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Transcriptional coregulators are important components of nuclear receptor (NR) signaling machinery and
provide additional mechanisms for modulation of NR activity. Expression of a mutated nuclear corepressor 1
(NCoR1) thatlacks 2 NR interacting domains (NCoRAID) in the liver leads to elevated expression of genes reg-
ulated by thyroid hormone receptor (TR) and liver X receptor (LXR), both of which control hepatic cholesterol
metabolism. Here, we demonstrate that expression of NCoRAID in mouse liver improves dietary cholesterol
tolerance in an LXRo-independent manner. NCoRAID-associated cholesterol tolerance was primarily due to
diminished intestinal cholesterol absorption as the result of changes in the composition and hydrophobicity
of the bile salt pool. Alterations of the bile salt pool were mediated by increased expression of genes encoding
the bile acid metabolism enzymes CYP27A1 and CYP3A11 as well as canalicular bile salt pump ABCB11. We
have determined that these genes are regulated by thyroid hormone and that TRf1 is recruited to their regula-
tory regions. Together, these data indicate that interactions between NCoR1 and TR control a specific pathway

involved in regulation of cholesterol metabolism and clearance.

Introduction

Cholesterol metabolism in the liver is critical for normal systemic
regulation of serum cholesterol levels and eventual cardiac risk.
Both the thyroid hormone receptor (TR) and liver X receptor
(LXR) regulate multiple cholesterol clearance pathways and have
been targeted as potential therapeutic avenues to improve choles-
terol metabolism in humans (1-4). Thyroid hormone (TH) and its
liver-specific analogs have been shown to lower serum cholesterol
levels through increased expression of the LDL-R and/or HDL
receptor SR-B1 in the liver (2, 5, 6), stimulate cholesterol elimina-
tion via conversion to bile acids (3, 5, 7-9), enhance biliary choles-
terol excretion through ATP-binding cassette transporter G5 and
G8 (ABCG5/G8), and decrease cholesterol absorption (10-12). The
effects of TH on the cholesterol metabolism in the liver are medi-
ated by the TRP1 isoform (7, 13).

LXRo and LXRf are activated by oxysterols and act as intra-
cellular cholesterol sensors (14). LXRa is the major isoform in the
liver that plays a predominant role in maintaining hepatic cho-
lesterol homeostasis. Global or liver-specific KO of Lxra leads to a
dramatic hepatic cholesterol accumulation in mice fed diets with
high cholesterol content (15-17). LXRa. controls cholesterol clear-
ance through regulation of intestinal cholesterol absorption and
biliary cholesterol secretion as well as cholesterol conversion into
bile acids (15, 17-19). Thus, TRB1 and LXRa regulate both dis-
tinct and overlapping pathways to control cholesterol metabolism
in the liver. Based on this, we hypothesized that targeting common
nuclear receptor (NR) coregulators could amplify beneficial effects
of both pathways on cholesterol metabolism.

Previous work from our laboratory and others has demonstrated
that the NR corepressor, nuclear corepressor 1 (NCoR1), is a criti-
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cal regulator of hepatic metabolic function. We have shown that
liver-specific expression of a Ncorl allele coding for a protein that
lacks the 2 NR interacting domains responsible for interactions
with the TR and LXR (NCoRAID) leads to the elevated expres-
sion of a number of enzymes involved in cholesterol and bile acid
metabolism in these animals (L-AID mice) (20). This observation
together with the fact that LXRa and TRB1 are critical for nor-
mal regulation of cholesterol metabolism prompted us to further
examine the role of NCoR1 in this process.

Here, we demonstrate that hepatic expression of NCoRAID
leads to an improved cholesterol tolerance upon high-cholesterol
feeding in both WT and cholesterol-intolerant LXRa-deficient
(Lxra~~) mice. This is largely due to changes in the bile acid
pool composition that lead to decreased intestinal cholesterol
absorption. Our results indicate that these effects are mediated
by increased expression of bile acid synthesis and hydroxylation
enzymes Cyp27al and Cyp3all as well as increased expression of
canalicular bile salt pump Abcb11 due to enhanced hepatic TR
signaling. Thus, NCoR1 via its interactions with the TR controls
a specific pathway to regulate cholesterol metabolism. Target-
ing of this pathway with therapeutics that specifically modify
NCoRI1 recruitment to the TR could provide substantial benefit
to patients with hypercholesterolemia.

