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Tgif1 Represses Apolipoprotein Gene Expression in Liver
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ABSTRACT

TG-interacting factor (Tgif1) represses gene expression by interaction with general corepressors, and can be recruited to target genes by
transforming growth factor beta (TGFB) activated Smads, or by the retinoid X receptor (RXR). Here we show that Tgif1 interacts with the LXRa
nuclear receptor and can repress transcription from a synthetic reporter activated by LXRa. In cultured cells reducing endogenous Tgif1 levels
resulted in increased expression of LXRa target genes. To test the in vivo role of Tgif1, we analyzed LXRa-dependent gene expression in mice

lacking Tgif1. In the livers of Tgif1 null mice, we observed significant derepression of the apolipoprotein genes, Apoa4 and Apoc2, suggesting

that Tgif1 is an important in vivo regulator of apolipoprotein gene expression. In contrast, we observed relatively minimal effects on

expression of other LXR target genes. This work suggests that Tgif1 can regulate nuclear receptor complexes, in addition to those containing
retinoic acid receptors, but also indicates that there is some specificity to which NR target genes are repressed by Tgif1. J. Cell. Biochem. 111:

380-390, 2010. © 2010 Wiley-Liss, Inc.
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T he nuclear receptor (NR) family of transcription factors is a
large family of transcriptional regulators, which control
many complex gene expression programs in metazoan organisms
[Mangelsdorf et al., 1995]. Nuclear receptors interact with both
transcriptional corepressors and coactivators, and the balance
between these antagonistic interactions is regulated in large part by
the binding of specific ligands to the nuclear receptors [Shibata
et al, 1997; Xu et al., 1999]. The liver X receptors (LXRs) are
members of the NR family of transcription factors, which respond to
oxidized cholesterol [Kalaany and Mangelsdorf, 2006], and play
critical roles in regulating lipid metabolism and controlling
cholesterol homeostasis. There are two LXRs: LXRa (NR1H3),
which is highly expressed in liver, and is found at significant levels
in a number of other tissues, including intestine, macrophages,
adipocytes and kidney; and LXRB (NR1H2), which is ubiquitously
expressed. LXRs are activated by binding of physiological levels of
oxysterols, which are cholesterol metabolites [Janowski et al., 1996;
Lehmann et al., 1997]. LXRs function as heterodimers with the
retinoid X receptor (RXR), and are predominantly pre-bound to their
recognition sites on DNA. In most cases, LXR-RXR dimers bind to a
direct repeat element, separated by four base pairs (DR4) [Willy and
Mangelsdorf, 1997; Chawla et al., 2001]. As with other NR dimers,
the spacing and orientation of the repeated half sites plays a major

role in determining which genes are regulated by which NR complex
[Khorasanizadeh and Rastinejad, 2001].

A major role of LXRs is to regulate the dietary uptake and
subsequent metabolism of cholesterol [Handschin and Meyer, 2005;
Kalaany et al., 2005; Kalaany and Mangelsdorf, 2006; Zelcer and
Tontonoz, 2006]. LXRa null mice have enlarged livers, with the
accumulation of excess cholesteryl esters, clearly pointing to a role
for LXRa in cholesterol metabolism [Peet et al., 1998]. Interestingly,
loss of LXRB has no phenotype in the liver, suggesting that LXRa is
the major player in this tissue [Alberti et al., 2001]. LXRs increase
cholesterol breakdown in mice, by activating expression of the
Cyp7al gene, which encodes the rate-limiting enzyme in the
conversion of cholesterol to bile acids [Lehmann et al., 1997]. A
second way in which LXR activity regulates serum cholesterol levels
is by increasing expression of a number of cholesterol efflux
transporters. In the intestine, increased expression of ABCG5 and
ABCG8 (ATP binding cassette transporters), in response to LXR
activation, results in decreased absorption of dietary cholesterol and
lower serum cholesterol levels [Berge et al., 2000]. Additionally,
these two cholesterol efflux transporters are critical for the secretion
of cholesterol to bile, in the liver [Yu et al., 2002]. The ABCA1
transporter is also an LXR target, and promotes cholesterol efflux
from macrophages to the liver, via lipid-poor lipoproteins, such as
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ApoA-1 [Costet et al., 2000]. The lowering of cholesterol levels by
LXR activation makes LXR agonists attractive candidates for
cholesterol lowering drugs. However, activation of LXR also
increases lipogenesis in the liver, resulting in increased triglyceride
levels in the liver, and transient increases in plasma triglyceride
levels [Schultz et al., 2000; Joseph et al., 2002]. In part this is due to
LXR-mediated activation of expression of Srebp 1¢ (sterol regulatory
element binding transcription factor 1), which is a key regulator of
lipogenesis within the liver [Repa et al., 2000; Horton et al., 2002].
Additionally, expression of other enzymes involved in fatty acid
production, such as fatty acid synthase, is also increased in response
to LXR activation [Tontonoz and Mangelsdorf, 2003]. This clearly
underscores the complex role that LXR plays in cholesterol and lipid
metabolism.

