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Abstract

In mammals, circadian rhythms are essential for coordinating the timing of various metabolic 

processes. The Clock gene regulates diurnal plasma triglyceride fluctuation through nuclear 

receptor small heterodimer partner (Shp, Nr0b2). Given that SHP is a critical regulator of 

metabolism in the liver, it is unknown whether SHP is necessary to coordinate metabolism and 

circadian rhythms.

Methods—Shp+/+ and Shp−/− mice on a C57BL/6 background (n=3–5/group) were fed a 

standard chow diet and water ad libitum. Serum and livers were collected at zeitgeber time (ZT) 2, 

6, 10, 14, 18 and 22. In vivo and in vitro assays include: RNA-sequencing (RNA-seq), qPCR, 

VLDL production, adenovirus overexpression and siRNA knockdown, serum parameters, 

circadian locomotor activity, oil-red O staining, transient transfection, luciferase reporter assay, 

ChIP assay, gel-shift assay, Co-IP, Western blots.

Results—Shp-deficiency had a robust global impact on major liver metabolic genes. Several 

components of the liver clock including Pgc-1α, Npas2 and Rorα/γ were sharply induced in 

Shp−/− liver. At the molecular level, SHP inhibited Npas2 gene transcription and promoter activity 

through interaction with Rorγ to repress Rorγ transactivation and by interacting with Rev-erbα to 

enhance its inhibition of Rorα activity. Conversely, Npas2 controlled the circadian rhythm of Shp 

expression by binding rhythmically to the Shp promoter, which was enhanced by NADH, but not 
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NADPH. Phenotypically, Npas2-deficiency induced severe steatosis in Shp−/− mice, which was 

attributed to the dysregulation of lipoprotein metabolism.

Conclusion—Shp and Npas2 crosstalk is essential to maintain hepatic lipid homeostasis.
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The primary mammalian circadian clock is located within the suprachiasmatic nucleus 

(SCN) of the anterior hypothalamus and is necessary for light entrainment of the sleep–wake 

cycle and locomotor activity (1). The core clock system is the end result of alternating 

actions of specific transcriptional activators and repressors (2). The positive transcriptional 

regulator, brain and muscle ARNT-like protein1 (BMAL1), forms a heterodimer with 

circadian locomotor output cycles kaput (CLOCK), or neuronal PAS domain protein 2 

(NPAS2). These dimers activate many transcripts, most notably the period (Per1 and Per2) 

and cryptochrome (Cry1 and Cry2) genes, by binding to the E-box regulatory elements on 

their promoters (3). The translated PER and CRY proteins then heterodimerize and repress 

Clock/Bmal1 or Npas2/Bmal1 transcription (4). Additionally, a secondary feedback loop 

consisting of nuclear hormone receptors adds another level of control to the transcriptional 

output of the primary loop (5).

Endogenous autonomous circadian clocks exist in various peripheral tissues (6). Multiple 

local mediators of both core clock genes and clock-controlled rhythmic transcripts respond 

to stimuli originating from the SCN as well as local input signals related to metabolic states 

(7). Rev-erbα was initially identified as a clock controlling and clock-regulated gene (8), 

which has crucial regulatory functions in hepatic metabolism (9). Retinoic acid-related 

orphan nuclear receptor α/γ (RORα/γ) competes with REV-ERBα to bind the ROR element 

of the Bmal1 promoter and activate its transcription (10). RORγ directly regulates Npas2 

transcription by binding two ROREs in its proximal promoter (11) and plays an important 

role in glucose and lipid metabolism (12). Peroxisome proliferator-activated receptor alpha 

(PPARα) binds to the Bmal1 promoter and regulates its expression, while the CLOCK/

BMAL1 heterodimer in turn regulates Pparα, generating a positive feedback loop (13). The 

PPARα coactivator-1α (PGC-1α) activates the expression of Bmal1 and Rev-erbα through 

co-activation of RORs (14), is a part of the SIRT1 histone deacetylase complex, and may 

directly sense the cellular metabolic state.