Results
Hepatocyte-specific expression of NCoRAID reduces cholesterol deposition
in the liver of mice fed with high-cholesterol diet independent of LXRa.. Our
previous work demonstrated that expression of NCoRAID in the
liver leads to the upregulation of expression of several enzymes in
the cholesterol synthesis pathway (20, 21). To further investigate
this, we examined cholesterol synthesis in this model. As shown
in Figure 1A, the cholesterol synthesis rate as well as expression
of Hmgcr, the rate-limiting enzyme in cholesterol synthesis path-
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Hepatic cholesterol synthesis and deposition in L-A/D mice. (A) The rate of neutral sterol synthesis was assessed in primary hepatocytes isolated
from L-AID and control mice by incorporation of 3H,O. Shown are data from 1 representative experiment (n = 4 wells per genotype). Expression of
Hmgcr was measured by QPCR in the hepatocytes from the same experiment (n = 3 wells per genotype). (B) Representative H&E-stained sections
of livers from animals with indicated genotypes after 3 weeks on 2% cholesterol diet. Original magnification, x20. (C) Hepatic cholesterol content
was measured in control and L-A/D mice on Lxra*+ and Lxra”- background after 3 weeks on 2% cholesterol diet (n = 5-11 animals per group).
Statistical analysis was performed using unpaired Student’s t test (A) or 2-way ANOVA with Bonferroni post-tests (C). **P < 0.01; ***P < 0.001.

way, was significantly increased in primary hepatocytes isolated
from L-AID livers compared with controls, in agreement with the
gene expression pattern observed in the whole liver (20). As a com-
pensatory increase in cholesterol synthesis has been reported to
be a result of increased cholesterol excretion in hyperthyroid rats
(22), we hypothesized that the increase seen in L-AID mice was also
compensatory due to improved cholesterol clearance.

To gain further insight into the effects of NCoRAID expression
on hepatic cholesterol clearance and the role of TR and LXRa in
NCoRAID function in vivo, we crossed L-AID and Lxra”/~ mice
and challenged them with high dietary cholesterol. The LXRa.-
deficient mice were also chosen as an excellent model for this
study due to their enhanced response to high-cholesterol feeding
compared with WT mice. After 3 weeks of feeding with a 2% cho-
lesterol-supplemented diet, we observed a 3-fold increase of total
and esterified hepatic cholesterol in WT mice, but only a 1.5-fold
increase in L-AID mice (Figure 1, B and C). Remarkably, despite a
further 6-fold increase in liver cholesterol content in cholesterol-
fed Lxra~/~ animals, which is in agreement with published data (15,
17), L-AID Lxra~~ mice still showed a dramatic reduction in hepatic
cholesterol compared with Lxra7~ controls (Figure 1, B-C). This
demonstrates that the absence of interactions between NCoR1
and NRs, such as the TR, has beneficial effects on hepatic choles-
terol clearance that are independent of LXRa.

NCoRAID action in the liver is not proatherogenic. While we did
not detect any differences in serum cholesterol concentrations
between genotypes (Supplemental Table 1; supplemental material
available online with this article; doi:10.1172/JCI73419DS1), plas-
ma lipoprotein profiling showed, as expected, an increase in IDL/
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LDL cholesterol in Lxra”~ animals (15). Additionally, it revealed a
slight increase in VLDL cholesterol in L-AID mice, which became
more prominent on the Lxra~~ background (Figure 2A). We next
confirmed that hepatic expression of NCoRAID was associated
with an increased VLDL production rate by measuring serum
triglyceride accumulation following the inhibition of lipopro-
tein lipase (Figure 2B). Thus, the export of cholesterol as part of
VLDL particles is augmented in L-AID mice, representing a poten-
tial route of cholesterol clearance from the liver (23). To examine
whether secreted cholesterol could be deposited extra-hepatically,
leading to the development of a proatherogenic phenotype, we
measured whole-body cholesterol. Contrary to our expectations,
we found that it was not increased in L-AID mice and, moreover,
was significantly diminished in L-AID Lxra”~ mice compared with
Lxra”~ controls (Figure 2C). While we found that hepatic mRNA
expression of Ldlr was upregulated in L-AID mice on a Lxra"* back-
ground, this was not observed in L-AID Lxra~~ mice and could not
account for the lower whole-body cholesterol in these animals. No
differences were found in the hepatic expression of Idol (Mylip),
which regulates LDL-R protein levels (24), HDL receptor SR-B1
(Scarb1), or circulating HDL levels, indicating that reduction in
whole-body cholesterol content in L-AID Lxra~/~ animals is unlikely
to be due to increased reverse cholesterol transport (RCT). Thus,
despite increased cholesterol secretion with VLDL, L-AID mice do
not store the cholesterol extrahepatically and appear to remove it
through a mechanism separate from RCT.

Hepatic expression of NCoRAID leads to an increase in fecal choles-
terol elimination due to decreased intestinal cholesterol absorption. To
further explore decreased hepatic and whole-body cholesterol
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Figure 2

Effects of hepatic expression of NCoRAID on plasma lipoprotein and whole-body cholesterol content. (A) Cholesterol concentrations were
measured in FPLC fractions of pooled plasma from animals with indicated genotypes fed a 2% cholesterol diet for 3 weeks (n = 6-9 animals
per group). (B) VLDL clearance was blocked in control and L-A/D mice on Lxra*+ and Lxra~- backgrounds by intravenous injection of 600 mg/
kg tyloxapol. VLDL accumulation in blood was assessed by measuring plasma triglycerides at indicated time points. Animals were kept on high-
cholesterol diet for 3 weeks prior to the experiment (n = 5-8 animals per group). (C) Whole carcasses (excluding liver and gut) of mice with
indicated genotypes fed 2% cholesterol for 3 weeks were digested in ethanolic KOH, and whole-body cholesterol content was measured (n = 5-8
animals per group). (D) Expression of Ldlr, Mylip (Idol), and Scarb1 was measured by QPCR in the livers of animals after 3 days of 2% cholesterol
feeding (n = 6-8 animals per group). Statistical analysis was performed using 2-way ANOVA with Bonferroni’s post-tests. *P < 0.05; **P < 0.01.