TG-interacting factor (Tgif1) is a homeodomain protein of the
TALE family, which have a three amino acid loop extension (hence
TALE) between helices one and two of the homeodomain [Bertolino
et al., 1995]. Tgifl binds directly to DNA or interacts with
transforming growth factor beta (TGFR)-activated Smad proteins
[Bertolino et al., 1995; Wotton et al., 1999a]. Once Tgif1 is recruited
to a specific target gene, it is a context-independent transcriptional
repressor [Wotton et al., 1999b]. Tgifl was first identified as a
protein which binds a retinoid response element (RXRE) from the rat
cellular retinol binding protein II (CRBPII) gene [Bertolino et al.,
1995]. More recently, we demonstrated that Tgif1 interacts with the
RXR, and recruits transcriptional corepressors [Bartholin et al.,
2006]. Tgif1 interacts directly with the mSin3 corepressor via its
carboxyl-terminal domain and recruits class I histone deacetylases
(HDACs) [Sharma and Sun, 2001; Wotton et al., 1999b, 2001].
Within its amino-terminal repression domain, Tgif1 contains a short
amino acid motif (PLDLS) which interacts with the transcriptional
corepressor carboxyl-terminus binding protein (CtBP) [Melhuish
and Wotton, 2000]. A point mutation in Tgif1 from a patient with
holoprosencephaly, alters the PLDLS motif and disrupts binding of
CtBP to Tgif1, underscoring the importance of CtBP interaction for
Tgif1 function [Gripp et al., 2000; Melhuish and Wotton, 2000].
Tgif1 targets general corepressors to specific regulatory elements
either by direct DNA binding or by interaction with other DNA
bound factors. The closely related Tgif2 functions similarly to Tgif1:
it interacts directly with DNA, or with TGFB activated Smads and
represses gene expression. Although Tgif2 does not interact with
CtBP, it can recruit the mSin3/HDAC complex, suggesting some
level of functional redundancy [Melhuish et al., 2001; Melhuish and
Wotton, 2006].

Apolipoproteins are lipid binding proteins which act as both lipid
vehicles, and can affect the metabolism of bound lipids [Hegele,
2009]. In mice and humans, Apoa4 is part of a coordinately
regulated, conserved gene cluster, with Apoal, Apoc3, and Apoas
[Zannis et al.,, 2001]. A second conserved cluster of four
apolipoprotein genes, which includes Apoe and Apocl/c2/c4, is
also a target for regulation by LXR, primarily via a common
enhancer element [Laffitte et al., 2001; Mak et al., 2002]. Expression
of Apoa4 is relatively high in intestine, and low in liver. However,
hepatic Apoa4 expression can be induced by cholesterol, in part via
LXR [Williams et al., 1986; Liang et al., 2004]. Expression of human
APOA4 in transgenic mice resulted in decreased formation of

atherosclerotic plaques when induced either by diet, or in an Apoe
null background [Duverger et al., 1996; Ostos et al., 2001]. Apoa4
regulates cholesterol metabolism, and promotes transport of
cholesterol from extra-hepatic tissues to the liver, where it can
be secreted to bile [Dvorin et al., 1986]. The antiatherogenic effect of
Apoa4 may also be due to its ability to decrease cholesterol
oxidation [Ferretti et al.,, 2002]. Oxidized LDL can increase
atherogenesis through the formation of foam cells, and by affecting
monocyte recruitment, and binding to endothelium [Parthasarathy
et al., 1987; Frostegard et al., 1991].

Here we show that Tgifl can repress transcription via LXRa
nuclear receptor complexes, and that in cultured cells, Tgifl
regulates LXRa target genes. However, in mice Tgif1 may play a
more limited role, effectively fine tuning the regulation of a specific
subset of LXR-responsive genes. We show that two conserved
apolipoprotein gene clusters are deregulated in the absence of Tgif1,
and that Apoa4 and Apoc2 appear to be the most affected genes
within these clusters.

PLASMIDS AND OLIGONUCLEOTIDES

Tgif1 and RXRa expression and Tgif1 shRNA plasmids have been
described previously [Bartholin et al., 2006]. Myc-tagged nuclear
receptor plasmids were created by PCR in pCDNA3, with 6 Myc tags
(a gift of Y. Ito). Original pCMX-LXRa and LXRB plasmids were
kindly provided by D.J. Mangelsdorf. The DR4 and DR3 reporter
constructs were created in pGL2 basic into which a minimal TATA
element from the Adenovirus MLP had been inserted. Two copies of
a double stranded oligonlucleotide with the appropriate response
element were cloned into the BglII site (see Table S1 for sequences).

CELL CULTURE AND siRNA KNOCK-DOWN

NMulLi and HepG2 cells were maintained in DMEM with 10% FBS,
J774 and RAW cells in RPMI 1640 with 10% FBS and COS1 cells
were grown in DMEM with 10% BGS. For knock-down, cells were
plated in 12-well plates and transfected with Dharmacon SMART-
pool oligonucleotides (see Table S1 for sequences), using Dharma-
FECT reagent 2, according to the manufacturer’s instructions. RNA
was isolated 48 to 72 h after transfection. The control pool (mouse
siGENOME non-targeting siRNA pool #1) was used for the non-
targeting control.

TGIF1 GENE DISRUPTION AND MICE

The Tgifl null mutation has been described previously [Bartholin
et al., 2006]. Tgif1 null mice in a C57BL/6J strain background were
generated by crossing the F1 generation five times to C57BL/6J to
generate the N6 generation [as described Bartholin et al., 2008].
Male mice were maintained on a regular chow diet, or transferred to
a mock western diet (Harlan TD 96121; 21% milk fat, 1.25%
cholesterol) for 15 weeks, from the age of 6 weeks. Peripheral
macrophages were isolated from the peritoneal cavity, four days
after IP injection with 1.5ml of 4% Thioglycollate (DIFCO).
Peritoneal macrophages were cultured overnight with or without
ligand, as indicated. All procedures were approved by the Animal
Care and Use Committee of the University of Virginia.

