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Abstract

Mice deficient small heterodimer partner (SHP) are protected from diet induced hepatic steatosis
due to increased fatty acid oxidation and decreased lipogenesis. The decreased lipogenesis appears
to be a direct consequence of very low expression of peroxisome proliferator activated receptor
gamma 2 (PPARY2), a potent lipogenic transcription factor, in the SHP~~ liver. The current study
focuses on the identification of a SHP dependent regulatory cascade that controls PPARy2 gene
expression, thereby regulating hepatic fat accumulation. Illumina BeadChip array and real-time
polymerase chain reaction were used to identify genes responsible for the linkage between SHP
and PPARy?2 using hepatic RNAs isolated from SHP~'~ and SHP-overexpressing mice. The initial
efforts identify that hairy and enhancer of split 6 (Hes6), a novel transcriptional repressor, is an
important mediator of the regulation of PPARy2 transcription by SHP. The Hes6 promoter is
specifically activated by the retinoic acid receptor (RAR) in response to its natural agonist ligand
all-trans retinoic acid (atRA), and is repressed by SHP. Hes6 subsequently represses hepatocyte
nuclear factor 4 alpha (HNF4a) activated-PPAR-y2 gene expression via direct inhibition of the
HNF4a transcriptional activity. Furthermore, we provide evidences that atRA treatment or
adenovirus-mediated RARa overexpression significantly reduced hepatic fat accumulation in
obese mouse models as observed in earlier studies and the beneficial effect is achieved via the
proposed transcriptional cascade.

Conclusions—Our study describes a novel transcriptional regulatory cascade controlling
hepatic lipid metabolism that identifies retinoic acid signaling as a new therapeutic approach to
non-alcoholic fatty liver diseases.
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SHP, an orphan nuclear hormone receptor, functions as a corepressor and antagonizes
coactivator recruitment to target transcription factors with which it interacts (1, 2).
Molecular and genetic studies have suggested that SHP also plays a role in obesity and
diabetes (2-6). Supporting this, deletion or overexpression of SHP gene in mice disrupts
lipid and glucose homeostasis (7-10). Congenic C57BL/6 SHP~/~ mice show a more insulin
resistant phenotype in response to a western diet (WestD), but are protected against
development of hepatic steatosis and obesity (7, 11). The protection against steatosis was
attributed to enhancement of hepatic p-oxidation and reduced expression of fatty acid
synthetic genes. Gene expression profiling revealed that PPARy was markedly down-
regulated in SHP™~ mouse liver regardless of type of diets, suggesting that the effect of SHP
on PPARYy expression is not a secondary complication of fat accumulation.

PPARY expression is low in normal livers, but is strongly induced in models of
nonalcoholic fatty liver diseases (NAFLD). Given its role in adipogenesis, this induction has
been considered a key factor contributing to fat accumulation in the livers of animal models
and human patients associated with obesity and diabetes (12-16). Indeed, adenoviral
overexpression of PPARy in the liver is sufficient to drive marked steatosis (17-19), and
liver specific deletion of PPARy strongly decreases steatosis in the ob/ob background (13)
and high fat-fed mice (14, 15, 18). One proposed mechanism for PPAR-y-dependent fat
accumulation in ob/ob mice is direct induction of fat specific factor 27 (Fsp27), a lipid
droplet binding protein promoting lipid accumulation in adipocytes (20). As observed in
white adipose tissue, deletion of Fsp27 decreases the size of lipid droplets in liver and
increases lipolysis and fatty acid oxidation due to increased accessibility of lipolytic
enzymes and increased availability of non esterified free fatty acids (FFA) without affecting
FFA uptake, triglyceride (TG) export, and de novo TG synthesis (20, 21). Thus, decreased
PPAR'y expression in SHP™~ liver (7, 11) may protect the mice from development of
hepatic steatosis at least in part by decreasing Fsp27 expression.

Hes6 is a novel member of the family of mammalian homologues of Drosophila hairy and
enhancer of split, and was initially identified as an inhibitor of its relative Hes1, a basic
helix-loop-helix transcription factor regulating neuronal and muscle differentiation
negatively (22). Like SHP, Hes6 alone cannot bind directly to DNA, but represses target
gene transcription through protein-protein interaction. Intriguingly, Hes6 was recently
identified as a repressor of hepatic PPAR~y expression via inhibition of HNF4a
transactivation and its expression is directly regulated by HNF4a, which is one of the direct
targets of SHP-mediated repression (2, 23). These results suggest that Hesé may function as
a mediator in the regulation of fatty acid synthesis by SHP.