in L-AID mice, we examined their fecal cholesterol output. The
body weight, daily food intake, and fecal mass were not differ-
ent between the genotypes after 3 weeks on a 2% cholesterol diet
(Figure 3, A-C). In agreement with previously published obser-
vations, fecal cholesterol excretion was significantly decreased in
Lxra~/~ mice compared with Lxra”* controls (17). Interestingly,
introduction of hepatic NCoRAID almost normalized it, and a
similar, but not significant, trend was seen in L-AID mice on an
Lxra** background (Figure 3D). The greater difference in fecal
cholesterol output seen on the Lxra”~ background is most likely
due to the greater cholesterol intolerance in these animals and
a larger improvement and net reduction in the hepatic choles-
terol deposition induced by NCoRAID expression in Lxra”~ ani-
mals (difference of 20 mg of cholesterol per gram of liver tissue
on Lxra”~ background vs. only 3 mg/g on Lxra**). Both LXR and
TR have been shown to positively regulate fecal cholesterol out-
put through upregulation of expression of AbcgS/8 transporters,
which leads to increased biliary cholesterol excretion (11, 12,
17, 19, 25). Surprisingly, analysis of gall bladder bile revealed a
decrease in biliary cholesterol concentration in L-AID Lxra”* mice
compared with controls and no differences in the Lxra”/~ back-
ground (Figure 3E). These changes were paralleled by decreased
mRNA expression of Abcg5/8 transporters (Figure 3F). While
significant attenuation of expression of Abcg5/8 transporters
and biliary cholesterol excretion in Lxra”~ mice has been previ-
ously reported (11,12, 17, 19, 25), the changes observed in Lxra**
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mice may be explained by the lack of LXR activation due to the
decreased liver cholesterol content upon expression of NCoRAID.

As these findings indicate that enhanced fecal cholesterol elimi-
nation in L-AID mice is not due to increased biliary excretion, we
hypothesized that intestinal cholesterol absorption may be impaired
in these animals. To directly test this, we employed the dual-isotope
plasma method (26-28). Mice were given 1 uCi of 14C-labeled cho-
lesterol intragastrically and 2.5 uCi of H-labeled cholesterol intra-
venously, and fractional cholesterol absorption was calculated based
on the ratio of 1*C and 3H present in plasma at 72 hours after tracer
administration (Figure 3G). Indeed, intestinal cholesterol absorp-
tion was significantly decreased in L-AID mice on an Lxra~~ back-
ground (27.3% vs. 38.9%) and trended in the same direction in L-AID
Lxra** mice compared with Lxra”* mice (22.8% vs. 30.7%), demon-
strating that the differences in fecal cholesterol content are due to
the changes in cholesterol absorption (Figure 3G).

Hepatic expression of NCoRAID changes bile salt pool composition to
decrease its hydrophobicity. To determine what factors are responsible
for the decreased cholesterol absorption in L-AID mice, we next
examined bile acid metabolism. Bile salt pool size and composition
are the major factors defining the rate of cholesterol absorption,
with both decreased size and hydrophobicity leading to diminished
cholesterol absorption (28-30). In addition, conversion of cho-
lesterol into bile acids represents another pathway for cholesterol
elimination from the liver and is positively regulated by LXRa and
TRPB1(3,5,9, 15,17, 18). Interestingly, we found no difference in the
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Effects of hepatic NCoRID on cholesterol excretion and intestinal cholesterol absorption. Body weight (A), daily food intake (B), daily fecal output
(C), and fecal cholesterol concentrations (D) were measured in single caged mice over the 3 last days of the 3 weeks of high-cholesterol feeding

(n = 5-8 animals per group). (E) Biliary cholesterol was measured in gall

bladder bile of mice with indicated genotypes (n = 3-8 animals per group).

(F) Hepatic expression of cholesterol transporters Abcg5/8 in the animals with indicated genotypes (n = 5-11 animals per group). (G) Fractional
cholesterol absorption was measured in L-AID and control animals on Lxra*+ and Lxra~- background by dual-isotope plasma method. The data pre-
sented are calculated based on the 72-hour time point after tracer administration (n = 5-9 animals per group). All animals were fed a 2% cholesterol
diet for 3 weeks prior to the experiments. Statistical analysis was performed using 2-way ANOVA with Bonferroni’s post-tests. *P < 0.05; ***P < 0.001.