JOURNAL OF CELLULAR BIOCHEMISTRY

381

TGIF1 AND APOA4



DNA AND RNA ANALYSES

DNA was purified from tail snip or ear punch and genotyped as
described [Bartholin et al., 2006]. RNA was isolated and purified
using Absolutely RNA kit (Stratagene). Tissues for RNA isolation
were snap frozen on dry ice, stored at —80°C and then homogenized
from frozen in RNA lysis buffer (Absolutely RNA kit), using a
Polytron PT 2100. For qRT-PCR, cDNA was generated using
Superscript III (Invitrogen), and analyzed in triplicate by real-time
PCR using a BioRad MyIQ cycler and Sensimix Plus SYBRgreen plus
FITC mix (Quantace). Intron spanning primer pairs were selected
using Primer3 (http://frodo.wi.mit.edu/). See Supplemental Table 1
for primer sequences. Expression was normalized to Rpl4 using the
delta Ct (Livak) method, and is shown as mean plus standard
deviation of triplicates for cell lines, knock-down experiments,
peripheral macrophage analyses and tissue expression panel. For
analysis of gene expression tissues from three mice per genotype on
each diet were analyzed and data are shown as mean =+ standard
error of the mean.

IMMUNOPRECIPITATION AND WESTERN BLOTTING

COS1 cells were transfected using LipofectAmine (Invitrogen).
Thirty-six hours after transfection, cells were lysed by sonication in
100 mM NaCl, 50 mM HEPES, pH 7.8, 20% glycerol, 0.1% Tween 20,
0.5% NP40 with protease and phosphatase inhibitors. Immuno-
complexes were precipitated with Flag M2-agarose (Sigma).
Following SDS-polyacrylamide gel electrophoresis, proteins were
electroblotted to Immobilon-P (Millipore) and incubated with
antisera specific for Flag (Sigma) or Myc (9E10). Proteins were
visualized with horseradish peroxidase-conjugated goat anti-mouse
or anti-rabbit Ig (Pierce) and ECL (Amersham Pharmacia Biotech).
Endogenous protein complexes were precipitated from two
confluent 15cm dishes of COS1 cells using a mouse monoclonal
LXRa specific antibody (Santa Cruz Biotechnology), and Tgif1 was
detected using a rabbit polyclonal TGIF-specific antiserum [Wotton
et al., 1999a].

LUCIFERASE ASSAYS

HepG2 cells were transfected using Exgen 500 (MBI Fermentas)
according to the manufacturer’s instructions. Cells were transfected
with the appropriate luciferase reporter, the Renilla transfection
control (phCMVRLuc; Promega), and the indicated expression
constructs. After 48 h firefly luciferase activity was assayed using
firefly substrate (Biotium) and Renilla luciferase was assayed with
0.09 M coelenterazine (Biosynth), using a Berthold LB953
luminometer. For experiments with the siRNA vector, luciferase
activity was assayed 60 h after transfection. Nuclear receptor ligands
(GW3965 and vitamin D3; Sigma) were added for the final 18 h, as
indicated.

CHROMATIN IMMUNOPRECIPITATION

Chromatin immunoprecipitation was performed essentially as
described [Wells and Farnham, 2002]. Briefly, NMuLi cells
were treated with GW3965 for 16h, or left untreated, and
were cross-linked with 1% formaldehyde for 20min at 37°C.
Following chromatin isolation, DNA was sheared by sonication
to between 200 and 1,000bp in length. For ChIP from whole

liver, freshly isolated tissue was gently dissociated into a conical
tube and  cross-linked for 20 min at 37°C. Immunoprecipitations
were carried out using 2ul of a polyclonal Tgifl antiserum
[Wotton et al, 1999a], or 2ul of preimmune serum. The
oligonucleotides used for PCR are listed in Supplemental Table 1.
For input controls, 10% of the input chromatin was purified
without IP. IP and input chromatin was analyzed by qPCR with a
BioRad MyIQ cycler and Sensimix Plus SYBRgreen plus FITC
mix (Quantace). Relative binding was determined by the AACt
method, normalizing the specific immunoprecipitation (IP) signal to

that in the pre-immune (PI) and the input sample (relative
binding = o ((Ctlinput] — CHIP) — (Ctlinput] — CHPI))

TGIF1 REPRESSES AN LXR-DEPENDENT

TRANSCRIPTIONAL REPORTER

To test whether Tgifl could repress nuclear receptor-mediated
transcriptional reporters, in addition to those activated by RAR/
RXR, we created two copy DR3 and DR4 luciferase reporters. HepG2
cells, which we have previously used to assay effects of Tgif1, were
transfected with the DR4 reporter, together with expression vectors
encoding RXRa and LXRa, and increasing amounts of a Tgifl
plasmid. Cells were treated with a range of concentrations of LXR
ligand (GW3965), and assayed for luciferase activity. As shown in
Figure 1A, Tgif1 significantly repressed (P < 0.01) the activity of
the DR4 reporter in the presence of coexpressed RXRa and LXRa.
Tgif1l repressed by about 2.5-fold in the absence of ligand and
this dropped to about 2-fold with increasing ligand. In similar
experiments using the DR3 reporter and coexpressed RXRa and VDR
Tgif1 failed to repress significantly (Fig. 1A). We next tested the
effects of reducing endogenous Tgif1 expression using a previously
tested shRNA plasmid. Reporters were transfected alone and with
the appropriate nuclear receptor combination, and treated with
the same range of ligand concentrations. We observed a significant
two- to threefold derepression of the LXR-activated DR4 reporter
by Tgifl knock-down, with and without coexpressed RXRa and
LXRa (Fig. 1B). As with over-expression, Tgif1 knock-down had no
significant effect on the DR3 reporter.

Based on the effects of Tgifl on LXR-dependent luciferase
reporters, we next tested whether Tgifl and LXR interact in cells.
COS1 cells were transfected with Myc-epitope tagged nuclear
receptor constructs, together with Flag-tagged Tgifl or a control
vector, and either left untreated or incubated with ligand for 18 h.
Protein complexes were collected on anti-Flag agarose, and the
precipitates analyzed for the presence of Myc-tagged nuclear
receptors by western blot. As shown in Figure 2A, LXRa clearly
coprecipitated with Tgif1 and this interaction was greatly reduced
by treatment with ligand. Similar results were observed with both
LXRp and VDR, although in both cases, the interaction appeared to
be less robust, and the effect of ligand was also less clear. To test
whether we could detect the interaction of Tgif1 with LXRa, without
the need for over-expression of either protein, we precipitated
endogenous LXRa from COS1 cells, which had been left untreated or
incubated overnight with GW3965. Precipitates were analyzed for
the presence of Tgif1l using a polyclonal Tgif-specific antiserum.
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Fig. 1.