Although Npas2 and Clock display overlapping functions (15, 16), Npas2-deficient mice 

show particular impairment in their adaptability to food restriction (17). The circadian 

rhythm of Npas2 transcription is in phase with that of Bmal1, strongly indicating a joint 

mechanism for efficient activation of target genes (18). Both NADH and NADPH enhance 

the DNA-binding activity of the NPAS2/BMAL1 heterodimer, suggesting that the redox 

state regulates molecular clock activity (19).

Small heterodimer partner (Shp, Nr0b2) functions as a transcriptional repressor of genes 

critical to hepatic metabolism (20–25). The circadian regulation of triglyceride metabolism 

by the Clock gene is mediated by Shp (22). However, the role of Shp in controlling the 
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rhythmicity of metabolites and liver clock machinery remains elusive. In this study, we 

employed transcriptomics analysis, which identified Shp as an integral component of the 

liver circadian network through crosstalk with Npas2, Rorα, Rorγ, Rev-erbα, and Pgc-1α.

Materials and Methods

Mice

Shp+/+ (C57BL/6J, WT) and Shp−/− (C57BL/6J, SKO), SHP non-transgenic control (NC) 

and hepatocyte specific SHP transgenic (STG) mice were described previously (20, 25, 26). 

Mice were fed a standard rodent chow (Harlan No. 2020X) with free access to water and 

maintained in a 12h/12h light/dark (LD) cycle (light on 6 AM to 6 PM), temperature-

controlled (23°C), and virus-free facility. Experiments on mice were performed on males at 

the age of 8 weeks unless stated otherwise. Hepatocyte isolation was performed as described 

(27). Protocols for animal use were approved by the Institutional Animal Care and Use 

Committee at the University of Utah.

In vivo and in vitro Studies

Serum and liver tissues were harvested at ZT2, ZT6, ZT10, ZT14, ZT18, and ZT22. A dim 

red light at intensity of 1 μmol/m2s was used to collect tissues in dark condition (28). For in 

vivo adenoviral transduction, male mice were injected via tail vein with purified 

adenoviruses at 1×1011 virus particles per mouse. Gene expression analysis were performed 

3 days or 14 days after tail vein injection. Standard methods were used for transient 

transfection, luciferase reporter assay, ChIP assay, gel-shift assay, Co-IP, and Western blots 

(27, 29). Total and 5′ capped RNA purification from mouse liver and the PCR libraries used 

for RNA sequencing were as previously described (30). Detailed methods for histological 

analysis of liver sections can be found in our previous publication (20, 27).

Statistics Analysis

All the experiments were done in triplicate and repeated at least three times. The data are 

presented as the mean values ± standard error of the mean (SEM). Statistical analysis was 

carried out using Student’s t test for unpaired data to compare the values between the two 

groups; P < .05 was considered statistically significant.

RESULTS

Cyclic Patterns of Liver Metabolic Genes Were Drastically Altered in Shp−/− Mice

Transcriptomics (RNA-seq) and qPCR analysis of mRNA of key genes involved in 

cholesterol, fatty acid, bile acid, and lipid metabolism in livers of wild-type (WT) and 

Shp−/− mice collected over a 12:12 hr light/dark (LD) cycle showed drastic disruption of 

cyclic patterns (rhythmicity or amplification) in Shp−/− mice. The peak level of HMG-CoA 

reductase (Hmgcr) was increased, whereas there was a decreased amplification of 

mitochondrial HMG-CoA synthase2 (Hmgcs2) (Figure 1A). The sterol regulatory element 

binding protein (SREBP) family member SREBP-1c’s peak expression was decreased, 

whereas Srebp-2 was largely increased in Shp−/− mice. Consistent with our previous report 

(21, 25), cholesterol 7 alpha-hydroxylase (Cyp7a1) and sterol 12 alpha-hydroxylase 

Lee et al. Page 3

Hepatology. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Cyp8b1), the critical enzymes in bile acid biosynthesis, showed a shift in phase or exhibited 

overly increased rhythmic expression in Shp−/− mice (Figure 1B). Despite lacking obvious 

rhythmicity in WT mice, FGF receptor Fgfr4 displayed a noticeable cyclic induction in 

Shp−/− mice similar to Cyp8b1.