levels of serum, hepatic, and biliary bile acids in L-AID mice com-
pared with controls on either a Lxra"* or Lxra”/~ background (Fig-
ure 4, A-C). Consistent with a key role of LXRat in the regulation of
bile acid synthesis and elimination, hepatic bile acid concentrations
and fecal bile salt excretion were significantly decreased in Lxra~~
animals (Figure 4, B and D) (15). While total bile acid pool size was
unchanged between the genotypes (Figure 4E), analysis of the pool
composition revealed that, in agreement with previously published
data, Lxra7/~ animals had an elevated ratio of taurocholate to tauro-
muricholate (Figure 4F and Table 1), leading to an increased bile salt
pool hydrophobicity index (Figure 4G), which results in an inappro-
priately high intestinal cholesterol absorption in these animals (15,
17). However, hepatic expression of NCoRAID led to a reduction in
taurocholate and an increase in tauromuricholate levels indepen-
dent of LXRa (Figure 4F and Table 1). This significant decrease in
the bile salt pool hydrophobicity index (Figure 4G) led to decreased
intestinal cholesterol absorption in L-AID mice.
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Upregulation of expression of alternative bile acid synthesis pathwary
enzymes mediates the decreased bile salt pool hydrophobicity seen in L-AID
mice. Effects of LXR and TR signaling on bile acid metabolism have
been largely attributed to the upregulation of Cyp7al — a rate-lim-
iting enzyme in the classic bile acid synthesis pathway (3, 5,7, 9, 15,
18). Also, Cyp8b1, a 12a-hydroxylase responsible for the synthesis of
cholic acid (CA), has been shown to be downregulated by TH and
LXR agonists (17, 31, 32). The reduction in CYP8B1 activity leads
to a decrease in synthesis of CA and a concomitant increase in pro-
duction of more hydrophilic muricholic acid (MCA), a mechanism
that is thought to underlie the LXR-mediated decrease in intesti-
nal cholesterol absorption. Analysis of mRNA expression levels of
enzymes implicated in bile acid synthesis, metabolism, and trans-
port after 3 weeks of 2% cholesterol feeding (Supplemental Figure
1) showed that while some were affected by hepatic expression of
NCoRAID on Lxra”* background, no significant differences could
be seen in Lxra 7/~ animals. However, LXRa. deficiency combined with
Volume 124 1979
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Figure 4

Bile acid metabolism in L-AID mice. Total serum (A) (n = 6—10 animals per group), hepatic (B) (n = 5-11 animals per group), biliary (C) (n = 3-8
animals per group), and fecal (D) (n = 5—-8 animals per group) bile acid concentration in control and L-AID animals on Lxra** and Lxra~- back-
grounds. (E-G) Bile salts were extracted from liver, gall bladder, and small intestine that were collected from animals with the indicated geno-
types. The size (E) and composition (F) were analyzed using HPLC and hydrophobicity index (G) was calculated by the method of Heuman (63).
(n = 4-8 animals per group). TMC, tauromuricholate; TUDC, tauroursodeoxycholate; TC, taurocholate; TCDC, taurochenodeoxycholate; TDC, tau-

rodeoxycholate. All animals were fed 2% cholesterol-supplemented chow
using 2-way ANOVA with Bonferroni’s post-tests. *P < 0.05; ***P < 0.001.

3 weeks of cholesterol feeding resulted in a dramatic increase in cho-
lesterol-induced liver damage, as indicated by elevated liver enzymes
(Supplemental Table 1), and profound changes in the expression of
most genes (Supplemental Figure 1). We therefore decided to assess
expression of genes involved in bile acid synthesis after 3 days of 2%
cholesterol feeding, when the effects of cholesterol diet in Lxra~~
mice are not yet complicated by liver damage and cholesterol accu-
mulation. Surprisingly, we found that levels of Cyp7al or Cyp8bl1
mRNA were not affected by the expression of NCoRAID on either
the Lxra”* or Lxra”~ background (Figure SA). Interestingly, mRNA
expression of the first enzyme in the alternative bile acid synthesis
pathway, Cyp27al, was significantly upregulated in L-AID mice inde-
pendent of LXRa (Figure 5B). While there were no changes in the
expression of another enzyme in the alternative pathway, Cyp7bI,
we found that Cyp3a11,a major bile acid hydroxylation enzyme that
has also been proposed to participate in alternative bile acid synthe-
sis (33, 34), was dramatically upregulated in L-AID animals. (Figure
5A). While expression of Cyp3all was significantly upregulated in
Lxra”~ animals, especially on the 2% cholesterol diet, indicating that
LXRa and intracellular cholesterol levels play a role in its regulation,
expression of NCoRAID led to additional upregulation, suggesting
that a different NCoR1-dependent pathway is also involved (35).
We also found that expression levels of liver bile salt export pump
(BSEP, encoded for by Abcb11) were elevated in L-AID mice, while
the mRNA level of Slc10a1 (coding for NTCP protein), the main
transporter responsible for bile acid uptake into hepatocytes was
unchanged (Figure SA).
Importantly, mRNA expression of both Cyp3all and Abcbl11

was significantly elevated in L-AID mice on either Lxra”* or
Lxra”/~ background fed a chow diet (Figure 5B) as well as in iso-
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for 3 weeks prior to the experiments. Statistical analysis was performed

lated primary hepatocytes (Figure 5C), suggesting a cell-auton-
omous effect of NCoR1. Levels of Cyp2721 mRNA were also sig-
nificantly upregulated in Lxra”* L-AID chow-fed mice and primary
hepatocytes (Figure 5, B-C). Thus, the upregulation of Cyp3all
and Cyp27al in L-AID mice is likely responsible for the changes in
the bile salt pool composition and hydrophobicity index, while the
increased expression of Abcbl1 may have a positive effect on bile
acid flux and excretion.