Tgif1 represses nuclear receptor transcriptional reporters. A: HepG2 cells were transfected with the indicated luciferase reporters and expression constructs, and

luciferase activity was assayed after 40 h. Ligand was added as indicated for 18 h prior to analysis. Luciferase activity normalized to a transfection control is shown, with the
fold-repression by coexpressed Tgif1 shown below. B: HepG2 cells were transfected with luciferase reporters and nuclear receptor expression constructs as indicated, together
with a control pSUPER vector or one with an shRNA targeting TGIF1. Cells were assayed for luciferase activity 72 h after transfection, with ligand treatment for the final 18 h as
indicated. Data are presented as normalized luciferase activity and as fold-derepression by shTGIF1. Ligand concentrations were 10~%, 107, and 10 ®M for GW3965 and
vitamin D3. The significance level for repression (Tgif1 over-expression) and derepression (with shTGIF1) is shown: **P< 0.01.

IP: Flag WB: Myc

A B

Tgif1 coprecipitated with LXRa, and this interaction was clearly
decreased by the addition of ligand (Fig. 2B). Taken together, these
results suggest that Tgifl can interact with LXRa to repress
transcription, preferentially in the absence of ligand.

IP: LXRa

Mycl::?)?;:c e e " TGIF1 REPRESSES ENDOGENOUS LXR TARGET GENES
Myc-LXRp I R Ligand We next tested whether Tgifl might play a role in regulating the
Myc-VDR +|+[+ & =) expression of LXR-mediated gene expression at the endogenous
Flag-Tgift | [+[+] [+][+] [+[+ level. To facilitate the analysis of endogenous gene expression in
Lysate both mice and in cultured cells we first tested the NMuLi mouse liver
——— R Erta i WB: LXRa. cell line. NMuli cells were transfected with Dharmacon Smartpool
Lysate .> siRNA oligonucleotides targeting mouse Tgifl, or with a control
WB: Myc }‘ T e WB: Tgit pool of oligonucleotides. Forty-eight hours after transfection with
it g —— siRNAs, cells were either treated with ligand for a further 18 h, or left
WB: Flag 3@ untreated, prior to isolation of RNA. As shown in Figure 3A, we
- ! WL Es observed greater than 85% knock-down of Tgifl mRNA. Western
' blot analysis with a Tgif-specific antiserum confirmed that there was
Fig. 2. Tgif interaction with LXR. A: COS1 cells were transfected with the a decrease in Tgif1 protein levels in cells transfected with the siTgif1

indicated expression constructs, and ligand (10"®M GW3965 for LXRa and
LXRB; 10~ M vitamin D3 for VDR) was added for 18 h as indicated. Forty hours
after transfection, cells were lysed, and protein complexes collected on anti-
Flag agarose. Immunoprecipitates were analyzed by western blot for the
presence of Myc epitope-tagged nuclear receptors (upper panel). Expression
of the transfected proteins was analyzed by direct western blot of the lysates
(lower panels). B: Endogenous LXRa was immunoprecipitated from COS1 cells,
which had been left untreated, or incubated with 10~°M GW3965 for 18 h.
Immunoprecipitates were analyzed by western blot for the presence of Tgif
(upper), and expression in the lysates is shown below. Specific bands are
indicated with arrows.

pool (Fig. 3B). The knock-down NMulLi cells were next analyzed by
real-time quantitative RT-PCR (qQRT-PCR) for expression of a panel
of LXR-target genes. We tested expression of four different ABC
transporter genes, which are LXR targets and are important
modulators of cholesterol efflux [Kalaany and Mangelsdorf,
2006]. Additionally, we tested expression of the LXR-regulated
isoform of the Srebf gene (encoding Srepblc), which is a
transcription factor that regulates a number of genes involved in
lipid metabolism. As shown in Figure 3C, the expression of both
Abcal and Abcgl was increased by knock-down of Tgif1 (P < 0.01,
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Fig. 3.

Tgif1 knock-down derepresses Abcal expression. A: NMuli cells were transfected with siRNAs targeting Tgif1, and cells were treated with GW3965 for 18 h as

indicated (10~ and 10~ M). Expression of endogenous Tgif7 mRNA was analyzed by qRT-PCR 72 h after transfection with siRNAs. B: NMuLi cells transfected with siTgif1 or a
control pool were analyzed by western blot for Tgif1 and Smad2/3 as a loading control. Specific bands are indicated, and the relative expression of Tgif1 is shown below. C: The

NMulLi knock-down RNAs were analyzed by qRT-PCR for expression of Abca1, Abcg1, and Srebp-1c. Relative expression is shown in arbitrary units, as mean + s.d., as determined
by the ACt method (significant changes are indicated: *P< 0.05, **P< 0.01). D: Association of Tgif1 with the DR4 containing regions of the AbcaT and Srebf1 promoters was
analyzed by chromatin immunoprecipitation. Tgif1 recruitment to the Gapdh promoter was analyzed as a control. Samples were from NMuli cells treated with or without
GW3965 (10° M), as indicated. Data are shown (in arbitrary units) as relative enrichment in the Tgif-specific precipitation, normalized to input chromatin and precipitation

with pre-immune serum. E: HepG2 cells were transfected with siRNAs targeting Tgif7, and cells were treated with GW3965 for 18 h as indicated. Expression of Abca1, Abcg1,
and SrebpTc was analyzed by qRT-PCR 72 h after transfection, and is shown in arbitrary units (significant changes are: **P<0.01, ***P< 0.001).

