls, and the increased mRNA levels were matched
only by T3-stimulus in NCoR1KO and WT controls (Figure 2C, fig.S2C). In contrast,
FAO-regulating genes including Mgll, Esrra., Cox5aand Cptlawere not derepressed by
NCoR1 ablation or by the ablation of both NCoR1 and TRB1, suggesting that two different
TRP1-mediated pathways are involved in the regulation of lipogenesis and FAO (Figure 2D).
The upregulation of lipogenic target genes in N7KO mice was reversed by fasting, whereas
the lipid oxidation pathway was upregulated by fasting, indicating that a nutrient deficit
overrides the role of TRB1/NCoR1 to control lipid metabolism. Both FGF21 hepatic mMRNA
and serum levels validated the effectiveness of the fast (fig. S3A, B).

We observed that under euthyroid or chow-fed conditions, Cd36, Scdl, Plin2and GOS2
were further upregulated in NTKO mice as compared to NCoR1KO mice, suggesting that
additional lipogenic transcription factors were active in N7KO mice (Figure 2E). Therefore,
we investigated the hepatic expression of lipogenic transcription factors and found that both
isoforms of ChREBP were upregulated in NCoR1KO and NTKO mice (Figure 2F, figS2C).
The expression of ChREBFS was upregulated in NTKO mice, which was consistent with
increased H3K27 acetylation near the carbohydrate responsive element (ChoRE) located
upstream of the CAREBFp transcriptional start site, while SrebpZc mRNA was only
minimally elevated (Figure 2F). Moreover, ChREBP target genes including G/ut4, Pkir,
G6pdx and Acly showed increased expression and increased ChREBP binding at regulatory
sites in NTKO mice (Figure 2G). Thus, de novo lipogenesis and lipid storage in the liver
appear to be governed by NCoR1 and TRB1-mediated regulation of ChREBP activity. In this
context, ChREBPa was regulated at the protein level by thyroid status in WT mice such

that its levels were repressed by hypothyroidism and activated by hyperthyroidism, whereas
thyroid status did not affect ChREBPa protein levels in NCoR1KO and NTKO mice (Figure
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2H). Together, these data support the hypothesis that the lipogenic effects of T3 are mediated
through ChREBP.

ChREBP mediates T3-induced lipogenesis

To test directly if ChREBP regulates the lipogenic effects of T3, we generated liver-
specific ChREBPKO mice (CAREBPKO) (Figure 3A, fig. S4A). In both female and male
ChREBPKO mice, T3 administration significantly decreased hepatic triglyceride levels, and
hepatic triglyceride levels were higher in hypothyroid CAREBPKO mice than in the WT
controls (Figure 3B, fig. S4B). Hepatic, serum triglyceride, and serum p-hydroxybutyrate
(BHB) levels were similar in WT mice regardless of thyroid status, though serum
triglyceride levels were lower in T3-treated CAREBPKO mice (Figure 3B). Oil red O
staining demonstrated a decrease in hepatic lipid accumulation in CAREBPKO mice upon
T3 administration (fig. S5). To determine the role of ChREBP in T3-induced lipogenesis
and FAO, we examined de novo lipogenesis (DNL) and FAO in primary hepatocytes. The
rates of DNL were increased by T3 in WT hepatocytes, but not in CAREBPKO hepatocytes,
which also showed impaired T3-induced FAO (Figure 3C).

To further confirm the role of ChREBP in T3-mediated lipogenesis, we next evaluated

the hepatic expression of the DNL genes Acaca, Acach, Fasn, Mel, and Pnpla3, which
were all upregulated by T3 in control mice but not in ChREBPKO mice (Figure 3D,

fig. S4C). The mRNA levels of Fafp1, which encodes a fatty acid transporter, were
increased in hypothyroid ChREBPKO mice, which, along with increased mRNA levels

of the glycerolipid biosynthesis pathway genes P/in3, Gpat3, and LpinZ, and decreased
Mittp mRNA could mediate the increased hepatic triglyceride levels in ChAREBPKO mice,
despite the lack of DNL (Figure 3E, fig. S6A). The upregulation of LpinZin hypothyroid
ChREBPKO mice could be caused by decreased Lpinl mRNA levels, which similarly to
Gpatl was reduced by the ablation ChREBP; however neither of these genes was regulated
by T3 levels in WT mice (Figure 3E, fig. S6A). In contrast, Fatp4, Gpat2, and Dgat? mRNA
levels were increased by T3 administration in WT mice, supporting the role of T3 signaling
in triglyceride synthesis and storage in the liver (fig. S6A).

T3-responsive genes such as Diol, Bcl3, GstaZand FbxoZ21 were upregulated or
downregulated by T3 in both control and CAREBPKO mice (Figure 3F, fig. S6B).