In the present study, we discovered a novel transcriptional cascade consisting of RAR, Hes6,
HNF4a, and PPAR'y in the regulation of hepatic fat mobilization. In the proposed
transcriptional cascade, SHP and atRA coordinately regulates transcription of Hes6, and
Hes6 subsequently suppresses Ppar 2 expression via repression of HNF4a transcriptional
activity. We confirmed the physiologic effects of atRA and RAR on fat mobilization via the
cascade using mouse models of fatty liver disease.
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Materials and Methods

Mice and Treatment

The congenic SHP™'~ mice (11, 24) were bred and housed with age-matched C57BL/6 mice
(Harlan, Indianapolis, IN). Only male mice were used throughout experiments. The mice
were fed a WestD (Harlan) or chow diet (CD) (Lab Diet, Brentwood, MO) as described
(11). To overexpress SHP in mouse liver, AdSHP (1 x 109 pfu/mouse) (7) was delivered
into 3 month-old C57BL/6 mice via tail vein. The mice were euthanized 7 days after
injection and their livers were collected for RNA isolation. For atRA treatment, C57BL/6
mice were on WestD regimen for 4 months to induce hepatic steatosis and ob/ob mice were
purchased from Harlan. Either ob/ob or the WestD-fed mice were challenged orally with
corn oil containing atRA (15mg/kg/day) or vehicle (DMSO) for 7 days before euthanasia.
For hepatic RARa overexpression, 4 month-old C57BL/6 mice fed WestD for 2 month were
injected with adenovirus expressing mouse RARy (1 x 10° pfu/mouse) and maintained for
7 days. Blood glucose was measured on tail vein samples using AlphaTRAK glucose
monitoring system (Abbott Lab, Abbott Park, IL). Mice were maintained in the accredited
pathogen-free facility at Northeast Ohio Medical University on a 12-hour light/dark cycle
and fed a CD and water ad libitum. All animal experiments were performed in accord with
the protocols approved by the Institutional Animal Care and Use Committee of the
University.

[llumina Beadchip Array Analysis and Quantitative Real-time PCR

Livers of wild type C57BL/6 (WT) and SHP~/~ mice fed either chow or WestD (n=4) for 22
weeks were collected after overnight fasting. Their RNAs were processed and analyzed on
the MouseRef-8 v2.0 BeadChip (lllumina, San Diego, CA) array to assess gene expression
at Lerner Research Institute in Cleveland Clinic (Cleveland, OH). The array results are
deposited in Gene Expression Omnibus data bank at the National Cancer for Biotechnology
Information (Accession humber: GSE38013). Quantitative PCR analysis was performed
using SYBR green (11).

Transient Transfection and Chromatin Immunoprecipitation

Luciferase reporter genes driven by mouse Hes6 promoters were constructed by insertion of
polymerase chain reaction (PCR)-amplified promoters into pGL3 reporter plasmid
(Promega, Madison, WI). All the plasmid and transfection conditions used in this study were
described previously (2, 11). Mouse Hes6 cDNA in pCMV-SPORT6 was purchased from
Open Biosystems (Lafayette, CO). HeLa cells were used for transfection assays. For ChIP
assay, mouse liver nuclei were isolated and processed as described (11). Antibodies against
SHP, RARa, Hes6, or HNF4a and 1gG were purchased from Santa Cruz (Santa Cruz, CA).
The immunocomplexes formed from overnight incubation were precipitated using protein A
agarose (Millipore, Bedford, MA). Decrosslinked DNA fragments were amplified and
quantified by PCR using primers designed for Hes6 promoter regions (Supplemental Table
1).
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Adenovirus Expressing RARa

Mouse RARa in pCMV-SPORT®6 was purchased from Open Biosystems and subcloned into
pacAd5 CMV shuttle vector to generate AdRARa using RAPAd Expression System (Cell
Biolabs, San Diego, CA). Viral titration was performed using Adeno-X Rapid Titer Kit
(Clontech, Mountain View, CA).