and P < 0.05, respectively). Expression of Abcg5 and Abcg8 was too
low in these cells to reliably determine whether Tgif1 knock-down
affected their expression (data not shown). In contrast to the
increased expression of Abcal and Abcgl, we did not observe a
significant increase in Srebp-1c or total SrebfI expression when we
reduced expression of TgifI (Fig. 3C and data not shown). Both the
Abcal and Srebf1 genes contain functional DR4 elements within
their promoter regions, to which LXR has been shown to bind
[Wagner et al., 2003]. To test whether Tgif1 was present at the LXR
responsive region of the Abcal promoter we performed chromatin
immunoprecipitation (ChIP) analysis from NMulLi cells treated with
or without GW3965. Chromatin was precipitated with a Tgif-specific
antiserum, or with the pre-immune serum, and precipitates were
analyzed by g-PCR for the presence of the promoter region of the
Abcal gene, the SrebfI promoter, or an unrelated gene (Gapdh). As

shown in Figure 3D, the LXR responsive regions of the Abcal and
Srebf1 genes were enriched in the Tgif precipitates from control
cells, and this enrichment clearly decreased on addition of ligand.
Since Tgif1 appears to be recruited to both the Srebfl and Abcal
promoters, but there was no apparent derepression of Srebplc
expression in NMuLi cells with Tgifl knock-down, we tested
the effects of knocking down Tgif1 in HepG2 cells. As shown in
Figure 3E, we observed a significant increase in Abcal and SrebpIc
expression in the Tgifl knock-down cells. Together, these data
suggest that Tgifl can regulate expression of at least some
endogenous LXR target genes in cultured cells.

INCREASED EXPRESSION OF TGIF2 IN TGIF1 NULL MACROPHAGES
LXRa is highly expressed in a limited number of tissues, including
liver, kidney, testis, and macrophages. We were, therefore, interested
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to compare Tgif] expression levels in these tissues. We isolated RNA
from a panel of mouse tissues and tested expression of Tgif1, Tgif2
and of the genes encoding the Tgif1-interacting corepressors, Ctbp1
and Ctbp2, by qRT-PCR. Additionally, peritoneal macrophages were
isolated and cultured for 24 h in vitro prior to RNA isolation. As
shown in Figure 4A, Tgifl expression was highest in liver and
peripheral macrophages, whereas, Tgif2 was more highly expressed
in lung, intestine, spleen and kidney, than in either liver or
macrophages. Ctbpl and Ctbp2 were both expressed at relatively
high levels in all tissues tested, but were lower in liver than in other
tissues (data not shown).

Based on the high expression of Tgif1 in peripheral macrophages,
we next tested the effects of Tgifl knock-down in two mouse
macrophage cell lines. However, we observed no significant changes
in expression of a number of LXR target genes, or genes involved in
lipid metabolism (data not shown). Similarly, comparison of LXR
target gene expression between wild-type and TgifI null peripheral
macrophages revealed no significant changes (data not shown).
Interestingly, knock-down of Tgifl in both RAW cells and in J774
resulted in an up-regulation of Tgif2, suggesting that in macro-
phages Tgif2 expression may be inhibited by Tgifl (Fig. 4B). In
contrast, this effect on Tgif2 was not seen in NMuli cells. We next
tested the expression of Tgif2 in peritoneal macrophages from either
wild-type or Tgifl null mice. As with the cell lines, we observed
up-regulation of the expression of Tgif2 in primary macrophages,
and this was not affected by treatment with GW3965 (Fig. 4C). Some
increase in Tgif2 expression in the liver of TgifI null mice was also

observed (see Table I and Table S2). To test whether reducing both
Tgif1 and Tgif2 levels could affect expression of LXR target genes in
macrophages, we knocked down both genes in RAW cells, and tested
expression of LXR target genes. Despite, obtaining a dramatic
decrease in both Tgifl and Tgif2 we did not detect any significant
changes in LXR target gene expression (Fig. 4D,E and data not
shown). These data show that in macrophages Tgif2 expression is
up-regulated in response to decreased TgifI levels. Thus loss of Tgif1
function may in part be compensated for by increased expression of
Tgif2, although in macrophages this does not appear to contribute to
regulation of LXR target genes.

ANALYSIS OF THE ROLE OF TGI/F1 IN LIVER

To further analyze the in vivo effects of Tgif1 on LXR-mediated gene
expression and lipid homeostasis, we took two approaches. First we
analyzed serum and tissue lipid levels in wild-type and TgifI null
mice, and second, we tested expression of a panel of LXR target
genes, and other genes involved in lipid metabolism, primarily in the
livers of these animals. Wild-type and Tgifl null mice, on a
relatively pure C57BL6/J strain background were used for this
analysis, since mice of this strain are known to be sensitive to diet
induced atherosclerosis. Wild-type and mutant mice were main-
tained on a normal chow diet, or at 6 weeks of age were transferred
to a mock western diet, with high fat and high cholesterol (21% milk
fat, 1.25% cholesterol), and analyzed after another 15 weeks. With
the number of animals tested, we did not observe any significant
genotype-dependent differences in weight gain over this period.
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Fig. 4.