Expression of many other lipid metabolic genes also showed distinct changes (Figure 1C). 

Pparγ1 (lipid uptake) and fibroblast growth factor 21 (Fgf21) were drastically 

downregulated in Shp−/− mice, whereas acetyl-CoA carboxylase (Acc, provides malonyl-

CoA for FA synthesis) showed a moderate decrease in expression. In contrast, the rhythmic 

expression of Pparα (FA oxidation), scavenger receptor class B member 1 (Sr-b1, uptake of 

cholesteryl ester in reverse cholesterol transport), and very low density lipoprotein receptor 

(Vldlr, cholesterol uptake) was markedly upregulated in Shp−/− mice. Fatty acid desaturase 

3 (Fads3) with relatively unknown function also displayed substantial elevation by Shp-

deficiency. The up- and down-regulation of selected genes (Cyp8b1, Sr-b1 and Pparγ1) was 

further confirmed by RNA-seq in livers collected at ZT6 (Figure 1D).

SHP Inhibited Npas2 Expression via Crosstalk with the RORα, γ/REV-ERBα Network

We analyzed core clock genes and nuclear receptors in the interlocking feedback loop 

(Figure S1). Consistent with SHP as a repressor of Pgc-1α in brown fat (BAT) (24), the 

amplification of Pgc-1α mRNA was highly induced in BAT of Shp−/− mice at ZT2 (Figure 

2A, 1st panel). A striking increase in peak Pgc-1α mRNA was also observed in Shp−/− liver 

(2nd panel), which was decreased in Alb-Shp-transgenic (STG) liver (3rd panel). This was 

accompanied by a shift in the circadian phase of its protein expression (4th & 5th panels).

Among all the core clock genes we analyzed (not shown), Npas2 mRNA was strongly 

upregulated in Shp−/− liver and downregulated in Alb-STG liver (Figure 2B, 1st & 2nd 

panels), as was its protein (3rd & 4th panels), suggesting a direct inhibition by SHP. 

Interestingly, Rorγ mRNA had an almost identical expression pattern as Npas2 mRNA in 

Shp−/− liver, while Rorα mRNA expression showed a shift in phase (Figure 2C, left 4 

panels). As expected, both RORγ and RORα proteins were elevated by Shp-deficiency (right 

3 panels).

Because Npas2 was activated by RORα and RORγ but repressed by REV-ERBα (10), we 

reasoned that SHP might inhibit Npas2 transcription by binding to RORα, RORγ, or REV-

ERBα. SHP interacted with RORγ and REV-ERBα but not with RORα protein (Figure 2D, 

left), and inhibited the activation of the Npas2 promoter (11) by RORγ with little effect on 

RORα-mediated activation (right). However, co-expression of SHP with REV-ERBα further 

inhibited RORα activity, suggesting that SHP acts as a co-repressor of REV-ERBα. SHP 

overexpression also repressed the induction of Npas2 mRNA by RORα and RORγ in 

Hepa-1 cells stably expressing either protein (Figure 2E). No synergistic inhibition of Npas2 

by SHP and its co-repressor EID-1 was observed. In vivo knockdown of Shp in WT liver by 

shShp-ade increased NPAS2 protein, whereas Shp-ade reduced NAPS2 protein in Shp−/− 

liver (Figure 2F). Surprisingly, despite a higher basal level of SREBP-1c precursor (p) 

protein, the level of cleaved SREBP-1c protein (c) was much lower in Shp−/− liver versus 

WT liver. SREBP-1c cleavage was largely impaired by Shp knockdown (shShp-ade) in WT 
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liver but was markedly enhanced by Shp overexpression (Shp-ade) in Shp−/− liver. These 

results suggest that SHP is a bona-fide transcriptional repressor of Npas2 through crosstalk 

with RORα,γ and REV-ERBα (Figure S2).