Thus, ChREBP controls only the lipogenic targets of T3-signaling whereas non-lipogenic
T3 targets are regulated independently of ChREBP. Indeed, the program of fatty acid
mobilization was stimulated by T3 in ChREBPKO mice, as shown by upregulation of the
lipolytic genes Mgll, Cgi-58, although T3-upregulation of Fg7f21 mMRNA was attenuated
in ChREBPKO mice. Also, OXPHOS regulating genes including Cox10, Cox7al and
Sdhd were upregulated by T3 in both WT and CAREBPKO mice (Figure 3F, fig. S6C).
Fractionation demonstrated similar amounts of nuclear and cytosolic SREBP1c in both
WT and liver-specific CAREBPKO mice in both hypothyroid and hyperthyroid conditions,
suggesting that the lipogenic pathway mediated by SREBP1c plays little role in the
lipogenic action of T3, which is consistent with the primary role of ChREBP in mediating
T3-driven lipogenesis (fig. S6D).
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Although the alterations in lipogenic gene expression by T3 might be explained by the
induction of expression of ChREBP isoforms, we performed ChIP-Seq analysis to examine
whether T3 might also control its recruitment to the regulatory regions of lipogenic genes.
In WT mice, 1002 ChREBP ChIP peaks were significantly upregulated by T3 (Figure

4A). We validated the T3-elicited changes on ChREBP ChIP peaks using ChIP-PCR on
various genes. Indeed, we confirmed increased ChREBP recruitment to the regulatory
regions of lipogenic target genes including CHREBFB, Acaca, Acacbh, Fasn, Mel and
Thrsp in response to T3, which depended upon ChREBP upregulation and recruitment to
their regulatory regions (Figure 4B). 543 ChREBP ChIP peaks were decreased by T3;
however, these peaks were not associated with genes involved in the regulation of lipogenic
gene expression (Figure 4A). We did not find identifiable peaks in CAREBPKO mice,

thus confirming the fidelity of the antibody used in the ChlP-seq analysis. We observed
overlapping peaks within a 100 Kb distance from most lipogenic genes in the ChREBP and
TRP1 cistromes (Figure 4C, D, Data File S2). Indeed, the intersection of both ChREBP
and TRP1 cistromes revealed 352 overlapping ChIP peaks, whereas the average distance
between the centers of the overlapping ChlP-Peaks was 159 bp, suggesting that both
ChREBP and TRp1 can be simultaneously recruited to the same regions of DNA to regulate
lipogenic genes (Figure 4E).

Although T3 injection increased ChREBP recruitment to DNA in 1002 ChREBP ChIP
peaks, including those near DNL genes (Figure 4A), only 50 out of the 352 TRp1 ChAP
peaks that overlapped with ChREBP ChlIP peaks were upregulated by T3 (Figure 4C),
suggesting a marginal role for T3-induced recruitment of TRP1 to DNA in the lipogenic
pathway. These 50 TRB1 ChIP peaks were upregulated by T3 in the two TRB1 cistromes
analyzed (fig. S7A). Furthermore, the ChREBP ChIP peaks overlapped with identical ChAP
peaks across both TRP1 cistromes with an average distance between the centers of the peaks
of 159 and 151 bp, respectively. Additionally, the centers of the TRB1 ChAP peaks were at
an average distance of 143 bp, supporting the notion that both TRB1 cistromes determined
the same set of binding sites for TRB1(fig S7B,C). ChIP-PCR analysis demonstrated that

in ChREBPKO mice, T3 did not increase the histone acetylation of ChREBP target genes
including ChREBP, Acaca, Acach, Fasn, Thrsp, Mel and Pnpla3, but did increase H3K27ac
in the vicinity of TRB1 binding sites at target genes such as DioZ and Mg/l (fig S7D).

The T3-ChREBP lipogenic pathway is conserved in human hepatocytes

To assess the role of thyroid hormone signaling on lipogenic pathways in human
hepatocytes, we differentiated human induced pluripotent stem cells to hepatocytes (iHEPS)
using a protocol we have previously validated (18). These hepatocytes are functionally

and transcriptionally similar to human fetal hepatocytes and express albumin and alpha-1
antitrypsin amongst many other liver-specific proteins. RNA-Seq analysis showed that

T3 upregulated 873 genes and repressed 677 genes in iIHEPS (Figure 5A). Furthermore,
David Gene Ontology revealed that lipid metabolism was among the most highly enriched
pathways upregulated in these cells, consistent with observations in mice (Table S1).
Moreover, various lipogenic and lipid oxidation related genes including Fasn, Acaca, Elovie,
Cptla, Lipcand Pnpla3were upregulated by T3 in iIHEPS. The expression of both isoforms
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of ChREBP were also upregulated by T3 in iHEPS, indicating that the T3-lipogenic
signaling pathway is conserved in human hepatocytes (Figure 5B,C).

DISCUSSION

Thyroid hormones control multiple metabolic pathways, including those that regulate the
synthesis and oxidation of lipids in the liver. However, most of these pathways remain to
be defined at the molecular level, precluding our ability to target them to treat metabolic
diseases such as obesity, type 2 diabetes and NAFLD. Here, we uncovered a T3-lipogenic
pathway controlled by the TRB1-dependent upregulation of ChREBP in mice that is also
present in human hepatocytes (Figure 5C).

In the present report, we confirmed the primary role of TRB1 to regulate both hepatic de
novo lipogenesis and fatty acid oxidation. In addition, we demonstrated that the secondary
induction of ChREBP isoforms by TRB1 upon T3 activation regulates DNL, which might
play a role to increase fatty acid oxidation. It was previously assumed that the nuclear
hormone receptors govern gene expression exclusively through ligand-receptor interactions;
however, it has become clear that the nuclear receptor-dependent activation and recruitment
of secondary transcription factors is critical for regulating specific signaling pathways, as
shown in the present report and by others (10, 19).