Tgif1 and Tgif2 expression levels. A: Tgif1 and Tgif2 expression in a panel of mouse tissues, and peripheral macrophages, was analyzed by qRT-PCR. Li: liver, Ki: kidney,

In: intestine, Sp: spleen, Lu: lung, Pmac: peripheral macrophages. B: Expression of Tgif1 and Tgif2 was assayed by qRT-PCR in J774 and RAW macrophage cell lines with Tgif1
knock-down. NMuLi cells are shown for comparison. C: Peripheral macrophages were isolated from wild-type and Tgif1 null mice and incubated with GW3865 (1072, 1077,
10~6M) as indicated. Tgif2 expression was analyzed by qRT-PCR. D: Both Tgif7 and Tgif2 were knocked down in RAW cells (as indicated), and expression was measured by
qRT-PCR. E: Expression of Abcal and Abcg1 was analyzed by qRT-PCR in RAW cells transfected with the indicated siRNAs.
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TABLE 1. Gene Expression Analysis in Liver

Chow? High fat

Rel. Rel. Diet Diet
Gene exp.”  Sigc exp. Sigc WT¢ Tgif '~
Tgif2 2.89 * 1.68 0.87 0.51
Abcal 0.72 0.72 0.29 0.29
Abcb11 0.97 0.55 3.19 1.80
Abcb4 1.77 * 0.95 7.70 4.14
Abcgl 0.91 1.74 0.97 2.03
Abcgs 1.58 1.06 22.79 15.29
Abcg8 2.23 0.96 14.10 6.05
Acaca 1.56 - 1.69 0.06 0.06
Acach 1.13 2.53 7.92 17.80
Angptl3 0.83 0.85 4.45 4.56
Cd36 1.05 0.88 2.38 1.98
Cyp7al 0.77 0.37 39.41 19.00
Dgat1 0.77 0.67 0.71 0.61
Dgat2 1.02 1.10 0.78 0.84
Fasn 1.07 1.49 0.81 1.13
Lpl 1.03 1.06 1.16 1.19
Scarb1 0.70 ** 0.73 0.33 0.34
Scd1 1.26 1.28 3.79 3.86
Hnf4a 1.28 - 0.62 4.63 2.25
Chrebp1 0.90 0.69 0.53 0.41
Couptf2 0.98 0.80 2.21 1.80
Foxol1 1.08 0.78 * 1.78 1.29
Lrh1 1.38 0.94 1.26 0.85
LXRa 0.94 0.78 3.64 3.03
Pgcla 1.96 0.94 1.76 0.84
Shp 0.74 0.75 0.28 0.28
Srebf1¢ 0.66 1.29 2.53 4.92
Srebplc 0.80 1.00 4.24 531

aMice were maintained on a normal chow diet or fed a high fat, high cholesterol
diet for 15 weeks.

YExpression is shown as Tgif null relative to wild-type, for each diet.
‘Significance was analyzed by Student’s f-test. “P < 0.1; **P < 0.05; **P < 0.01.
dExpression is compared between diets for each genotype.

“Expression of Srebf1 (including both Srebf1 isoforms), and the Srebp1c isoform
alone were analyzed.

Serum and liver tissue from male mice on both diet regimens were
analyzed for cholesterol and triglyceride levels. Comparison of
serum and tissue lipid profiles between wild-type and mutant mice
did not reveal any dramatic effect of loss of Tgifl on lipid
homeostasis (data not shown).

To test whether loss of Tgifl from the animal resulted in any
significant changes in expression of LXR target genes, or genes
involved in lipid metabolism, we analyzed a panel of genes by qRT-
PCR from three mice of each genotype, on either diet. We analyzed
expression first from liver, since Tgifl expression was relatively
high in liver, and the liver plays a major role in lipid metabolism.
We tested expression of genes encoding ABC transporters, enzymes
involved in cholesterol and triglyceride metabolism, apolipopro-
teins, as well as genes encoding a number of transcriptional
regulators. As shown in Table I (also see Supplemental Table 2),
expression of the genes encoding several metabolic enzymes was
significantly altered in the Tgifl null animals. For example,
expression of Acaca, which encodes the liver isoform of a rate-
limiting enzyme in fatty acid synthesis, increased in the absence of
Tgif1. However, expression of Dgatl, which encodes an enzyme
involved in triglyceride synthesis, was decreased in the TgifI null
mice. Additionally, Cyp7al expression decreased in the Tygifl
null on the high fat diet. Cyp7al is a rate-limiting enzyme, and
major regulated step, in the synthesis of bile acids. Among the

transcription factors analyzed, only expression of Hnf4« changed
significantly. However, expression increased in the Tgif1 null on the
regular chow diet, but decreased in the null when fed the mock
western diet. We observed little change in expression of Abc
transporter genes, many of which are regulated by LXRa in liver,
although there was some increase in Abcb4 and Abcg8 (Table I). We
also tested the effects of a short-term induction of LXR activity,
rather than the 15-week high fat diet, as this may have induced
additional changes to liver function, independent of direct LXR-
mediated effects. Mice were treated daily for 3 days with the LXR
agonist, T0901317, and RNA was prepared from the liver 18 h after
the final treatment. We analyzed expression of a sub-set of the
genes shown in Table I, and observed significant increases only in
expression of Acaca and Acacbh, suggesting that the regulation of
these two genes in liver may indeed be sensitive to both LXR and
Tgif1 (Supplemental Table 3). Together with the analysis of lipid
homeostasis, this gene expression data suggest that Tgifl is not a
major in vivo regulator of LXR-mediated gene expression in the
liver.