NPAS2 Activated Shp Gene Expression in a Feedback Regulatory Loop

A recent ChIP-seq analysis (31) revealed an oscillatory recruitment of RNA pol II, NPAS2 

and BMAL1 protein to the Shp promoter, transcription termination site (TTS) or intergenic 

region (Figure S3). Of note, the circadian rhythmicity of NPAS2 binding imitated the 

rhythmic expression of Shp, suggesting that NPAS2 may activate Shp transcription.

A canonical E-Box (CACGTG), a binding site for BMAL1, NPAS2, and CLOCK (32), was 

present in the Shp promoter, and non-canonical E-box sequences were found around NPAS2 

binding peak in TTS and intergenic region (Figure 3A). We designed three probes (#1-

promoter, #3-TTS, #4-intergenic) and one negative control probe (#2) for gel-shift assays 

using purified His-Npas2 or His-Bmal1 protein (Figure S4). NPAS2 or BMAL1 protein 

alone at a higher concentration (5 μg), or NPAS2 and BMAL1 heterodimer (4) at a lower 

concentration (1 μg) all bound to the promoter probe; the latter was dose-dependently 

enhanced by NADH(19) (Figure 2B) but not by NADPH (Figure S5). Unfortunately, we 

could not confirm NPAS2 or BMAL1 binding to Shp TSS and intergenic region (not 

shown).

We next designed ChIP assay primers (Figure S6) and validated the specificity of antibodies 

against RNAPII, NPAS2 and H3K4M3 (Figure S7); the latter served as an active histone 

modification marker (33, 34). Several surprising results were observed. RNAPII displayed a 

profound rhythmic binding to the Shp promoter of WT liver, which was blunted in Shp−/− 

liver (Figure 3C, left). The recruitment of NPAS2 appeared as a “dual-peak” oscillation in 

WT liver similar to Shp expression (Figure S3), which was enhanced in Shp−/− liver 

(middle). The binding of H3K4Me3 to the Shp promoter was less rhythmic in WT liver; 

however, its enrichment was abolished over the LD cycle in Shp−/− liver (right). In addition, 

treatment of cells with lactate to modulate intracellular NADH levels (19) enhanced Shp 

promoter reporter activity (Figure 3D), but not the activity of reporter containing TTS or 

intergenic region (Figure S8, bottom left). However, liver Shp mRNA (Figure 3E) and 

protein (Figure 3F) expression was only moderately decreased by siNpas2, suggesting that 

additional factors may be involved in NPAS2 mediated Shp activation in vivo. Overall, the 

interplay between NPAS2 and Shp represents a new component of NPAS2 signaling that is 

likely to dictate NPAS2 activity and function.

Knockdown of Npas2 in Shp−/− Liver Induced Steatosis by Impeding Lipoprotein 
Homeostasis

Shp−/− mice are protected against the development of fatty liver (20, 24). The strong 

induction of Npas2 and Pgc-1α in Shp−/− liver prompted us to examine their potential 

involvement in the regulation of steatosis under Shp-deficient condition. Both Npas2 and 

Pgc-1α remained highly induced in Shp−/− liver at ZT2 (Figure 2B), thus ZT2 was chosen 

as the time point to knockdown both genes. The siNpas2-ade that we generated had a 

30~40% efficiency in decreasing hepatic Npas2 mRNA, whereas siPgc-1α-ade (35) resulted 
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in a 50~60% reduction of Pgc-1α mRNA in Shp−/− liver (Figure 4A, left and middle). The 

protein expression of NPAS2 and PGC-1α was similarly diminished by their respective 

siRNAs (right). Intriguingly, Npas2 mRNA was highly induced by siPgc-1α, and Pgc-1α 

mRNA was markedly elevated by siNpas2. An induction of Pgc-1α was also observed in 

