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REV-ERBa Activates C/EBP Homologous Protein to
Control Small Heterodimer Partner—Mediated
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July 11, 2016. The small heterodimer partner (SHP) nuclear receptor is an important regulator of nonalcoholic fatty

liver disease. However, little is known about the role of SHP in alcoholic fatty liver. In this study, we
used a modified chronic ethanol—hinge model to examine cyclic alterations of lipid metabolism in wild-
type (WT) and Shp™”~ mice over a 24-hour period after binge. The serum and hepatic lipid profiles, as
well as the expression of lipid synthesis genes and markers of endoplasmic reticulum stress, exhibited
distinct variations in WT and Shp™~ mice in response to ethanol diet plus ethanol binge (ED+-E) and
control diet plus maltose binge. ED+E induced steatosis in WT mice, which correlated with a marked up-
regulation of activating transcription factor 4 protein (ATF4) but down-regulation of C/EBP homologous
protein (CHOP) and sterol regulatory element-binding transcription factor 1c protein (SREBP-1c). On
the contrary, the control diet plus maltose binge caused lipid accumulation in SAp™~ mice, which was
accompanied by a sharp elevation of CHOP, SREBP-1c, and REV-ERBa proteins but a diminished ATF4.
REV-ERBo. activated CHOP promoter activity and gene transcription, which were inhibited by SHP.
Knockdown Rev-Erbo. in SAp™~ mice prevented steatosis induced by ED+E. Our study revealed a critical
role of SHP and REV-ERBa in controlling rhythmic CHOP expression in alcoholic fatty liver. (Am J Pathol
2016, 186: 2909—2920; http://dx.doi.org/10.1016/j.ajpath.2016.07.014)
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Liver is a major organ to detoxify alcohol and thus is prone
to be damaged by alcohol abuse. Research has been well
established that excessive consumption of alcohol results in
the development and progression of chronic liver disease,
including liver steatosis, steatohepatitis, cirrhosis, and he-
patocellular carcinoma.'” Although mechanisms that lead
to these pathologies have been studied extensively, the
development of an effective therapy for alcoholic liver
disease (ALD) remains challenging.

The endoplasmic reticulum (ER) stress response is a
fundamental reaction seen even in healthy liver and has been
noted to increase after alcohol intake.” The ER stress
response, at steady state, plays a protective role against such
toxic factors by removing misfolded and/or unfolded pro-
teins from the ER. However, when the stress becomes

persistent and strong, the response switches to the induction
of liver steatosis, insulin resistance, and apoptosis.4 Various
factors have been identified as causes for alcohol-induced
ER stress response, such as oxidative stress, acetoaldehyde,
free fatty acid, insulin resistance, disturbance of calcium
homeostasis, and disruption of one carbon metabolism, all of
which are known to impair ER functions.’”

Small heterodimer partner (SHP; NROB2) is an atypical
orphan nuclear receptor mainly expressed in the liver.”’
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Unlike many other nuclear receptors, SHP lacks DNA-
binding domain and inhibits transcriptional activity of
other transcription factors.® Our previous studies revealed a
central role of SHP in liver metabolism, including bile acid,
lipid, and one carbon metabolism.”” '" Specifically, SHP
inhibited very-low-density lipoprotein secretion by repres-
sing microsomal triglyceride transfer protein'' expression
and played a key role to control diurnal regulation of plasma
triglyceride by the circadian locomotor output cycles kaput
gene.'” Consequently, Shp /" mice were resistant to high-
fat diet induced fatty liver.” We recently demonstrated
that SHP was an essential component of the liver circadian
clock machinery through interaction with RAR-related
orphan receptor (RORY) and nuclear receptor subfamily 1
group D1 (REV-ERBa) to regulate neuronal PAS domain-
containing protein 2—mediated hepatic lipid metabolism."*
Neuronal PAS domain-containing protein 2 was induced
in Shp™~ mice and knockdown neuronal PAS domain-
containing protein 2 attenuated very-low-density lipopro-
tein production and sensitized Shp ™/~ mice to develop
steatosis.'* Despite these previous studies that elucidated a
critical role of SHP in nonalcoholic fatty liver disease
(NAFLD), the regulatory function of SHP in alcoholic fatty
liver (AFL) remained elusive.

Although the role of the ER stress response has been
established in alcoholic fatty liver diseases, the importance
of circadian clock in the ER stress response in ALD, and the
role of diet although intriguing, remains largely unexplored.
The objective is to understand the function of SHP in inte-
grating the liver circadian clock with alcohol-induced ER
stress response and steatosis. The hypothesis is that genes in
ER stress and lipid metabolism are under the control of liver
clock that is modulated by alcohol and SHP. In the present
study, we elucidated a critical cross talk between SHP and
REV-ERBua in the regulation of alcohol-induced steatosis
involving C/EBP homologous protein (CHOP). Our study
provides novel insight into SHP and REV-ERBa control of
ER stress signaling associated with the development of AFL.