Here, NCoR1 and TRP1 had a primarily repressive role in regulating the lipogenic program,
whereas the coordinate activation and recruitment of ChREBP was needed to upregulate
lipogenesis in response to T3 stimulus. These data also suggested that TRB1 repressed the
lipogenic program through NCoR1 and by recruiting additional corepressors. The ablation
of TRB1 in hepatocytes did not promote the upregulation of ChREBP isoforms in the
euthyroid condition as observed in N7TKO or NCoR1IKO mice. However, T3 did not regulate
ChREBPin TRB1KO mice, confirming a direct role of TRP1 in regulating ChREBP
expression, as also demonstrated by others (20, 21). ChREBPp expression is regulated
through ChREBPa positive feedback, which in turn is regulated by intracellular glucose
levels (22). Here, we observed that the positive regulation of ChREBPB by ChREBPa

was controlled by TRP1 and NCoR1 activity on the ChREBPa promoter, and that the
intracellular T3 levels were critical to controlling the expression of both ChREBP isoforms.
Indeed, both NCoR1KO and NTKO mice showed similar levels of ChREBPa., but this
increase in ChREBPa upregulated ChREBP only in NTKO mice, indicating that the TRB1
plays a critical role to regulate the positive feedback between ChREBP isoforms. The
regulation of ChREBP isoforms by thyroid hormone signaling was preserved at the mRNA
and protein level.

The transcriptional activity of ChREBP was previously thought to be controlled by the
translocation of ChREBPa into the nucleus through a series of protein-protein interactions
and post-traslational modifications (23). We found that T3 recruited ChREBP to DNA,

and given the role of ChREBP in lipogenesis, it is likely that its cistromic regulation by

T3 is critical for this process. Additionally, the proximity of ChREBP and TR binding

sites in lipogenic genes is striking. Although most TR-binding sites are remote from the
transcription start site when viewed across the genome, the co-existence of nearby ChREBP
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sites in lipogenic genes suggests a cooperative mechanism of regulation. The requirement
of ChREBP for T3 target gene upregulation was observed only for those genes involved
in de novo lipogenesis and not for non-lipogenic genes, further supporting an exclusively
lipogenic role for the TRB1-ChREBP dyad.

Although the deletion of ChREBP led to a decrease in hepatic triglycerides in ChAREBPKO
mice in the presence of T3, hepatic TGs were higher in hypothyroid CAREBPKO mice
despite the lack of DNL, suggesting that the pathogenesis of fatty liver is not only associated
with increased DNL but also potentially with impaired VLDL secretion and triglyceride
storage (24-26). Although the exact mechanism remains unclear, hypothyroid ChREBPKO
mice showed increased expression of genes regulating fatty acid uptake and triglyceride
synthesis, along with decreased mRNA levels of Mitip, a critical regulator of VLDL
secretion. These observations support a role for ChREBP in hepatic triglyceride storage

and secretion. (26, 27). Additionally, T3-increased FAO was also impaired in CAREBPKO
mice, suggesting that the lipogenesis induced by T3 might provide substrate or cofactors
that regulate fatty acid oxidation (28). Indeed, work by others support a role for ChREBP in
basal fatty acid oxidation (29). The ablation of ChREBP had no effect on steady state TG
levels, supporting the notion that ChREBP is primarily a driver of de novo lipogenesis rather
than a mediator of basal triglyceride levels (25).

How T3 signaling in the liver induces both lipid oxidation and lipid synthesis is not
understood. Because T3 analogs are being investigated as an NAFLD therapeutic, it is
critical to understand if long term T3 analog treatment will eventually lead to lipid synthesis
rather than oxidation. Our data from mice lacking ChREBP isoforms in hepatocytes show
that this may be the case. CAREBPKO mice had lower hepatic lipid levels after T3
stimulation and T3-mediated induction of lipogenic genes was abrogated. Furthermore, the
induction of lipogenesis by T3 was decreased in ChREBPKO primary hepatocytes. Thus,
the induction of ChREBP isoforms by T3 is required for lipogenesis but T3-mediated action
on the genomic pathways regulating lipid oxidation is not completely lost. Additionally,
classical T3 target genes such as DioI and Bc/3remained inducible in the absence of
ChREBP. Together, these data demonstrates that T3-mediated lipogenesis plays a key role in
maintaining hepatic lipid levels and that the pathways by which T3 regulates lipogenesis and
lipid oxidation can be separated at the molecular level, as observed in work demonstrating
that FAO is stimulated by T3 regulation of £RRa (10). Finally, the regulation of ChREBP
by T3 signaling suggests that hypothyroid patients may be more susceptible to toxicity
induced by fructose-containing compounds because of their lower levels of ChREBP, a
critical mediator of fructose metabolism (30).

To determine if the regulation of lipogenesis is conserved in humans, we employed
hepatocytes that derived from human iPSCs (iHeps) using a protocol that produces
hepatocytes that are transcriptionally similar to fetal hepatocytes. To date, a protocol that
produces a steady supply of adult hepatocytes has not been developed. Unlike most cellular
systems used to study T3 action, iIHEPS were responsive to T3 and showed induction of
ChREBP isoforms and lipogenic target genes. Thus, the data from this model system suggest
that it will be a valuable tool to assess the role of lipogenesis in thyroid hormone action in
human cells.
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MATERIALS AND METHODS