Hepatic Lipid Extraction and Histology

Results

Lipid extraction from liver was performed as described (11). Extracted TG and cholesterol
contents were normalized to wet liver weight. For histology, livers collected from mice after
overnight fasting were fixed in 10% formalin and embedded in paraffin. After sectioning,
samples were stained with hematoxylin and eosin (H&E) for microscopic observation. For
Oil red O staining, livers were fixed in 10% formalin for 1hr and incubated in 30% sucrose
for 24hrs before cryosectioning and staining.

[llumina BeadChip Array analysis

PPARY is an imporant contributor to the development of hepatic steatosis, and its
expression is markedly decreased in SHP~~ livers under both normal and high fat diet
conditions. To explore the mechanism for this repression, we carried out gene expression
profiling using lllumina BeadChip array analysis with total RNA isolated individual liver
(n=4) from WT and SHP~/~ mice fed chow or WestD. Since metabolic phenotypes and
differential gene expression in SHP™~ mice had been evident upon WestD challenge, we
searched genes differentially expressed between the two genotypes in the WestD-fed group
and identified total 1010 using the screening criteria described in Table 1 (Supplemental
table 2). Among these 1010 genes, 624 genes are downregulated and 386 genes are
upregulated in SHP~~ mice compared to WT mice. We identified 7 transcription factors
among the 386 upregulated genes (Table 1). As similarly observed earlier, none of the
transcription factors are differentially expressed between the two genotypes in chow-fed
condition. Major corepressors and chromatin remodeling proteins were eliminated by the
screening criteria (Supplemental table 3), which additionally identified some genes involved
in lipid and cholesterol metabolism (Supplemental table 4). Hes6 was particularly interesting
among the 7 transcription factors because of its repression function and its suggested role in
hepatic lipid homeostasis through inhibition of PPARy gene transcription (23). The lipid
droplet forming factor Fsp27, a direct target of PPARy, was also significantly down-
regulated in the livers of SHP~~ mice (Supplemental Table 4) (20). The array results
suggested that Hes6 repression by SHP could directly increase PPARy gene expression and
promote hepatic lipid accumulation.

A new molecular mechanism in SHP-regulated hepatic lipid accumulation: the SHP-Hes6-
PPARy2-Fsp27 cascade

The proposed transcriptional regulation of Hes6 by SHP prompted us to examine the
expression of their potential downstream target genes such as PPAR-y and Fsp27 (20, 23) in
the development of fatty liver using WT and SHP~/~ mice fed WestD. As shown in Fig. 1A,
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WestD-challenged C57BL/6 WT mouse liver showed decreased Hes6 mRNA level and
increased PPARy2 and Fsp27 mRNA levels compared with those of chow-fed counterparts.
However, expression of these genes was not changed in SHP~/~ mice upon WestD
challenge, with higher Hes6 expression and dramatically reduced expression of PPARy2
and Fsp27. PPARy1 expression was not significantly different between the two genotypes
fed WestD as observed previously. These data strongly suggest that SHP is upstream of a
Hes6-PPAR-y2-Fsp27 transcriptional cascade to determine hepatic TG levels.

As an initial functional test of this suggested cascade, SHP was overexpressed in Hepal-6, a
mouse hepatoma cell line, and WT mouse livers using AdSHP infection. SHP
overexpression results in a significant decrease in Hes6 expression and a strong induction of
PPAR-y2 and Fsp27 mRNA levels in both the Hepal-6 cells and mouse livers (Fig. 1 B&C).
As reported earlier, AASHP infection increased fat accumulation almost 2 fold (22.8 + 3.7
vs. 13.0 £ 0.5 mg/g of dried liver weight) compared to AAGFP control infection (8).