Materials and Methods

Cell Culture and Animals

Mouse hepatoma cell line Hepa 1-6 (ATCC, Manassas, VA;
CRL-1830) was maintained in Dulbecco’s modified Eagle’s
medium (11965-118; Invitrogen, Carlsbad, CA) with 100 U of
penicillin  G—streptomycin sulfate/mL. and 10% heat-
inactivated fetal bovine serum (10437-028; Gibco, Waltham,
MA). C57BL/6J mice were purchased from Jackson Labora-
tory (Bar Harbor, ME). Shp™"~ on C57BL/6J background was
described previously.'”'* Mice were fed a standard rodent
chow with free access to water and maintained in a 12-hour
light/dark cycle (light on 6 am to 6 pMm), temperature-
controlled (23°C), and virus-free facility. Experiments were
performed on male mice at the age of 8 to 12 weeks unless
stated otherwise (n = 5 per group). For ethanol feeding, the
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Gao-binge model was used with slight modification.'”'* In

brief, the mice were acclimated to a control liquid diet
(F1259SP; Bio-Serv, Flemington, NJ) for 5 days and followed
by control liquid diet or 5% Lieber-DeCarli ethanol liquid diet
(F1258SP; Bio-Serv) for 10 days. On day 11 at 9 am the mice
were challenged by oral gavage of a single dose of maltose
dextrin (9 g/kg of body weight) or ethanol (5 g/kg of body
weight) solution. Nine hours after the binge, blood samples and
liver tissues were collected every 6 hours over a 24-hour light/
dark cycle at Zeitgeber time (ZT) 12, ZT18, ZTO, and ZT6. All
experiments were performed in accordance with relevant
guidelines and regulations approved by the Institutional Ani-
mal Care and Use Committee at the University of Connecticut
(Storrs).

Plasmids and Viruses

The mouse Chop (Gene ID 13198) promoter luciferase re-
porter (pGL3-mChop-pro) and its mutation construct (pGL3-
mChop-pro-mut) were engineered in our laboratory. In brief,
the mouse Chop promoter was amplified by Takara LA Taq
Polymerase (RR002A; Takara Bio, Shiga, Japan) using wild-
type (WT) mice genomic DNA as a template and cloned into
pGL3-basic (E1751; Promega, Madison, WI). pGL3-mChop-
pro-mut was generated by a QuikChange Site-Directed
Mutagenesis Kit (200521; Stratagene, San Diego, CA). The
integrity of the recombinant plasmids was verified by
sequence analysis. Two shRNAs for knockdown mouse Rev-
Erba. (TRCN0000027094 and TRCN0000027070) and one
shRNA control plasmid in pLKO.1 vector (SHC002) were
purchased from Sigma (St. Louis, MO). The sequences of the
shRNAs were provided in Table 1. For adeno-associated
virus-8 (AAVS8)—mediated shRNA knockdown of Rev-
Erba, U6-Rev-Erba-shRNA-2 cassette was cloned into an
AAVS8 vector and virus particles were produced by Vector
BioLabs (Malvern, PA). Mice were injected via tail vein with
purified AAVS virus at 1 x 10" virus particles per mouse
once a week for 2 weeks and subjected to Gao-binge model.
Serum, liver, and brain tissues were collected at 21 hours
(ZTO0) after oral gavage. The in vivo adenoviral transduction of
SHP (adSHP) and its control green fluorescent protein
(adGFP) into Shp "~ mice has been described previously.'*'°
The Shp~'~/adGFP and Shp~'~/adSHP mice were fed with
standard chow diet and the liver tissues were collected every 4
hours over a 24-hour light/dark cycle at ZT2, ZT6, ZT10,
ZT14,7T18, and ZT22.