Npas2−/− liver (36), while PGC-1α suppressed Bmal1 expression by activating Rev-erbα 

(37). Thus, NPAS2 and PGC-1α exhibit mutual inhibition of mRNA expression.

siNpas2 triggered severe steatosis as revealed by oil-red O staining of neutral lipid in Shp−/− 

liver, which was not observed with siPgc-1α alone (Figure 4B). Serum AST, bilirubin, and 

bile acid levels were elevated in siNpas2:Shp−/− mice, which was somewhat exacerbated by 

a combinational effect of siNpas2 and siPgc-1α in siNpas2/siPgc-1α:Shp−/− mice (Figure 

4C). It was noted that serum TG levels were decreased whereas liver TG contents were 

increased in siNpas2:Shp−/− or siNpas2/siPgc-1α:Shp−/− mice, suggesting a potential 

disruption of lipid metabolism by siNpas2. On the other hand, siPgc-1α had little effect on 

TG levels.

VLDL secretion was markedly obstructed by siNpas2 in Shp−/− mice (Figure 4D, 1st panel), 

which correlated with reduced expression of ApoB, an activator of VLDL secretion (2nd 

panel). Apolipoprotein A-I (APOA1) is the major protein component of high density 

lipoprotein (HDL) in plasma, and APOC3 inhibits hepatic uptake of triglyceride-rich 

particles (38). Both genes were downregulated by siNpas2 (3rd & 4th panels). Unfortunately, 

ChIP-seq did not detect NPAS2 binding to the ApoB gene (31), and we could not observe 

NPAS2 and/or BMAL1 activation of the ApoB promoter (not shown). Therefore, ApoB is 

unlikely a direct NPAS2 target.

On the other hand, the mRNA levels of Pparα and its target Fgf21 (39) were not affected by 

siNpas2 but were induced by siPgc-1α (5th & 6th panels), suggesting that the PPARα-

mediated increase in fatty acid oxidation may play a role in protecting siPgc-1α:Shp−/− 

mice from developing steatosis compared to siNpas2:Shp−/− mice. The severe steatosis 

caused by siNpas2 may in turn have inhibited the expression of Srebp-1c and Fasn (7th & 

8th panels) to diminish lipid synthesis. The increased Fasn expression by siPgc-1α was in 

agreement with its induction in Pgc-1α−/− mice (40).

Unfortunately, siNpas2 did not show desirable knockdown efficiency in WT liver (not 

shown), which may be due to the low basal level of Npas2 in WT relative to Shp−/− liver 

(Figure 2C). Overall, our results suggest a regulatory model (Figure 4E): 1) Shp−/− mice are 

resistant to the development of fatty liver (20, 24), which is in part associated with 

upregulation of Npas2, because Npas2 knockdown in Shp−/− mice reversed this phenotype; 

2) WT mice are sensitive to HFD-induced fatty liver, which is associated with high Shp and 

low Npas2 expression.

DISCUSSION

Shp Is an Integral Component in the Liver Circadian Clock Network

The reversal of SHP-mediated inhibition of expression of Hmgcr (41), Cyp7a1 (25, 42), and 

Cyp8b1 (43) in Shp−/− mice is consistent with SHP’s known role as a transcriptional 

Lee et al. Page 6

Hepatology. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



repressor. Although Srebp-1c promoter activity was inhibited by Shp (44), decreased 

Srebp-1c mRNA and increased precursor protein was observed in Shp−/− mice. More 

surprisingly, Shp overexpression enhanced SREBP-1c cleavage to generate its mature form; 

the latter is responsible for stimulating lipogenesis. The results suggest a potential new 

mechanism for post-translational regulation of SREBP-1c protein by Shp. Importantly, most 

of the metabolic genes analyzed exhibited an oscillatory pattern of expression, consistent 

with the notion that circadian rhythms and cellular metabolism are intimately linked (45). 