Regulation of Hes6 by SHP and all-trans-retinoic acid

Based on the suggested regulation of Hes6 gene transcription by HNF-a. (23) which is also
a potential target of SHP (2), we examined the direct impact of SHP on Hes6 expression
using Hes6 promoter driven luciferase reporters. In contrast to previous observations, the
2.7kb Hes6 promoter driven luciferase reporter was not transactivated by HNF-a or
repressed by additional SHP transfection (Supplemental Fig. 1). Since we identified a
number of potential nuclear receptor response elements in the 2.7kb promoter region, we
screened several other nuclear hormone receptors for the promoter activation. This revealed
a robust activation in response to RAR/RXR heterodimers and their ligands (Fig. 2A)
including the synthetic RAR agonist TTNPB (data not shown) but not the RXR specific
agonist LG1069. As expected from the strong interaction of SHP with RXR (2), SHP
efficiently repressed Hes6 promoter activity induced by RAR-RXR heterodimers with either
atRA or 9-cis RA (Fig. 2B). In order to locate the atRA response elements, we constructed a
series of 5’ deletion promoter reporters. As shown in Fig. 2C, the -1.2kb promoter retained
full atRA response (compared to -2.7kb promoter, data not shown), while the -0.7kb
promoter had a reduced response, and deletion to -0.6kb abolished the response completely.
These results are consistent with the presence of 3 potential RAR response elements (DR5s)
between -1.2 and -0.6kb (Fig. 2C, top panel). It has been reported that atRA can also serve
as a ligand for the nuclear hormone receptor PPARS (25-28). However, GW0742, a
PPARS-specific agonist (29), did not activate the reporter gene activity (data not shown).
Moreover, specific recruitment of RAR and SHP was detected on the Hes6 promoter region
in the mouse liver (Fig. 2D). In accord with the transfection results, recruitment of HNF-a
to the Hes6 promoter was not significant.

Effect of atRA in mouse models of NAFLD

Berry et al. recently reported that long-term atRA treatment alleviated hepatic steatosis in
obese mice fed a high fat diet (28). Our current results strongly suggest that the proposed
transcriptional cascade could contribute to this response. To test this, mMRNA levels of these
genes were evaluated using Hepal-6 and mouse livers after 24h atRA treatment (Fig. 3A).
As predicted, Hes6 mRNA was induced, while PPARy2 and Fsp27 transcripts were
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significantly reduced when compared to vehicle treated controls. Short-term atRA treatment
(15mg/kg/day for 7 days) also effectively ameliorated the hepatic TG but not cholesterol
accumulation in diet-induced obese and ob/ob mice (Fig. 3B and supplemental Fig. 2A).
Along with hepatic TG reduction, the short-term atRA treatment significantly reduced body
weight and serum glucose concentration (Fig. 3C and supplemental Fig. 2B). Though
statistical significance was diminished in some genes, similar pattern of mMRNA levels was
observed in the 7-day-atRA-treated obese mice (Supplemental Fig. 3). Contrary to previous
reports, however, our short-term treatment was not able to reduce white adipose tissue mass
and cell size and serum TG content (Supplemental Fig. 2C, 4A, &5A). Instead we observed
significant reduction of brown adipose tissue mass and fat content (Fig. 4A). Thus we
examined the effect of atRA on the levels of mMRNA of the cascade genes in these tissues. As
shown in Fig. 4B and supplemental Fig. 4B, Hes6 and PPAR~y2 were up- and down-
regulated by atRA treatment, respectively, in both of the adipose tissues. However, the
expression of Fsp27 was not significantly changed, which is consistent with the unaltered
expression of total PPARy mRNA due to higher expression of PPARy1 in the atRA-treated
adipocytes. Contrary to liver, the downregulated PPAR-y2 expression by atRA in adipose
tissues appears independent of HNF4a., since the expression of HNF4a. mRNA was low in
white adipose tissues but almost absent in brown adipose tissues (data not shown).

Reduction of adiposity in brown fat by atRA treatment may directly link to the reduced body
weight (30). Thus, we examined the expression of genes involved in thermogenesis. All the
major genes tested were upregulated upon atRA treatment (Fig. 4B, right panel), suggesting
that atRA may increase the brown adipocyte function probably via direct activation of
UCP-1 (31).