In Vivo Plasmid Transfection

The expression plasmids pcDNA3 and pcDNA3-Flag-Rev-
Erba. were described previously.'* shRNAs for mouse Atf4
(TRCNO0000301646) were purchased from Sigma. In vivo
plasmid transfection was performed using TurboFect in vivo
Transfection Reagent (R0541; Thermo Scientific, Waltham,
MA). Plasmids (50 pg) were diluted in 400 pL 5% glucose
solution, mixed with 6 pL of in vivo transfection reagent, and
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Table 1  Primer Sequences
Quantitative PCR primers Primer type Sequences (5 to 3')
Srebpic Sense 5 -TTGCTGGCTTGETGATGCTATG-3'
Antisense 5'-CTGGTGGAGGGCTGGAAGG-3’
Fasn Sense 5 -TCGGETGTGCTGGGTTTGG-3’
Antisense 5 -GCGTGAGATGTGTTGCTGAGG-3’
Chop Sense 5'-GCACCTATATCTCATCCCCAG-3'
Antisense 5'-TGCGTGTGACCTCTGTTG-3’
Rev-Erba Sense 5'-GACCTTTCTCAGCACGACC-3’
Antisense 5'-CATCACTGTCTGGTCCTTCAC-3’
Actin Sense 5'-GCTCCGGCATGTGCAA-3’
Antisense 5'-AGGATCTTCATGAGGTAGT-3’
shRNAs Region Sequences (5’ to 3')
Rev-Erba-shRNA-1 CDS 5'-CCGGCCATCGAGAAATCTTCACCTACTCGAGTAGGTGAAGATTTCTCGATGGTTTTT-3’
Rev-Erbo-shRNA-2 CDS 5'-CCGGGCGCTTTGCATCGTTGTTCAACTCGAGTTGAACAACGATGCAAAGCGCTTTTT -3’
Cloning primers Sequences (5" to 3')
mChop promoter Forward 5'-GCTCACGCGTAGGGCGTAAGAGCATCACAC-3’
mChop promoter Reverse 5'-CGTCCTCGAGTCGACGTGTTAGGCTCAAGA-3’
Mutagenesis primers Sequences (5" to 3')
mChop promoter-Mut Forward 5'-CCGCGAAGCCGCGTGATTTAAAGCCACTTCCGGGT -3’
mChop promoter-Mut Reverse 5'-ACCCGGAAGTGGCTTTAAATCACGCGGCTTCGCGG-3'

(DS, coding sequence; Chop, C/EBP homologous protein; Fasn, fatty acid synthase; mChop, mouse Chop; Mut, mutation; Srebp1c, sterol regulatory element-

binding transcription factor 1c.

incubated for 20 minutes before injected to WT mice through
tail vein. Serum and liver tissues were collected at day 4 after
injection. For shAtf4 knockdown, pLKO-shAtf4 or control
vector pLKO plasmids were injected at day 1 and day 5 during
the ethanol feeding period. After ethanol binge, serum and
liver tissues were collected at ZT12.

Measurements of TG and ALT/AST Levels

Serum and liver triglyceride (TG) levels were determined as
described previously.'* Briefly, lipid was extracted from
200 mg liver tissue into 600 pL chloroform-methanol mix
(2:1) and redissolved in 500 pL phosphate-buffered saline
(pH 7.4) with 5% Triton X-100. Serum TG or dissolved
liver TG was measured using Pointe Scientific Triglycerides
Liquid Reagents (Thermo Fisher Scientific; 23-666-410),
according to the manufacturer’s instructions. Each sample
was run in duplicate. Serum levels of aspartate amino-
transferase (AST) and alanine aminotransferase (ALT) were
determined by Infinity AST (glutamate oxalacetate trans-
aminase) and ALT (glutamate pyruvate transaminase) re-
agents (Thermo Fisher Scientific; TR70121 and TR71121).

Histological Analysis of Liver Sections

Liver tissue fixing with formalin was described previously.'”
Paraffin sections were cut at thickness of 4 pm and subjected
to hematoxylin and eosin staining and periodic acid-Schiff
staining. The images were captured using Olympus BX41
microscope (Olympus, Lake Success, NY). The random
fields from each liver section were captured and analyzed.
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RNA Isolation and Quantitative PCR

Total RNA was isolated using TRIzol Reagent (15596-018;
Invitrogen), and cDNA synthesis was performed with High-
Capacity cDNA Reverse Transcription Kit (4368813;
Applied Biosystems, Foster City, CA). The quantitative
PCR was performed using the iTaq Universal SYBR Green
Supermix (1725124; Bio-Rad, Hercules, CA) with primers
shown in Table 1. The relative ratio of specific genes to
internal control B-actin for each sample was then calculated.

Western Blots

Hepal cells or liver tissues were lysed as described previ-
ously.” The concentration of protein was measured using
Pierce BCA Protein Assay Kit (Thermo Fisher; 23227). Cell
lysates (30 pg) were resolved by SDS-PAGE and trans-
ferred to nitrocellulose membranes by standard procedures.
Antibody binding was visualized with SuperSignal West
Pico Chemiluminescent Substrate (Thermo Fisher Scienti-
fic; 34080), according to the manufacturer’s protocol. Equal
loading of protein was verified with B-actin, glyceralde-
hyde-3-phosphate dehydrogenase, or tubulin. Quantitative
analysis of the band intensity was performed by Imagel
software version 1.50 (NIH, Bethesda, MD; http://image;j.
nih.gov/ij).