The overall gene expression profile altered by Shp-deficiency favors a lipid lowering 

phenotype, suggesting that SHP mainly serves as a modulator of metabolic homeostasis.

At the molecular level, we revealed a feedback regulatory loop between Npas2 and Shp. 

SHP inhibits Npas2 transcription by repressing Rorγ transactivation of the Npas2 promoter 

or by enhancing Rev-erbα inhibition. NPAS2 activates Shp gene expression by binding 

rhythmically to the Shp promoter, complementing an additional layer of control of Shp 

rhythmic expression by CLOCK (46). Overall, our findings suggest that SHP functions as an 

integral component of the liver circadian clock network by interfacing with RORα, RORγ, 

or REV-ERBα pathways to modulate the regulation and function of Npas2.

The Interplay between SHP and NPAS2 Maintains Triglyceride and Lipoprotein 
Homeostasis

We discovered a novel interplay between NPAS2 and SHP to maintain triglyceride and 

lipoprotein homeostasis (Figure S9). Shp−/− mice were protected against fatty liver (24) at 

least in part due to increased VLDL secretion (20). This phenotype was reversed by 

knockdown of Npas2, which caused severe steatosis and impaired VLDL production. 

Concurrently, the expression of numerous genes in lipoprotein metabolism was 

downregulated by siNpas2. A recent study showed that the primary dysregulated pathways 

in Npas2−/− mice uniformly converged on lipid metabolism (36). Importantly, dysregulation 

of NPAS2 was reported in alcohol-induced hepatic steatosis (47). Additional clinical studies 

also linked genomic variants of NPAS2 to the risk factors of metabolic syndrome (29). 

Taken together, findings from other groups and ours highlight the importance of NPAS2 in 

maintaining circadian rhythm mediated lipid homeostasis. Further investigation is needed to 

explore the role of NPAS2 in human NAFLD and AFL. It is postulated that modulating 

Npas2 function may open new avenues for therapeutic intervention of fatty liver disease.

In conclusion, our study reinforces the notion that SHP serves as a molecular switch that 

synchronizes metabolic functions to the liver circadian timing cues through a multiple 

regulatory modes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Shp-Deficiency Drastically Alters the Rhythmicity of Liver Metabolic Genes
(AC) qPCR analysis of the circadian rhythmic expression of genes involved in cholesterol 

and fatty acid synthesis, bile acid and lipid metabolism in wild-type and Shp−/− mice across 

the assayed time points. (D) Integrated genome browser visualization of RNA-Seq read 

coverage for Cyp8b1, Pparγ, and Sr-bI in wild-type and Shp−/− mice. Data are mean ± s.d. 

from n=5 mice for each time point.
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Figure 2. SHP Inhibits Npas2 Expression via Crosstalk with the Rorα, γ/Rev-ERBα Network
(A) Left: qPCR analysis of circadian rhythmic expression of Pgc-1α in brown adipose tissue 

(1st panel) and liver (2nd panel) from wild-type and Shp−/− mice, and in liver of hepatocyte 

specific Shp transgenic (Alb-STG) and non-transgenic control mice (Alb-NC) (3rd panel). * 

P < .01 vs. corresponding control. § P < .01 vs. ZT0. Right: Western blot (4th panel) and 

quantitative analysis (5th panel) of Pgc-1α protein from liver extracts in wild-type and 

Shp−/− mice. (B) Left: qPCR analysis of circadian rhythmic expression of Npas2 in liver of 

wild-type and Shp−/− mice (1st panel) and in liver of Alb-NC and Alb-STG at ZT0 (2nd 

panel). * P < .01 vs. control. Right: Western blot (3rd panel) and quantitative analysis (4th 

panel) of Npas2 protein in liver of wild-type and Shp−/− mice. (C) Left 4: qPCR analysis of 

Rorα and Rorγ in in liver of wild-type and Shp−/− mice, and in liver of Alb-NC and Alb-

STG at ZT0. Right 3: Western blot and quantitative analysis of Rorα and Rorγ protein in 

liver of wild-type and Shp−/− mice. Data are mean ± s.d. from n=5 mice for each time point. 