Hepatic RARa overexpression ameliorates the progression of fatty liver in diet-induced

obese mice

In order to test liver and RAR-specificity for the observed hepatic atRA effect, WT mice fed
WestD were injected with an adenovirus expressing mouse RARa and hepatic gene
expression and physiological parameters were examined. Seven days after injection the body
weights of both Adnull and AdRAR-injected mice were decreased but were not significantly
different between the two groups (Fig. 5A). The liver specific transduction was
demonstrated by a lack of changes in the expression of key genes including RARa in brown
and white adipocytes (Supplemental Fig. 6A, data not shown). Nonetheless serum glucose
was significantly reduced after ADRAR injection as observed in atRA treated mice,
suggesting suppression of hepatic gluconeogenesis contributes to the observed serum
glucose reduction as evidenced by reduced gluconeogenic Pckl gene expression (Fig. 5C).
More importantly, hepatic overexpression of RARa alone is sufficient enough to reduce
hepatic TG accumulation via the proposed transcriptional cascade and downregulation of the
expression of numerous PPARYy target genes (Fig. 5B & 5C and supplemental Fig. 6B) but
not serum TG and cholesterol (Supplemental Fig. 5B). These data suggest that atRA signals
through RAR to inhibit PPARy2 and its target gene expression via a novel transcriptional
cascade thereby reducing hepatic TG accumulation (Fig. 6).
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Discussion

As a metabolic derivative of vitamin A, atRA functions as a natural ligand for the retinoic
acid receptors (RARs), nuclear hormone receptors that regulate transcription of different sets
of genes controlling cell differentiation, embryonic development, and physiological
homeostasis (32, 33). Because of its specific activation of RARs, atRA is an effective
chemotherapeutic agent for acute promyelocytic leukemia, which is associated with
inactivation of RARa due to chromosomal translocation (34-36). Via unknown
mechanisms, atRA also inhibits the growth of many other types of tumors (reviewed in
(37)). atRA also exhibits inhibitory effects on adipocyte differentiation (38, 39).
Interestingly, Xue et al. observed a marked reduction of PPAR~y gene expression in
adipocytes treated with atRA, suggesting that decreased PPAR-y expression could account
for its inhibitory effects on adipogenesis (40). In addition, recent in vivo studies revealed
that atRA effectively reduced adiposity not only in fat but also in liver via increased TG
hydrolysis and fat oxidation (28, 41, 42). Although changes in many downstream target
genes have been reported in these studies, the exact molecular mechanisms behind the fat
mobilization mediated by atRA and its metabolic effects outside adipose tissue have not
been established.

Our current study discovered a novel transcriptional cascade, which underlies the
aforementioned hepatic TG clearance mediated by atRA. The cascade is also shared by one
of the pathways controlling TG accumulation mediated by orphan nuclear receptor SHP.
One of the significant findings from current study includes a critical role of nuclear hormone
receptor PPAR~y2 in the development of hepatic steatosis. Recent studies also demonstrated
that liver PPARY2 is a major factor in the development of fatty liver in rodent models (12,
18, 43). Especially, its expression appears to be limited in hepatocyte, demonstrated by
complete absence of PPARy2 expression in the liver of hepatocyte specific PPARy
knockout mouse (14, 15). Hepatic overexpression of PPARy2 using adenovirus was
sufficient enough to increase liver TG along with an increase in SREBP-1c and other
lipogenic gene mRNAs (18). In contrast, activation of atRA signals or deletion of SHP
caused concomitant reduction of Srebplc expression along with PPARy2 (Supplemental Fig
3 & 6), which is in accord with earlier observations (9, 11, 42). Though it is not addressed
whether the reduced Srebplc expression is resulted from direct regulation by PPAR-y2 or
overall reduction in lipogenic program, the marked down-regulation of PPARy2 appears to
be a driving force against hepatic lipogenesis and TG accumulation observed in mouse
models (11).