Animals

The protocol for housing and breeding mice was independently reviewed and approved by
the Institutional Animal Care and Use Committee (IACUC) from Beth Israel Deaconess
Medical Center and Weill Cornell Medical College. NCoR1 floxed mice were obtained from
the Auwerx laboratory, Ecole Polytechnique Federale de Laussane (31, 32). 7hrb floxed
mice were obtained from the Gauthier laboratory, Institut de Génomique Fonctionnelle de
Lyon Université de Lyon, Lyon, France (33). ChREBPfloxed mice were obtained from the
Horton laboratory (University of Texas Southwestern Medical Center) (26). Floxed mice
were crossed to mice that express Cre recombinase under the control of albumin promoter,
which produced Cre expression in hepatocytes only [(B6.Cg-Tg(Alb-cre)21Mgn/J), JAX
Cat#003574]. The experimental cohorts were generated by crossing genotyped NCoR17*
TRB 7+ AlbCre/= and NCoR17f TRB"* mice. The resulting experimental mice included
littermate controls NCoR1”, NCoR1KO and NCoR1/TRB1 double KO (NTKO). Liver-
specific TRB1KO mice were generated by crossing mice with the genotype 7RB" to
TRBf Alb-Cre/~ mice which generated the littermate controls 7RB”*and TRBIKO. Liver-
specific CHREBPKO mice were generated by crossing mice with the genotype ChREBP"f
to ChREBP7FAIb-Cre/~ \yhich generated the littermate controls CHREBP and ChREBPKO.
All mice were maintained on a C57BL/6J genetic background.

Animal experiments

Animal experiments were approved by the IACUC at BIDMC and WCMC and NIDDK/
NIH. Mice were housed on a 12-h light/dark cycle and supplied with food and water ad
libitum. 6 week old male and female mice were maintained on standard chow diet or put

on PTU/LID diet for 3 weeks [0.15% Propylthiouracil, Low iodine, 20% Protein, 51%
Carbohydrate, 3.5% Fat, 3.2Kcal/g (TD.95125;Envigo)]. The PTU/LID +T3 groups received
daily intraperitoneal injections of T3 (5ug/100g bodyweight) for the last 4 days of the
experiment. On day 21 of experiments, mice were euthanized in the fed condition by CO,,
blood was collected by cardiac puncture and tissues were quickly harvested frozen on liquid
nitrogen and stored at —80°C. For fasting experiments, female mice were fasted for 18 hours
and were euthanized by CO,. Blood was collected by cardiac puncture and tissues were
quickly harvested, frozen in liquid nitrogen and stored at -80°C.

Hepatic triglycerides

Hepatic triglycerides were determined as previously described as follows (34). 200 mg of
liver were extracted by chloroform:methanol (2:1) for two hours. Supernatants were washed
with 0.9%NaCl and 0.9%NaCl-methanol. The organic phase was dried and dissolved in
butanol-Triton X-100-methanol. Triglyceride concentrations were measured by enzymatic
colorimetric assay (Stanbio). Serum FGF21 concentrations were measured using Quantikine
mouse FGF21 ELISA (R&D Systems, Minneapolis, MN). Serum Triglycerides and BHB
were measured by enzymatic colorimetric assay (Stanbio).
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Rates of DNL from acetate

FAO Rates

Rates of DNL were determined using primary cultured hepatocytes as previously described
with modifications (35). Primary hepatocytes (4 x 10° cells) isolated from WT (PTU/LID

or PTU/LID+T3), ChREBPKO (PTU/LID or PTU/LID+T3) and 7RBIKO (PTU/LID or
PTU/LID+T3) male mice were seeded in PrimariaTM 6-well plates (Corning) and incubated
overnight in Medium 199 (Gibco) 10% charcoal/dextran treated fetal bovine serum (GE
Healthcare). The following day, cells were incubated in 2 mL of serum-free Medium 199
for 2 h, then for 3h in fresh serum-free Medium 199 containing 1 uCi/ml [14C]-acetate
(PerkinElmer; 50 uCi/umol) supplemented with 1 mM acetate at 37°C. Plates were placed
on ice, the medium was removed, and the cells were washed three times with ice-cold PBS.
Cells were then scraped into 300ul of PBS and homogenized using a motor-driven pestle.
The homogenate was divided for protein measurement (50ul) and for lipid extraction (250ul)
using methanol:chloroform (1:2) (36). The radioactivity of lipid products present in the
organic phase was measured using a liquid scintillation counter.

Primary hepatocytes were isolated and plated overnight onto 24-well plates (125,000 cell/
well) using M199 medium plus 10% dextran/charcoal stripped FBS. The next day the cells
were washed twice with warm PBS and the medium was changed to serum-free M199

for 2h. 500pl of serum-free M199 medium containing 0.4 uCi [14C]-palmitate (American
Radiolabeled Chemicals Inc; 55 pCi/umol), 200 pM palmitate conjugated with FA-free
BSA, and 1mM carnitine were added to each well. The plate was sealed with parafilm

and incubated at 37°C for 3h. 400 pl of medium were then transferred to acidification
vials containing 200 pL 1 M perchloric acid and filter papers soaked with 20 uL of 1 M
NaOH to trap the [1#C]CO, produced by complete oxidation of radiolabeled palmitate. The
tubes were shaken for 1 h at room temperature. Partially oxidized acid soluble metabolites
([**C]ASM) were separated by centrifugation at 14,000 g for 10 min at 4 °C. Aliquots of
the supernatants (400 uL) and paper filters were placed into separate vials and subjected to
scintillation counting. Total oxidation rates were calculated as sum of partial and complete
oxidation rates.

Oil Red O Staining

Fresh liver samples were washed with ice cold PBS 1X, fixed overnight with 4%
paraformaldehyde, washed with 15% sucrose and shipped in 30% sucrose. Histology was
performed by HistoWiz Inc. (https://home.histowiz.com/). Liver samples were embedded in
OCT, and 5 um slides were prepared for staining. Fresh frozen sections were cut and air
dried, placed in absolute propylene glycol, stained with Oil Red O solution, rinsed in 85%
propylene glycol, rinsed in 2 changes of distilled water, stained with hematoxylin, washed
with running tap water, placed in distilled water, and mounted with aqueous mounting
medium.