(D) Left: Co-immunoprecipitation (IP) followed by Western blot to determine proteins 

interaction of Shp with Rorα, Rorγ, or Rev-erbα. HEK293T cells were transfected with 

expression plasmids and cultured for 48 hr. Right: Luciferase reporter assay in HEK293T 

cells transfected with Npas2-Luc and expression plasmids for Rorα, Rorγ, Shp and Rev-erbα 

alone or in combination. (E) qPCR analysis of Npas2 expression in stable Rorα, Rorγ, or 

Rev-erbα Hepa1-6 cells transiently transfected with Shp and Eid1 alone or in combination. * 

P < .01 vs. control cell line. ¶ P < .01 vs. mock transfection. (F) Western blot of hepatic 

protein in WT mice subjected with Shp knockdown or Shp−/− mice subjected with Shp 

overexpression by adenovirus through tail vein injection.
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Figure 3. NPAS2 Activates Shp Gene Expression in a Feedback Regulatory Loop
(A) ChIP-seq signal showing binding of Npas2 to the E-box sequence (CANNTG) on Shp 

gene at ZT0 and the location of probes designed for gel-shift assay. Probe #1: the Shp 

promoter. Probe #2: 3′-untranlated region and worked as a negative control. Probe #3: 

transcription termination site (TTS). Probe #4: intergenic region. (B) NPAS2 and BMAL1 

proteins were subjected to gel-shift assays with probe #1 in the presence of varying amounts 

of NADH. (C) ChIP assay and qPCR to determine the relative enrichment of RNAPII, 

NPAS2, and H3K4ME3 to the promoter region on Shp gene in the liver of wild-type and 

Shp−/− mice. (D) Luciferase reporter assay to determine the transactivation of Npas2 on the 

Shp promoter in the presence of lactate. *P < .01 vs. mock control. (E-F) qPCR (E) and 

Western blot (F) of Npas2 and Shp expression in the liver of wild-type mice subjected with 

adenovirus siRNA targeting Npas2 (ZT2). *P < .01 vs. siRNA Control.
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Figure 4. Npas2-Deficiency Sensitizes Shp−/− Mice to Steatosis
(A) qPCR and Western blot analysis of Npas2 and Pgc-1a mRNA (left) and protein (right) in 

liver of Shp−/− mice subjected with adenovirus siRNAs targeting Npas2 or Pgc-1α, alone or 

in combination (ZT2). Liver tissues were harvested 4 days post adenovirus tail vein 

injection. Non-targeting siRNA adenovirus was included as control. Data are mean ± s.d. 

from n=5 mice for each group. * P < .01 vs. control. (B) Histological analysis of liver 

steatosis in Shp−/− mice subjected with adenovirus siNpas2 and siPgc-1α. Top, gross 

morphology of liver. Bottom, oil-red O staining of liver sections. (C) Serum parameter 

analysis and measurement of serum and liver triglyceride levels in Shp−/− mice subjected 

with adenovirus siRNAs. (D) Left: Measurement of VLDL production. Mice were subjected 

with adenovirus siRNAs for 7 days followed by overnight-fasting, intravenous injection 

with tyloxapol, and serum TG levels were examined. Right 7 panels: qPCR analysis of 

genes involved in lipoprotein and lipid metabolism in liver of Shp−/− mice subjected with 

adenovirus siRNAs. (E) Proposed regulatory model that elucidates a role of Npas2 in Shp-

mediated steatosis.
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