Another significant finding is an emergence of the transcriptional repressor Hes6 as a novel
regulator of hepatic TG homeostasis. In accord with earlier observations (23), our data
strongly suggest that Hes6 is an important upstream regulator of PPARy2 expression. We
suggest that Hes6 maintain low PPAR-y2 expression in the normal liver to prevent excess
lipid accumulation. However, some pathophysiological conditions such as obesity or
diabetes may reduce the Hes6 expression as we observed (Fig. 1A) and unleash hepatic
lipogenic program by activation of PPARy2 expression. The linkage between Hes6 and
PPAR-y2 may complement the previously described CREB-mediated regulation of PPARy1
expression via Hes1 in hepatic lipid homeostasis during fasting and feeding (44).
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Interestingly, the cascade is responsive to atRA in all metabolic tissues tested and one of the
studies also observed a PPARy2 isoform-specific effect of atRA in adipose tissues (41).
Lack of lipid-lowering effect in white adipose tissues of our atRA-treated mice is likely due
to the overall constant PPARy expression based on higher PPARy1 isoform expression.
While this result is contradictory to other atRA studies but it should be noted that
administration method of atRA differs from these studies (oral gavage vs. subcutaneous
injection). Moreover, complexity has been added in retinoid-mediated fat tissue biogenesis
and differentiation by recent studies, in which retinal aldehydrogenase deficiency, increasing
tissue retinal aldehyde content but decreasing retinoic acid content, leads to induction of
brown fat biogenesis in white adipocytes (45, 46). It is possible that the clear reduction of
white adipose tissues in other studies is mediated indirectly by enhanced TG handling and
energy expenditure in liver and brown adipose tissues by long term atRA treatment or
directly by enhanced thermogenic program via retinaldehyde, a precursor of atRA, -
activated RARa (45, 46). Nonetheless, our observation may agree with the lack of
inhibitory effect of atRA on adipogenesis in fully differentiated adipocytes (45).

atRA treatment also reduced serum glucose efficiently both in diet-induced obese and ob/ob
mice. The result observed with ob/ob mice is contradictory to a recent report that the glucose
lowering effect of atRA is absent in ob/ob mice, suggesting a leptin-dependent regulatory
pathway (47), but is consistent with the effective amelioration of hyperglycemia in ob/ob
mice by atRA observed in a different study (48). Our results from adenovirus-mediated
RARa overexpression suggest that atRA may lower serum glucose through RAR and liver
dependent manner. Similar observations from liver specific PPARy KO mice additionally
emphasize an importance of the proposed transcriptional cascade in hepatic glucose
metabolism (13, 15). However, the glucose regulatory pathways appear to be dependent on
SHP since SHP deficiency leads to hepatic insulin resistance with higher expression of
genes responsible for glucose production (11).

Our current study identifies a novel transcriptional pathway linking RAR/SHP signals with
PPAR Y2 expression that determines fate of hepatic lipids along with expression of genes
involved in fatty acid synthesis. Though there are some differences with earlier works (see
references in (49)), our results are consistent with several previous studies linking retinoic
acid signaling to beneficial metabolic effects in many aspects, and reveal specifically
underlying molecular mechanisms in hepatic lipid metabolism regulated by retinoid
signaling. Along with the finding of altered retinoid signals in human NAFLD patients (50),
the current findings will provide additional insights into the fatty liver development and its
therapeutic approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

SHP small heterodimer partner
PPARYy peroxisome proliferator activated receptor gamma
ChiP chromatin immunoprecipitation
RAR retinoic acid receptor
atRA alltrans-retinoic acid
HNF4a hepatocyte nuclear factor 4 alpha
WestD western diet
NAFLD nonalcoholic fatty liver disease
Fsp27 fat specific factor 27
TG triglyceride
CD chow diet
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Fig. 1. mRNA levels of hepatic Hes6, PPARYy, and Fsp27 in the suggested transcriptional cascade upon various challenges
(A) RNA:s isolated from livers of SHP™/~ and WT mice after 22 weeks WestD regimen were processed for gPCR to quantify the

expression of the indicated genes. (B) Hepal-6, a mouse hepatoma cell line, cells were infected with adenovirus expressing SHP
(AdSHP) or GFP (AdGFP) for 3 days. Isolated RNAs were quantified for the indicated genes using qPCR. n = 3. (C) Hepatic
RNAs from WT mice infected with AASHP or AdGFP for 7 days were prepared and quantified for the indicated genes using
gPCR. n =3, *; p<0.05vs WT counterparts, #; p < 0.03 vs chow-fed control.
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Fig. 2. Regulation of Hes6 promoter by SHP and atRA
(A) Hes6(2.7kb)luc activities by cotransfection of RAR plus RXR or RXR alone with treatment of 1uM of the indicated ligands.