Cyp27al, Cyp3all, and Abcb11 are TRP targets. We have previ-
ously shown that NCoRAID augments LXR and TR signaling in
the liver. Since the effects on cholesterol metabolism are LXRa
independent and appear to be mediated by the regulation of the
Cyp27al, Cyp3all, and Abcbl1 genes, we next asked whether these
genes are TH targets (Figure 6). Indeed, Cyp27al represents a clas-
sic positive TH target that is downregulated in hypothyroid mice
and is significantly stimulated by T3 (Figure 6A and refs. 20, 36).
Cyp3all is also regulated by T3 (37), but shows an atypical pat-
tern with downregulation in the hypothyroid state and further
suppression with T3 treatment (Figure 6A). Abcb11 expression
was not affected by hypothyroidism, but T3 treatment led to its
upregulation (Figure 6A). Since Cyp3all has been described as a
CAR (Nr1i3) target gene (38) and Abcb11 is a known FXR (Nr1h4)
target (39), we examined expression of these NRs in L-AID mice.
Car (Nrl1i3) mRNA was suppressed in L-AID animals on all back-
grounds, while expression of its prototypical target Cyp2b10 was
not significantly changed (Supplemental Figure 2A). Neither Fxr
(Nr1h4) nor its target Shp (Nr0b2) mRNA levels were affected in
any of the genotypes examined, suggesting that these NRs are not
responsible for the upregulation of expression of Cyp3all and
Abcbl1 (Supplemental Figure 2B).

Volume 124

Number5  May 2014



Table 1
Effects of hepatic NCoRAID expression on bile salt pool composition
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ress has been made recently in the development of
TRP1- and liver-specific thyromimetics that could
potentially be used as cholesterol-lowering agents

Genotype (n) without undesirable effects that TH exerts on the
Lxra+* Lxra™ heart and bone. However, the precise mechanisms of
Bile salt, Neorflex/fiox (4)  L-AID (7) Neorflox/tiox (7) - L-AID (5) their action remain incompletely understood (2-5, 9).
% total pool Interestingly, many of the effects of TR activation in
T™MC 55.6+22 67.2x22% 456+1.48  61.0+1.58C the liver overlap with effects of LXR agonists, which
TUDC 69+07  62:03 58+03  61:04 suggests that there may be potential advantages in
TC 34427 232:23 45120 304 £1.7A activation of both pathways (15, 17, 19, 25).
TeDC 18:03 13:02 4315 17:02 In addition to the use of specific ligands, modula-
TDC 1.4+0.1 21+£1.0 28+12 0.9+01

Data are presented as mean + SEM. n = 5-7 animals per group. AP < 0.01, significant
difference between L-AID and Ncorfex'fex on the same Lxra background. 8P < 0.001
significant difference between Lxra*+ and Lxra”-. °P < 0.001, significant difference
between L-AID and Ncor®¥/fex on the same Lxra background. PP < 0.01, significant dif-

ference between Lxra** and Lxra=-.

Deiodinases can have a significant impact on TH signaling
within a specific tissue. Simultaneous disruption of Lxra and Lxrb
combined with a Western diet results in a dramatic induction of
hepatic mRNA expression and enzymatic activity of Dio2, which
is normally not expressed in the liver (40). However, expression
of Dio2 in all genotypes of mice in our study remained undetect-
able. We also found that, consistent with our previous findings,
hepatic expression of NCoRAID led to upregulation of Diol (20).
Lxra~/~ animals had higher expression of Diol compared with
Lxra** controls, and while expression of Dio3 in adult mouse liver
is very low, we found that it was further downregulated in Lxra~~
animals (Supplemental Figure 3A). Despite this, mRNA expression
of hepatic TH targets, such as Bcl3, Gpd2, and Idh3 (Supplemen-
tal Figure 3B), was not affected in these animals, suggesting that
changes in the expression levels of Diol and Dio3 in Lxra”~ mice are
not physiologically important for TH signaling.