Western Blot

Liver proteins were prepared as previously described (15). 50mg of liver was homogenized
in 1 ml of cell lysis buffer ([20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM
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EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM B-glycerol phosphate, 1
mM Na3VO04, 1 mM PMSF, and 1x protease inhibitor mixture (Roche)]. Samples were
sonicated 3 times for 5 seconds at power 4 and centrifuged a top speed for 15 min.
Supernatants were aliquoted and stored at —80. Protein concentration was measured by
using the Pierce BCA assay kit. For SDS-PAGE 50 ug of protein were resolved in 3-8%
Tris-acetate or 12% Bis-Tris (Novex gel, invitrogen) and transferred to a nitrocellulose
membrane. Blots were probed for NCoR1 (A301-145A; Bethyl) or ChREBP (Novus) at
4°C overnight and incubated with an HRP-conjugated secondary anti-rabbit antibody for 1
h at room temperature. Membranes were developed by using ECL substrate (BioRad) and
visualized in a ChemiDoc MP Gel Imaging System. Membranes were stripped [2% SDS,
6.25 mM Tris (pH 6.8), 0.8% 2-mercaptoethanol] and re-blotted with anti-RNA polymerase
I1 (05-952; EDM Muillipore) or anti-Actin (Sigma A2066).

Nuclear and cytosolic fractions were isolated from freshly collected liver using NE-PER™
Nuclear and Cytoplasmic Extraction Reagents (Thermo fisher Scientific, 78833) with
modifications. 100-130 mg of liver tissue was used for the fractionation. 50 ug of nuclear
or cytosolic fraction was subjected to Western blotting for SREBP1 (Millipore Sigma,
MABS1987), HDACL1 (Millipore Sigma, 05-100-1) and Actin (Sigma Aldrich, A5060).

RNA and QPCR

Total RNA was extracted from 50 mg of liver by using RNA-STAT following the vendor
recommendations. 500ug RNA was reverse transcribed by using a cDNA kit (SuperScript-
VILO, invitrogen). QPCR was performed on a Quantastudio 6 (Thermo Fisher). TagMan
assays were used to quantify all transcripts, except for ChREBP isoforms which were
quantified by using Sybr Green (Applied Biosciences). Relative mRNA levels were
calculated using standard curve and normalized to the expression of peptidy/ isomerase

A (Ppid) mRNA.

ChREBP CHIP-Sequencing

ChIP for ChREBP was performed on the livers of WT mice on either a PTU or PTU+T3
diet and CAREBPKO mice. Each ChIP was performed as previously described(9). 100

mg of liver was minced and cross-linked by DSG followed by paraformaldehyde (1%).
Nuclei were obtained by dounce homogenizer in Hepes [L0mM] pH7.9, KCI [10mM],
EDTA [0.1mM], EGTA[0.1mM], DTT [1mM], protease inhibitors (Roche). Chromatin was
resuspended in (Tris-HCI [50mM] pH8.0, EDTA [10mM], SDS [0.25%], protease inhibitors
(Roche)) and sheared to 200-600 bp with an ultrasonicator (Branson). Sheared chromatin
was diluted in ChIP dilution buffer (16.7mM Tris (pH8), 1.2mM EDTA, 167mM NacCl,
1.1% Triton X-100, 0.01% SDS) and subjected to immunoprecipitation with 6 ug of
ChREBP antibody (Novus Biologicals, catalog number NB400-135) overnight at 4 °C.

A 50/50 slurry of protein A and protein G Dynabeads (Invitrogen) was used to capture
enriched chromatin. Reverse cross-linking and proteinase K digestion were performed

at 65 °C for 6 hours. DNA was subsequently extracted using AMPure XP beads in
accordance with the manufacturer’s manual. Extracted DNA (1-10ng, or all if less than
1ng) was used to generate sequencing libraries by following the “on-bead” sequencing
library preparation method as previously described (37). Isolated DNA was processed
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by end repair/phosphorylation using the End-It DNA End-Repair Kit (Lucigen, A-tailing
using the Klenow Fragment (NEB M0212) and index adaptor ligation using Quick Ligase
(NEB M2200). AMPure XP beads were left in all reactions for DNA isolation, which was
performed with PEG (Polyethylene Glycol 8000)/NaCl solution. After ligation, DNA was
eluted from the beads and then PCR-amplified using the PfuUltra Il Hotstart PCR Master
Mix (Agilent 600850) for 18 cycles. DNA fragments between 250 and 600bp were selected
via SPRISelect (Beckman Coulter, B23318). Quantity and quality of the libraries were
analyzed by Qubit and Agilent Bioanalyzer, respectively, and the libraries were pooled at

a final concentration of 12pM and sequenced on an lllumina NextSeq 500 system (36bp
paired-end).