(B) Repression of RAR-mediated Hes6(2.7kb)luc activity by SHP. (C) Top panel, mHes6luc reporter plasmids. open bars;
potential RAR-RXR response elements (RARE), black bars; reported HNF4a binding sites (23). Bottom left, atRA
responsiveness of each deletion reporter. Bottom right, The luciferase activities of Hes6(1.2kb)luc containing mutations on each
RARE with cotransfection of RAR/RXR in the presence or absence of 1uM atRA. (E) ChIP analysis on Hes6 promoter region
from 2 mouse livers using indicated antibodies. 0.3kb upstream covers HNF4a and RAR binding sites. 2.5kb upstream for
negative control.
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Fig. 3. Effect of atRA on hepatic lipid homeostasis
(A) Hepal-6 cells (left) or C57BL/6 mice (right) were treated with 1pM or 15mg/kg, respectively, of atRA or vehicle for 24hrs.

mRNA levels of the indicated genes were isolated from cells or mouse liver and quantified using gPCR and plotted with SEM.
n=3, *; p < 0.05 (B) A group of mice were challenged with WestD for 2 month and were daily gavaged with corn oil containing
vehicle or atRA (15mg/kg) for 7 days while on the WestD regimen. Their livers were collected and processed for indicated
stainings (left) or TG and total cholesterol measurement (right). (C) Their body weights and serum glucose levels were
measured before and after atRA treatment, plotted and compared with those of vehicle treated control mice. Graphs are
presented as means + SEM (n=4). *; p < 0.05, ***; p < 0.005.
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Fig. 4. Effect of atRA on brown adipocyte function
(A) Brown adipose tissues were isolated from the atRA or vehicle-treated mice described in Fig. 3. Gross morphology and

weight to body weight ratio are presented at left panel. Their fixed tissue sections were processed for hematoxilin and eosin
staining. A representative image from each group is shown (right panel). (B) Total RNAs were isolated from brown adipose
tissues and quantified for the expression level of indicated genes using real time PCR (n=4). *; p < 0.05, ***; p < 0.005.
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Fig. 5. Améelioration of hepatic lipid accumulation in diet-induced obese mice by RAR-a
(A) WT mice were fed WestD for 2 months and infected with 1x10° pfu of Adnull or AdRAR for 7 days (4 mice per group).

Their body weights and fasting serum glucose levels were measured before and after the viral injection and plotted with standard
deviations. (B) Livers were collected for Oil Red O staining, TG and cholesterol contents. (C) Hepatic gene expression was
examined using real time PCR with the indicated primers and plotted with SEM. *; p < 0.05, **; p < 0.01, ***; p < 0.005.
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Fig. 6. Transcriptional regulatory network in atRA/SHP-controlled fat mobilization in hepatocyte
In the suggested fat mobilization pathway, SHP represses Hes6 expression via RAR. Decreased level of Hes6 then derepresses

HNF4a-regulated PPARy2 expression. Eventually, the overexpressed PPARy2 induces fat accumulation via turning on
lipogenic programs in the liver. On the contrary, RAR ligand atRA results in fat utilization via shutting down PPAR~y2
expression. Purple and orange represent protein and gene, respectively. Arrow indicates promoter region binding and activation.
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Table 1

Transcription factors expressed higher in SHP™/~ mice fed WestD than in wild type counterparts

Gene Symbol  Name Genbank KOC/WTC KOWD/WTWD p-value
Foxa3 Forkhead box A3, Hnf3gamma NM_008260 1.06 1.54 0.06
Hes6 Hairy and enhancer of split 6 NM_019479 0.96 1.97 0.2
Hsf2 Heat shock factor 2 NM_008297 1.09 1.56 0.13
Nrli3 Nuclear hormone receptor CAR NM_009803 0.85 1.69 0.07
Rorc RAR-related orphan receptor gamma NM_011281 0.98 2.54 0.07
Srebf2 Sterol regulatory element binding factor2  NM_033218 1.15 1.81 0.01
Tfblm Mitochondrial transcription factor B1 NM_146074 0.98 1.53 0.07

Gene expression profile results from livers of wild type and SHP™/~ fed chow or WestD (n=4) using Illumina BeadChip array were screened for
genes differentially regulated between the two genotypes when fed WestD. Group averages after quantile normalization were used to obtain p
values and expression ratios of KO vs WT. The screening parameters are as follows. P values of WestD-fed group should be < 0.2. Any group
average should be higher than 40 if p values are between 0.05 and 0.2. Fold changes should be greater than 1.5. Among the 1010 screened genes

(supplemental Table 2), well known transcription factor genes upregulated in SHP™/~ mice compared to WT are presented.
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