To further establish the role of TR signaling in the regulation of
bile acid synthesis enzymes, we used a model recently developed
and used for ChIP sequencing by our laboratory (41). To overcome
the lack of reliable anti-TR antibodies, adenovirus was used to
overexpress human TRPB1 tagged with a biotin ligase recognition
peptide (Blrp) motif in the livers of mice that globally express the
biotin ligase BirA. Crosslinked chromatin obtained from the livers
of hypothyroid and hyperthyroid mice was used for precipitation
using streptavidin beads followed by deep sequencing. We identi-
fied 3 TRP1-binding peaks in the promoter and the first exon of the
Cyp27al gene, 2 peaks in the proximal promoter and 5" upstream
region in the Cyp3all gene, and 2 peaks within promoter and intron
12 of the Abcb11 gene (Figure 6C). We were able to confirm TRf1
binding in these regions by performing standard ChIP-qPCR using
primers located within the indicated regions (Figure 6B and Supple-
mental Table 2). Importantly, locations of these peaks align with the
locations for NCoR1-binding peaks identified by Feng and coau-
thors (ref. 42 and Figure 6C). Thus, NCoR1 likely regulates expres-
sion of these bile acid synthesis and transport genes by recruitment
via TRP1, and its deletion would augment their expression.

Discussion

The role of TH signaling in the regulation of serum cholesterol
levels has been well recognized since 1930 (43). As the liver plays
a central role in maintaining cholesterol homeostasis, prog-
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tion of interactions between NRs and their cofactors
presents another opportunity to activate or repress
NR actions. For example, liver-specific activation of
the coactivator SRC-2 leads to an increase in FXR-
mediated stimulation of bile acid secretion that
facilitates fat absorption and regulates energy intake
(44). Muscle-specific and adipocyte-specific dele-
tion of NCoR1 also leads to the activation of certain
NR pathways in these tissues (45, 46). NCoR1 has been shown
to bind both TR and LXRa and repress transcription of their
target genes in the presence of ligands (20, 47, 48). Indeed, mice
with hepatocyte-specific and whole-body expression of NCoRAID
show upregulation of expression of a number of TR and LXR tar-
get genes and demonstrate increased TH sensitivity in the liver
and other tissues (20, 21).

We thus hypothesized that disruption of interactions between
NCoR1 and NRs in the liver would improve cholesterol clearance
through activation of TR and/or LXR-regulated pathways and
potentially reveal novel pathways that could be therapeutically
targeted. As shown herein, L-AID mice exhibit improved tolerance
for high dietary cholesterol characterized by a 2-fold reduction in
hepatic cholesterol concentrations compared with control ani-
mals. This effect persists in Lxra7~ animals, suggesting a major role
for TR signaling, as activation of LXRP cannot compensate for the
absence of hepatic LXRa (17). Interestingly, the positive effects of
the hepatic NCoRAID mutation were even stronger on the Lxra /-
background, which is most likely related to the overall exacerbated
dietary cholesterol intolerance of these animals.

Our data demonstrate that the blunted response to high-
cholesterol feeding observed in L-AID mice is due to mark-
edly diminished intestinal cholesterol absorption, which is
largely dependent on the size and composition of bile acid pool
(28-30). Indeed, bile salt pool hydrophobicity was significantly
decreased in cholesterol-fed L-AID mice due to the decrease in
the CA to MCA ratio on both Lxra*”* and Lxra~”~ backgrounds.
Surprisingly, hepatic expression of NCoRAID did not affect
expression of Cyp8bl or Cyp7al, 2 enzymes in the bile acid syn-
thesis pathway known to be regulated by both TR and LXRa.
(3,5,7,9,15,17, 18, 32). Instead, we found that expression of
2 other enzymes implicated in bile acid synthesis, Cyp27a1 and
Cyp3all, was markedly upregulated in L-AID animals.

CYP27A1 catalyzes the first step of the alternative bile acid syn-
thesis pathway and also carries out 27-hydroxylation of bile acid
intermediates in the classic synthesis pathway. Mutations of this
gene in humans lead to the development of cerebrotendinous xan-
thomatosis (CTX),characterized by deposition of cholesterol and
cholestanol in tendons and the brain (49). Cyp27al disruption in
mice results in abnormalities in lipid and BA metabolism and, nota-
bly, severely reduced BA synthesis with an increase in CA-to-MCA
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Figure 5

Hepatic expression of bile acid metabolism enzymes and transporters in L-AID animals. mMRNA expression levels of genes involved in bile acid
synthesis, hydroxylation, and transport were quantified by QPCR (A) in the livers of control and L-AID animals on Lxra*+ and Lxra~- backgrounds
fed with 2% cholesterol diet for 3 days (n = 7-9 animals per group); (B) in the livers of chow-fed mice (n = 5-9 animals per group); (C) in primary
hepatocytes isolated from chow-fed animals with indicated genotypes. Shown are results of 1 experiment (n = 3 wells per genotype). Statistical
analysis was performed using 2-way ANOVA with Bonferroni’s post-tests (A and B) or unpaired Student’s t test (C) where Lxra*+ and Lxra=-
hepatocytes were isolated on different days and no attempt was made to compare these 2 groups. *P < 0.05; **P < 0.01; ***P < 0.001.