INCREASED HEPATIC APOA4 EXPRESSION
The genes for which we observed the most dramatic changes in
expression in Tgifl null livers encode apolipoproteins, such as
Apoa4 and Apoc2. Apolipoproteins constitute the protein compo-
nent of serum lipoproteins, which transport lipids, including
cholesterol and triglycerides. Apoa4 is part of a conserved gene
cluster in mice and humans (on chromosomes 9 and 11 respectively),
together with Apoal, Apoc3, and Apoa5 (see Fig. 6A). Apoa4 is
expressed at a relatively low level in liver, but can be induced
by LXR ligands [Williams et al., 1986; Liang et al., 2004]. A second
conserved apolipoprotein gene cluster is present on mouse
chromosome 7 (and human 19), which contains Apoe/cl/c4/c2
(Fig. 5A). Expression of the genes in this cluster is coordinately
regulated and is responsive to LXR [Allan et al., 1997; Mak et al.,
2002]. We first analyzed expression of the chromosome 7 Apoe/c1/
c4/c2 apolipoprotein gene cluster. We observed some increase in
hepatic expression of Apoe and Apocl in the Tgif1 null animals on
the regular chow diet, and Apoc4 also increased, but was highly
variable from animal to animal (Fig. 5B; see also Table S3). Apoc2
expression in the liver increased significantly in the Tgifl null,
where it was increased by more than 5-fold on the chow diet and
1.5-fold on the mock western diet (Fig. 5B, Table S4). Since genes of
this cluster are also expressed in intestine, we examined expression
in intestine from wild-type and null mice. There was some increase
in Apoc2 expression in the intestine of TgifI null animals. We also
tested expression of Apob, which is not part of either conserved
gene cluster, and observed a small increase in expression in the
liver of Tgif1 null animals on the normal chow diet (Fig. 5C). In
macrophages, the Apoe/c1/c4/c2 gene cluster has been shown to be
LXR-regulated via a common enhancer, which contains a DR4
element [Mak et al., 2002]. However, we observed no significant
increase in expression of genes in this cluster in Tgif1 null peripheral
macrophages, or in RAW cells with knock-down of Tgif1 (data not
shown).

We next analyzed the chromosome 9 gene cluster in both liver
and intestine. As shown in Figure 6B (see also Table S4), we observed
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Fig. 5. Analysis of expression of the Apoe/c1/c4/c2 gene cluster in the absence of Tgif1. A: The Apoa1/c3/a4/a5 gene cluster on mouse chromosome 7 is shown schematically,
with the conserved human gene cluster below. The APOC1' gene in the human gene is a pseudogene generated by a duplication of part of the human cluster. B: Expression of the

four genes of the Apoe/c1/c4/c2 gene cluster was analyzed by qRT-PCR. Liver and intestine RNAs from three mice per group (wild-type and Tgif7 null, on a regular chow [C] or
mock western [W] diet) were tested. Data is shown as the mean expression (+s.e.m.), determined by the ACt method. C: Expression of Apob is shown as for B. Significant
differences, as determined by the student's T test, are indicated for comparison between genotypes on the same diet. The significance levels are: *<0.1, **<0.05.

a 4.9-fold increase in Apoa4 expression in Tgif1 null liver compared
to the wild-type. Wild-type mice on the mock western diet had
33-fold greater Apoa4 expression than on the regular chow diet, and
this expression increased by a further 3-fold in the absence of TgifI.
There was a small, but not statistically significant, increase in Apoa4
expression in the intestine of TgifI null mice on the mock western
diet, as well as a small change in Apoc3 in both tissues and some
increase in hepatic Apoa5 expression (Fig. 6B and Table S4). To
test whether Tgifl was present at the regulatory regions of the
Apoa4 gene, we performed ChIP analyses from whole mouse liver,
using livers from either wild-type or Tgifl null mice. Following
dissociation and cross-linking of the liver tissue, chromatin was
precipitated with a Tgif-specific antiserum, or with pre-immune
serum, and analyzed by qPCR. We first tested for enrichment of the
Abcal and SrebfI promoter regions analyzed previously in NMuLi
cells. Both Abcal and Srebf1 were somewhat enriched compared to
the Gapdh control in the anti-Tgif precipitates from wild-type livers,
and this was diminished in the TgifI null liver (Fig. 6C). We next
analyzed two regions from the Apoa4 gene, which have both been
reported to respond to LXR [Liang et al., 2004]. The Apoa4 promoter
region, which contains a DR4 element was highly enriched in the
Tgif precipitates from the wild-type liver, compared to those from
the null. Additionally, we observed some enrichment of the region 3’

of the Apoa4 gene, which has also been suggested to bind LXR
(Fig. 6C). Analysis of the Apoc2 promoter region and the
macrophage enhancer (ME), which contains a functional LXR
response element, revealed that Tgif1 was enriched at the ME, but
was not found at the Apoc2 promoter (Fig. 6C). Thus, Tgifl may
be able to play a more general role in regulating expression of
the Apoe/c1/c4/c2 gene cluster. Together, these data suggest that a
primary effect of loss of Tgif1 is the up-regulation of apolipoprotein
gene expression in the liver, which most dramatically affects Apoa4
and Apoc2.

Here we demonstrate that Tgif1 is an in vivo regulator of hepatic
expression of at least two apolipoprotein genes. In the liver of TgifI
null mice, we see significantly increased expression of Apoa4 and
Apoc2, and Tgif1 is present at the Apoa4 promoter.

We have previously demonstrated that Tgif1 can repress retinoid
regulated transcriptional reporters via an interaction with RXR
[Bartholin et al., 2006]. Since RXR is a heterodimeric partner for a
number of nuclear receptors, this prompted us to test whether Tgif1
could also regulate other nuclear receptor-mediated transcriptional
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western [W] diet. Data are shown as the mean expression (+s.e.m.), determined by the ACt method. Significant differences, as determined by the Student's t-test, are indicated
for comparison between genotypes on the same diet. The significance levels are: *<0.1, **<0.05., ***<0.01. C: Tgif1 recruitment to LXR target genes in whole mouse liver was

analyzed by ChlP. Liver from wild-type and Tgif7 null mice was dissociated, chromatin cross-linked, immunoprecipitated with a Tgif anti-serum or the pre-immune and analyzed

by gq-PCR. Relative binding, normalized to input and pre-immune is shown. The DR4 containing regions of the Abca1, Srebf1, and Apoa4 promoters were analyzed, as well as a
region from 3’ of the Apoa4 gene, which also contains a DR4 element. The Apoc2 promoter and the macrophage enhancer (ME) from the Apoe/c cluster were also tested for Tgif
recruitment. The Gapdh promoter was tested as a negative control. The fold difference between wild-type and null is shown above each.