The equivalent of 5mg of liver was incubated with 1 ug of anti-ChREBP (NB400-135
Novus), anti-H3K27 (Catalog no. 39133 Active Motif) or Rabbit igG as control

(Jackson Immunoresearch) overnight at 4°C in Tris-HCI [LOmM], pH8, EDTA [1mM]
EGTA[0.5mM], NaCl [140mM], Triton X-100 [1%], Sodium Deoxycholate [0.1%] protease
inhibitors (Roche). DNA-Protein complexes were pulled down with Protein A agarose
beads (Thermo fisher) and were reverse crosslinked overnight at 65 C in Tris-HCI

[50mM] pH8, EDTA [1mM], NaCl [100mM], SDS [0.5%]. DNA was extracted by
phenol:chloroform:isoamyl alcohol and precipitated with ethanol. Purified DNA from

4 independent immunoprecipitations (IPs) was used as template in QPCR with SYBR
Green Chemistry (Applied Biosystems). The results were quantified by standard curve and
normalized to input DNA; data are reported as relative input DNA. Primers are in Table S2.

Chromatin affinity purification

TRpB-bound chromatin was isolated from mice that express tagged TRp proteins from the
natural promoter of the endogenous 7/rb gene. The tag at the TRP C-terminus included an
HA epitope and a peptide for biotinylation by the prokaryotic BirA enzyme to enable high
affinity streptavidin-selection of the protein and was introduced using standard procedures
for homologous recombination in W9.5 embryonic stem cells from 129S1/Sv strain mice
(38-40). ThrbMAB/* mice were crossed with Rosa26/B/A mice (Jackson Lab CAT#
010920, name Gt(ROSA)26Sortm1.1(birA)Mejr/J), backcrossed for 2 generations onto

a C57BL/6J background, and intercrossed to produce 7Thrb/"AB/HAB: posa26BIrA/BIMA test
mice and Rosa265//BIrA control mice (abbreviated to “HAB™ and “BirA”, respectively).
Using established methods (41), adult male mice were made hypothyroid by adding 0.05%
methimazole (Fluka) and 1% potassium perchlorate (Sigma-Adrich) to the drinking water
for 5 weeks. Hyperthyroid groups were treated similarly but were additionally given T3
(Sigma-Aldrich) at 1 ug/ml in drinking water for the 5th week. Livers were taken from
groups of treated 2 - 4-month-old male mice, immediately transferred into liquid nitrogen,
and ground into powder. Frozen liver powder from 3 - 4 mice was pooled for one assay. Two
separate pools were used per group for analysis. Experiments were performed in accordance
with ethical guidelines and approved institutional protocols at the National Institutes of
Health (NIH).
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ChAP-Sequencing and data analysis

Chromatin affinity purification (ChAP) was performed using previously described methods
with modifications (42). Pooled, powdered liver samples were cross-linked using 1.5%
formaldehyde at room temperature for 15 min. The reaction was stopped by addition of
glycine at a final concentration of 0.125 M. Cross-linked tissue was homogenized in lysis
buffer using a 15 ml glass Dounce grinder with gentle twisting of the pestle 60 times, then
placed on ice for 30 min. Samples were sonicated for 10 min using a sonic dismembrator
(Model 505, Fisher Scientific) with 24% power output (repeated cycles of 20 s then 40 s
pause). Magnetic streptavidin beads (40 pl, Dynabeads MyOne Streptavidin T1, Thermo
Fisher Scientific) were incubated with the sonicated samples overnight at 4°C with gentle
rotation. Beads were washed as described (42). Affinity-bound chromatin fragments were
reverse-crosslinked, purified and used to construct DNA libraries for sequencing using
the Illumina TruSeq ChlIP Library Preparation Kit (Illumina) and an IHlumina HiSeq 2500
sequencer at NIDDK Genomics Facility. Conversion of data format from bcl to fastq was
performed using bclfastq software, version 2.17.1.14 from Illumina.

Computational ChiP-Seq analysis

For ChREBP ChIP-Seq and THRB ChAP-Seq analysis, reads were aligned to the mm10
mouse genome using Bowtie2 (43). PCR duplicates and low-quality reads were removed
by Picard. Reads were processed using SAMtools (44) and subjected to peak-calling with
MACS?2 (45); called ChREBP peaks had >4-fold higher coverage than input genomic

DNA and Thrb-HAB/BIrA peaks had =4-fold higher coverage than BirA controls. Reads
assigned to peaks were quantified using BEDTools (46) and normalization and differential
analysis were performed using EdgeR (47). For differential analysis, peaks were considered
significant only if they passed a fold-change (FC) cutoff of log2(FC) = 1 and a false
discovery rate (FDR) cutoff of FDR < 0.05. To visualize ChIP-Seq signals, reads were
converted to the BigWig file format using BEDTools and the bedGraphToBigWig utility
(48). BigWig files were normalized based on library size (after filtering) and peak
assignment efficiency. All peaks were annotated with nearest gene (exon) and nearest
transcription start-site (TSS) information. Overlap and minimum distance between ChREBP
and Thrb-HAB peaks were calculated using the GenomicRanges library (49), part of the
Bioconductor package suite for R.