ratio in the remaining pool (50-52). While hepatic overexpres-
sion of human Cyp27al in mice led to a generally mild phenotype,
females fed a Western diet demonstrated an increase in fecal neu-
tral sterol excretion and a decrease in CA-to-MCA ratio in biliary
bile, consistent with our findings in L-AID animals (53). While
CYP3A11 is mainly known as a major drug-metabolizing P450
enzyme, there is evidence that it also plays a role in cholesterol and
bile acid metabolism (33, 34). It has also been shown that high-
cholesterol feeding as well as LXRo or LXRa/ deficiency lead to
dramatic upregulation of Cyp3all expression in mouse liver and
overall Cyp3all mRNA levels correlate with the liver cholesterol
1982
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content, suggesting that Cyp3a11 may mediate a compensatory
response to cholesterol overload (35, 54). These data strongly
suggest that upregulation of Cyp27al and Cyp3all expression in
L-AID animals is likely responsible for the observed changes in the
bile acid pool composition and improved cholesterol tolerance.
In addition, expression of Abcbl1 (BSEP) was significantly
upregulated in L-AID mice. Mutations in this gene in humans lead
to progressive familial intrahepatic cholestasis type 2, while mice
deficient in Abcb11 expression show a less profound cholestatic phe-
notype (55, 56). Mice with hepatic overexpression of Abcb11 dem-
onstrate increased biliary secretion of bile acids and cholesterol and
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increased bile salt pool hydrophobicity due to elevated concentra-
tions of taurodeoxycholate; they are also resistant to hepatic steatosis
on high-fat and high-cholesterol diets supplemented with CA (57).
While diminished hepatic cholesterol deposition in mice overex-
pressing Abcbl11 is similar to that in L-AID animals, other features,
such as increased BA pool hydrophobicity and increased biliary
cholesterol excretion, are opposite of what is seen in L-AID mice. It
remains to be determined whether the elevated expression of Abcb11
in L-AID mice contributes to the decreased cholesterol accumulation
or is a secondary response to diminished cholesterol absorption.
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Since NCoR1 strongly regulates TH signaling in the liver and
we did not see activation of CAR- or FXR-signaling pathways in
L-AID mice, we focused on the role of TH in regulating Cyp27a1,
Cyp3all, and Abcbl1 expression. We have found that mRNA
expression levels of these genes are regulated by circulating TH
and identified regions that directly bind the TR 1 isoform with-
in the promoter, upstream, and intronic regions of these genes
by ChIP. Moreover, identified ChIP-sequencing peaks overlap
with the regions that were demonstrated to bind NCoR1 (42),
suggesting that the changes seen in the gene expression, par-
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ticularly in the absence of LXRa, result from the lack of TR-
mediated recruitment of NCoR1 to these regulatory elements.

Taken together, our data demonstrate that disruption of
NCoR1 function in the liver leads to improved dietary choles-
terol tolerance through changes in bile acid metabolism that
lead to decreased bile pool hydrophobicity and diminished
intestinal cholesterol absorption. The data indicate that these
changes are likely due to increased expression of 2 enzymes in the
BA synthesis pathway — Cyp27al and Cyp3all — and potentially
upregulation of the bile salt pump Abcb11. In agreement with our
previous findings that NCoR1 plays a key role in TR signaling in
the liver, we have found that Cyp27a1, Cyp3all, and Abcb11 are TH
targets and have identified TR-binding regions within the regula-
tory and coding regions of these genes, which coincide with the
NCoR1-binding regions reported by others (42). Thus, disruption
of NCoR1-TR interactions leads to increased expression of these
target genes and improvement in cholesterol homeostasis. While
this mechanism is most likely to be mediated by activation of the
TRP1-regulated pathway, a role for TRol in it remains to be elu-
cidated. However, this pathway is clearly distinct from those that
are engaged not only by currently used TRB1-specific agonists,
but also by T3, which should activate both TRa and TRf. Thus,
the differences between the effects of ligand-induced TR activa-
tion and lifting of NCoR1-mediated repression on cholesterol
metabolism open a new avenue for therapeutic strategies with a
potential to combine advantageous effects of activation of mul-
tiple NR, including TR and LXR.

Methods

Animal experiments. Alb-Cre Ncor*¥/flx mice generated as described pre-
viously (20) were crossed to Lxra”~ mice (gift of David J. Mangelsdorf,
Department of Pharmacology, University of Texas Southwestern Medical
Center, Dallas, Texas, USA) to obtain Lxra”~ Alb-Cre Ncorf**/flox animals,
which were used as breeders to generate Lxra™* Ncor1/*¥/flox (control),
Lxra*/* Alb-Cre Ncor/lox/flox (L-AID), Lxra™/~ Ncor//flox (Lxra”/~ control) and
Lxra”/~ Alb-Cre Ncor*¥/flox (Lxra”/~ L-AID) as littermates. Mice were main-
tained on mixed C57BL/6;129S background. Animals were housed at
22°Cto 24°C on a 12-hour light/12-hour dark cycle and given chow and
water ad libitum. Details are provided in Supplemental Methods.

Histological analysis. Samples of livers were fixed in 4% formalin. Paraffin
embedding, sectioning, and H&E staining of the sections were performed
using standard techniques at AML Labs Inc. (Baltimore, Maryland, USA).