responses. We show that Tgif1 represses a transcriptional reporter
which is activated by LXRa. At least in these tissue culture
assays, Tgif1l appeared to preferentially repress responses that are
dependent on LXRa, and we show that Tgifl and LXRa interact.
This repression of LXRa-dependent responses may reflect a true
physiological preference for LXRa, but it may also be in part due to
the use of a liver cell line for these reporter assays. However, this
clearly raises the possibility that Tgifl may be a more general
nuclear receptor corepressor. Whether this effect of Tgif1 depends
on RXR, oris via a direct interaction between Tgif1 and LXR remains
to be tested, but our previous work suggests that for RARx and
PPARYy, RXR coexpression can increase interaction with Tgifl
[Bartholin et al., 2006].

Based on the apparent preferential repression of LXRa-dependent
reporters by Tgif1 we tested the in vivo effects of Tgif1 on nuclear
receptor-mediated gene expression. In cultured cells, we show that
there is a modest effect of TgifI knock-down on expression of two
known LXRa target genes. However, the key test of Tgif1 function
was to analyze the effects of a TgifI null mutation in mice. Tgif1 is
expressed in a number of tissues in which cholesterol signaling via
LXRa is important, including liver and peripheral macrophages. In
contrast, the related Tgif2 was much less well expressed in these two

cell types. We observed a dramatic up-regulation of Tgif2 expression
in macrophages with reduced expression of Tgifl, and this
was also apparent in Tgifl null liver tissue. A similar increase in
Tgif2 expression in the absence of Tgifl is also seen in early
embryogenesis [Powers et al., 2010]. This clearly points to a role for
Tgif1 in regulating Tgif2 expression, and suggests that increased
expression of Tgif2 may compensate for loss of Tgifl function.
Further analysis of gene expression in macrophage cell lines with
Tgif1 knock-down, and in TgifI null peripheral macrophages did not
reveal a significant role for Tgif1 in regulating LXR-mediated gene
expression in these cells, despite the relatively high Tgif1 expression
levels. It is possible that up-regulation of Tgif2 compensates for loss
of Tgif1, but since Tgif2 levels in macrophages start out quite low, it
is unlikely that this is the whole explanation.

Our analysis of hepatic gene expression in wild-type and Tgif1
null animals revealed a restricted pattern of gene expression
changes. Most of the direct LXRa target genes tested were not
significantly derepressed in the absence of Tgifl, and we did not
observe dramatic changes in many genes involved in cholesterol
metabolism. The notable exception was the clear derepression of
specific apolipoprotein genes. Comparison of our in vitro data and
the in vivo suggest an apparent contradiction. In vitro it appears that

388

TGIF1 AND APOA4

JOURNAL OF CELLULAR BIOCHEMISTRY



Tgifl can regulate LXRa-mediated gene expression, even when
assayed at the endogenous level, whereas in a whole animal, loss of
Tgif1 does not have a wide-spread effect on LXR-mediated gene
expression. This suggests that in the intact mouse, these gene
regulatory programs are well buffered by multiple regulatory inputs
which maintain the robustness of the system. An additional
possibility is that while Tgifl may be part of a general nuclear
receptor corepressor complex, and might therefore be recruited to
numerous target genes, it may only play an important role at a
subset of these genes, or under very specific circumstances. For
example, Tgifl may be a regulator of Apoa4 and Apoc2 due to
the specific combination of other regulatory inputs. An obvious
candidate for this would be repression by Tgif1 of genes, which are
coordinately activated in response to TGF and LXRa signaling.
Indeed, there is evidence for a role for TGFB signaling in the
regulation of the Apoa4 containing gene cluster [Kardassis et al.,
2000], but we have as yet been unable to link TGF@ signals to the
effects on Apoa4 seen with altered Tgifl levels. An alternative
possibility is that the genes which are particularly sensitive to
altered Tgif1 levels, are actively repressed by Tgif1 in combination
with other specific transcriptional repressors. Apoa4 expression in
liver is relatively low compared to Apoal and Apoc3, whereas in
intestine, Apoa4 levels are much higher. The combination of Tgif1
with other specific repressive mechanisms might serve to maintain
low levels of hepatic Apoa4 expression, and thereby render Apoa4
more sensitive to loss of Tgifl. Unlike Apoa4, we are not aware of
any evidence for regulation of Apoc2 by TGFpB, and expression in
both liver and intestine is relatively high. Understanding how Tgif1
regulates Apoa4 and Apoc2 expression, and indeed the effects Tgif1
has on the entire gene clusters, will clearly be of future interest. Each
of these genes is contained within a relatively compact gene cluster,
and their regulation is likely to comprise a combination of specific
and coordinate regulatory mechanisms, which may complicate any
analysis of the specific role of Tgif1. However, our ChIP data suggest
that Tgif1 is recruited to the Apoa4 promoter, which contains a
functional DR4 element. Similarly, we observe enrichment of Tgif1
at the DR4 element containing macrophage enhancer within
the Apoc2 gene cluster. This is consistent with a potential role
for Tgif1-LXRa interactions, and suggests that regulation by Tgif1
is direct, rather than being entirely via changes in expression of
other regulatory factors.

In summary, we have shown that in addition to retinoid
responsive gene expression, Tgifl can regulate LXRa-mediated
transcription, and we suggest that in vivo it will regulate specific
subsets of genes, dependent on other regulatory inputs. We identify
Apoa4 and Apoc2 as two LXRa target genes which are regulated by
Tgif1. This work suggests that Tgif1 has the potential to regulate
transcription via multiple NR complexes in addition to RAR/RXR,
but also suggests that its effects are likely to be specific to relatively
small subsets of NR target genes.
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