Stem Cell Culture and QPCR analysis

A previously published healthy control iPSC line, BU-3, was utilized for hepatic directed
differentiation experiments (50). Undifferentiated iPSCs were adapted to feeder-free
conditions, maintained on Matrigel (Corning) coated dishes in mTeSR1 media (Stem

Cell Technologies), and dissociated for passaging with Gentle Cell Dissociation Reagent
(Stem Cell Technologies). iPSCs were differentiated to the hepatic lineage with a
previously published protocol (18) with modifications. On Day 0, cells were dissociated

and approximately 40,000/cm2 were seeded in mTeSR media containing 10 mM Y-27632
(Tocris). The following day (Day 1), media was changed, and endodermal differentiation
was initiated using the STEMdiff Definitive Endoderm Kit (Stem Cell Technologies). Cells
were cultured in media according to the manufacturer’s instructions for 96 hours (Days 1-5).
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On Day 5, cells were dissociated with Gentle Cell Dissociation Reagent and split into new
matrigel-coated wells at a ratio of approximately 1:3 in complete serum-free differentiation
media containing 0.05ug/ml Activin A (R&D 338-AC), 0.01ug/ml BMP4 (R&D 314-BP),
0.01ug/ml FGF2 (R&D 233-FB), 0.01ug/ml VEGF (R&D 293VE), and 10 mM Y-27632. On
Day 6, cells were refed with the same media without Y-27632. Cells were then differentiated
in media conditions as previously described (18) for days 7-20. On Day 20, cells were

refed with hepatic differentiation media containing T3 at a concentration of either 10nM

or 100nM or control vehicle. 24 hours later, cells were harvested, and total RNA extracted
using an miRNeasy kit (Qiagen). Quality of directed differentiation was confirmed by
quantification of expression of markers of definitive endoderm (CKIT/CXCR4) on Day 5 of
directed differentiation (18).

RNA-Seq analysis
Ribosomal RNA (rRNA) was removed from total RNA extracted as described above,
using an NEBNext depletion kit (catalog no. E6310X) according to the manufacturer’s
instructions. rRNA-depleted RNA was subsequently used to generate paired-end sequencing
libraries using the lllumina RNA Nextera XT DNA Library Preparation Kit (FC-131)
according to the manufacturer’s instructions. Quantity and quality of RNA-Seq libraries
were analyzed by Qubit and Agilent Bioanalyzer, respectively. Libraries were pooled at a
final concentration of 2.22pM and sequenced by a NextSeq 500 system (36bp, paired-end
reads).

Computational RNA-Seq analysis

For RNA-Seq analysis, reads were aligned to the mm10 mouse genome using TopHat2
(51). PCR duplicates and low-quality reads were removed by Picard and processed

using SAMtools (44). Filtered reads were assigned to the annotated transcriptome and
quantified using feature Counts (52). Normalization and differential expression analysis
were performed using EdgeR (47). For differential gene expression analysis, we tested only
those genes that were detected in at least two samples with log2CPM = 2. Genes were
considered significant if they passed a fold change (FC) cutoff of log2FC = 1 and a false
discovery rate (FDR) cutoff of FDR < 0.05. Gene set enrichment analysis was performed
using DAVID Bioinformatics Resources 6.8 (53).

Statistical Analysis

The differences between groups across experiments were analyzed using GraphPad Prism
9 software by One-Way, Two-Way ANOVA and Tukeys multiple comparisons test or the
Mann-Whitney U test as appropriate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Thyroid hormonereceptor 1 regulates hepatic lipid metabolism.
A. gPCR analysis for the indicated genes was performed on liver RNA from male mice

with hepatocyte-specific deficiency of TRB1 ( TRBIKO) and their WT controls (flox/flox~/~)
on a hypothyroid (PTU/LID) or hyperthyroid diet (PTU/LID+T3). n=5-6 mice per group
analyzed by Mann-Whitney Utest. B. Rates of de novo lipogenesis and fatty acid oxidation
were determined in primary hepatocytes from 7/RBZKO and control mice on a PTU/LID or
PTU/LID+T3 diet. n=3 mice per group, analyzed by two-way ANOVA and Tukey’s multiple
comparisons test. C. Hepatic triglyceride levels were determined in 7R8ZKO and control

Sci Signal. Author manuscript; available in PMC 2022 February 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mendoza et al.

Page 20

mice on a PTU/LID or PTU/LID+T3 diet. n=5-6 mice per group. D-E. gPCR analysis was
performed for the indicated genes using liver tissue from 7RB1KO and control mice on a
PTU/LID or PTU/LID+T3 diet. n=5-6 mice per group analyzed by Mann-Whitney Utest. F.
Heatmap of clustered TRB1 ChAP peaks concordantly regulated by T3 in liver tissue from
mice in which endogenous TRB1 was tagged [Thrb-HAB (HAB), n=2 mice per group] or
from mice with adenoviral-induced overexpression of TRB1 [Ad-TRB1-BirA (BirA); pooled
library from 10 mice per group]. G. TRB1 ChIP peaks in Mixip/ (ChREBP), Fasn, and

Mg/l visualized on a genome browser. nc negative control. H. Liver chromatin from WT
mice on a chow, PTU/LID or PTU/LID+T3 diet and from CAREBPKO mice on a chow

diet as a negative control was immunoprecipitated with a ChREBP antibody. gPCR analysis
was performed on the immunoprecipitates to assess the enrichment of the indicated targets.
n=3-4 mice per group analyzed by Mann-Whitney Utest. Data are presented as mean+SD.
*p<0.05, **p<0.01, ****p<0.0001.
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Fig.2. TRB1 and NCoR1 repress lipogenesisin the liver.
A. gPCR analysis for the indicated genes was performed on liver RNA from female WT