Plasma lipids and liver enzymes. Total serum cholesterol, triglycerides,
alanine aminotransferase (ALT), and aspartate aminotransferase (AST)
were measured using standard assays purchased from Stanbio Laboratory.
Serum bile acids were measured using 3-0. HSD-based colorimetric Total
Bile Acids Assay Kit (BIOQUANT).

Plasma lipoproteins in pooled samples from 6 to 9 animals per group
were fractionated by fast protein liquid chromatography using a Superose
6 HR10/30 column (Amersham Biosciences), and cholesterol concentra-
tions were determined in fractions as described previously (58, 59). Since
the fractionation was performed on pooled samples, no statistical analysis
of the results was performed.

In vivo VLDL production test. Mice were fasted for 5 hours and injected
via tail vein with 600 mg/kg of Tyloxapol (Sigma-Aldrich) to block VLDL
clearance. Blood samples were taken before and 2 hours after the injection.
Plasma triglycerides were measured using enzymatic colorimetric assay
from Stanbio Laboratory.

Whole-body cholesterol content. The extraction was performed as described
by Bradley et al. (60). Briefly, mouse carcasses, excluding liver, gall bladder,
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stomach and small intestine, were each placed in a beaker containing 150
ml of ethanol and 10 g KOH and allowed to autodigest for 4 days. After
that, the contents were filtered and the volume was adjusted to 100 ml
with ethanol. The cholesterol concentrations were measured in the extracts
using an enzymatic colorimetric kit from Stanbio.

Hepatic and biliary cholesterol and bile acid concentrations. The lipids were
extracted by the method of Folch (61). Approximately 150 mg of frozen liv-
ers or 5 ul of gall bladder bile was extracted in a chloroform:methanol (2:1)
mixture. Following addition of 0.9% NaCl and centrifugation, the upper
methanol/water phase was used to measure bile acid concentrations with
the Total Bile Acids Assay Kit (BIOQUANT). The organic phase was dried
then dissolved in butanol/(Triton X-100:methanol [2:1]) (30:20); total and
free cholesterol was measured using Cholesterol E and Free Cholesterol E
Kits (Wako Chemicals). Esterified cholesterol concentrations were calcu-
lated as the difference between total and free cholesterol.

Fecal bile acid and cholesterol concentrations. The animals were single caged
for 3 days, and the body weight and total food intake were recorded. At
the end of this period, the feces were collected, dried, and weighed. Two
200-mg samples of the 3-day collection were used to extract and measure
fecal bile acids and cholesterol. Total cholesterol was extracted by the
Folch method as described above and measured using a colorimetric kit
(Stanbio). Total bile acids were extracted in ethanol according to methods
described by Locket and Gallaher (62) and measured with the Total Bile
Acids Assay Kit (BIOQUANT).

Bile salt pool size and composition. The animals were fasted overnight and
sacrificed by asphyxiation with CO». The liver, gall bladder, and small intes-
tine were excised en bloc, homogenized in 50 ml of ethanol, and incubated
at 60°C overnight. The extracts were spun down, and the liquid phase was
dried and resuspended in methanol:H,O (75:25). Bile salt species were ana-
lyzed by HPLC using a Beckman Ultrasphere ODS column (4.6 mm x 250
mm, S wm; mobile phase methanol:0.01 M KH,PO, 75:25 vol:vol, pH 5.35)
as previously described (59). Bile salt hydrophobic index was determined
according to Heuman (63).

Intestinal cholesterol absorption. Cholesterol absorption was measured
using the plasma dual isotope method as described (26-28). See Supple-
mental Methods for details.

Primary bepatocyte culture and cholesterol synthesis rate. Primary hepatocytes
were isolated from 9- to 12-week-old male mice with indicated genotypes
using standard collagenase digestion technique. Lipid synthesis rate was
measured in hepatocyte cultures using the tritiated water method (64).
Experiments were performed in at least 3 wells containing hepatocytes
isolated from the same animals. See Supplemental Methods for details.

Real-time quantitative PCR. Real-time quantitative PCR (QPCR) was per-
formed using standard procedures and TagMan Gene Expression Assays
purchased from Life Technologies. All data are presented as fold over
expression in control Lxra”* Neor1fex/fox chow-fed group. See Supplemen-
tal Methods for details.

Generation of animals overexpressing biotinylated hTRB1. The details of the
study design, generation of the virus, and animal treatments are described
in detail by Ramadoss et al. (41) and in Supplemental Methods.

ChIP assays. For each experiment, 4 livers per group of mice were used, and
the chromatin was pooled before the affinity purification step. A total of 5
affinity precipitation reactions were carried out per each chromatin pool.
The detailed protocol can be found in Ramadoss et al. (41) and Supplemen-
tal Methods. Primer sequences are provided in Supplemental Table 2.

Statistics. Statistical analysis was performed using Prism S program.
The differences between genotypes were tested using 2-way ANOVA with
Bonferroni’s post-tests, 1-way ANOVA followed by Tukey’s multiple com-
parison test, or unpaired 2-tailed Student’s t test where appropriate. All
data are presented as mean + SEM. P < 0.05 was considered significant.
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