mice, mice with a hepatocyte-specific deficiency of NCoR1 (NCoR1KO), or mice with a
hepatocyte-specific deficiency of NCoR1 and TRB1 (N7KO) on a chow diet. n=5-6 mice per
group analyzed by Mann-Whitney U'test. Liver proteins from WT, NCoR1KO, or NTKO
mice were immunoblotted for NCoR1 or RNA Pol2 as control. n=3 mice per group, each
lane represents a different mouse. B. Hepatic triglycerides and liver weight to body weight
(LW/BW) ratios were measured in WT, NCoR1KO, or NTKO mice on a chow, PTU/LID
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or PTU/LID+T3 diet. n=5-6 mice per group, analyzed by two-way ANOVA and Tukey’s
multiple comparisons test. C-E. gPCR analysis was performed for the indicated genes using
liver RNA from WT, NCoR1KO, or NTKO mice on a chow, PTU/LID or PTU/LID+T3
diet. n=5-6 mice per group analyzed by Mann-Whitney Utest. F-G. Liver chromatin from
WT, NCoR1KO, or NTKO mice on a chow diet was immunoprecipitated with an H3K27ac
antibody (F), ChREBP antibody (G) or rabbit 1gG as control. gPCR analysis was performed
on the immunoprecipitates to assess the enrichment of the indicated targets. n=3-4 mice per
group, analyzed by Mann-Whitney Utest. H. Liver proteins from WT, NCoR1KO, or NTKO
mice on the indicated diets were immunoblotted for ChREBP (Cha.) or actin as loading
control. Liver proteins from CAREBPKO mice on a chow diet were used as negative control
(nc). n=3 mice per group, each lane represents a different mouse analyzed by one-way
ANOVA and Tukey’s multiple comparisons test. Data are presented as means+SD. *p<0.05,
**p<0.01, ***p<0.005, ****p<0.0001.
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Fig. 3. Thyroid hormonesregulate lipogenesis through ChREBP.
A. Liver cDNA or proteins from female WT mice or mice with a hepatocyte-specific

deficiency of ChREBP (ChREBPKO) on a hypothyroid (PTU/LID) or a hyperthyroid (PTU/
LID+T3) diet were used for gPCR analysis or were immunoblotted for ChREBP or actin as
loading control. For the gPCR analysis, n=5-6 mice per group analyzed by Mann-Whitney
U'test. For the immunoblotting analysis, each lane represents a different mouse analyzed by
two-way ANOVA and Tukey’s multiple comparisons test. B. Hepatic and serum triglyceride
and BHB levels were measured in WT or CAREBPKO mice on the indicated diet. n=5-6
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mice per group anlyzed by two-way ANOVA and Tukey’s multiple comparisons test. C.
Rates of de novo lipogenesis and FAO were determined in primary hepatocytes from WT or
ChREBPKO mice on the indicated diets. n=3 mice per group, anlyzed by two-way ANOVA
and Tukey’s multiple comparisons test. D-F. qPCR analysis for the indicated genes was
performed on liver cDNA from WT or CAREBPKO mice on the indicated diets. n=5-6
mice per group analyzed by Mann-Whitney U'test. Mean+SD, Two-way ANOVA, *p<0.05,
**p<0.01, ***p<0.005, ****p<0.0001.
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Fig. 4. Thyroid hormone signaling controlsthe cistrome of ChREBP.
A. Volcano plot from ChREBP ChlIP peaks from WT mice on a hypothyroid (PTU/LID) or

hyperthyroid (PTU/LID+T3) diet. Red dots indicate 1002 upregulated or 543 downregulated
peaks. The significance threshold was FDR<=0.25, FC>=0.5 CPM>=2. n=2 mice per group.
B. Liver chromatin from WT or mice with a hepatocyte-specific deficiency of ChREBP
(ChREBPKO) on the indicated diets was immunoprecipitated with a ChREBP antibody.
gPCR analysis was performed on the immunoprecipitates to assess the enrichment of

the indicated targets. n=4 mice per group analyzed by Mann-Whitney Utest, Mean£SD,
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**p<0.01, ***p<0.005. C. Heat map of clustered ChREBP ChlIP peaks in WT mice on

the indicated diets and the nearest ChAP peaks in TRB1-HAB mice. n=2 mice per group.
Scale represents log, fold change. D. Violin plot depicts the distribution of the distances
between the centers of overlapping ChREBP ChIP Peaks in WT mice on a hypothyroid
(PTU/LID) or hyperthyroid (PTU/LID+T3) diet and TRB1 ChAP peaks, and the distribution
of distances between the center of ChREBP ChIP peaks to the nearest transcription start
site (TSS; Cha-TSS). E. Genome browser visualization of TRB1 ChAP peaks and ChREBP
ChIP peaks on the indicated genes. ChIP-PCR amplicons are highlighted in yellow.

Sci Signal. Author manuscript; available in PMC 2022 February 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mendoza et al.

Page 27

T3/vehicle

id Lipogenic TFs B Control
P 10nNM T3
B 100nM T3

C

NN SGPL1 Bea-oxidation

(=R L R

m
g
Relative mRNA

B FOX1

BN CBR4 » O
8 Mg
S o PR

Fig. 5. T3-ChREBP regulation of lipogenesisis conserved in iHEPS.
A. Clustered log2FC in mRNA expression in hepatocytes differentiated from iHEPS treated

with T3 or vehicle. Fatty acid metabolism genes that were upregulated by T3 in iHEPS are
also indicated. n=4 biological replicates per group. B. gPCR analysis for the indicated genes
using cDNA from iHEPS treated with T3 or vehicle. n=4 biological replicates per group,
analyzed by Mann-Whitney Utest, Mean+SD. **p<0.01, ***p<0.005. C. TH stimulates
both lipogenesis and fatty acid oxidation through independent signaling pathways. TH
regulates the dissociation of NCoR1 and stimulates ChREBP isoform expression to regulate
the lipogenic program. Conversely, lipid oxidation is regulated by the ability of T3/TR
signaling to control ESRRA activity.
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