Western blots of CHOP and activating transcription factor
4 (ATF4) proteins were performed in 97H cells treated with
tunicamycin (ER stress inducer). MHC97H cells were fasted
for 24 hours before treatment with tunicamycin (1 ng/mL)
for 24 hours. As MHC97H cells have low basal levels of
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ATF4 and CHOP, they were chosen to determine their in-
duction by tunicamycin.

The following antibodies were used for primary antibody
incubation: B-actin (sc-47778; Santa Cruz Biotechnology,
Dallas, TX), sterol regulatory element-binding transcription
factor 1c (SREBP-1c; MAS5-11685; Thermo Fisher
Scientific), acetyl-CoA carboxylase (sc-30212; Santa Cruz
Biotechnology), fatty acid synthase (sc-20140; Santa Cruz
Biotechnology), PRKR-like endoplasmic reticulum kinase
(3192; Cell Signaling Technology, Danvers, MA), inositol-
requiring enzyme o (3294; Cell Signaling Technology),
ATF6 (ab122897; Abcam, Cambridge, UK), total eukaryotic
translation initiation factor 2 o (5324p; Cell Signaling Tech-
nology), phosphorylated eukaryotic translation initiation
factor 2o (3398p; Cell Signaling Technology), ATF4
(11815s; Cell Signaling Technology), CHOP (2895p; Cell
Signaling Technology), p-AKT (9271; Cell Signaling Tech-
nology), REV-ERBa (SAB2101632; Sigma), and FLAG
(F3165-1MG; Sigma).

Knockdown Experiment

REV-ERBa

After acclimatization for 5 days, mice were given control or
ethanol-containing Lieber-DeCarli liquid diets for 10 days,
followed by oral gavage of maltose (control) or ethanol
solutions at 9 aM on day 10. WT mice were injected with
AAV8-driven control or shRNA for Rev-Erba through the
tail vain. Two weeks later, the mice were injected again and
subject to the Gao-binge protocol after 3 days. Livers and
sera were collected at ZTO.

ATF4

WT mice were injected with pLKO or pLKO-sh-Atf4
plasmids (50 pg per mice) on days 1 and 5 of ethanol
feeding using the TurboFect in vivo Transfection Reagent
following the manufacturer’s instructions. On day 11, mice
were orally gavaged with maltose or ethanol. Livers and
sera were collected at ZT12.

Luciferase Assay

Hepal-6 cells in 24-well plates were cotransfected with
mouse Chop promoter (pGL3-mChop-pro), mouse Chop
promoter mutant (pGL3-mChop-pro-mut), pcDNA3-Flag-
Shp, pcDNA3-Flag-Rev-Erba, or pcDNA3-RORa, as
indicated in figure legends using transfection reagent
X-tremeGENE HP (06366236001; Roche, Basel,
Switzerland).'” In the ethanol group, 48 hours after trans-
fection, cells were cultured in fetal bovine serum—free
Dulbecco’s modified Eagle’s medium for 3 hours and fol-
lowed by 400 mmol/L ethanol treatment for an additional 6
hours. Luciferase and renilla activities were determined by
Dual-Luciferase Reporter Assay Systems (Promega;
E1960). Luciferase activity was normalized by renilla ac-
tivity expressed from cotransfected pSV-renilla. Each data
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point was the average of triplicate assays and repeated three
times.

Statistical Analysis

All of the experiments were performed in triplicate and
repeated at least three times. The data are presented as the
means + SEM. Statistical analysis was performed using the
Student’s t-test for unpaired data to compare the values
between the two groups. P < 0.05 was considered statisti-
cally significant.

Results

Shp™~ Mice Developed Different Types of Steatosis in
Response to ED+E and CD+M

The recently developed Gao-binge model'” represents an
acute model of alcohol-induced liver injury. It is easy to
perform, thus has been widely used by other research
groups.'®'” One observation was that the changes in gene
expression and serum enzymes were transient after
binge."” To have a better understanding of the phenotypic
changes, we collected samples over a 24-hour light/dark
cycle (Supplemental Figure S1).'” To establish the
physiological relevance of SHP in AFL, we first exam-
ined Shp expression in WT mice after ethanol diet plus
ethanol binge (ED+E). Interestingly, the expression of
Shp in the control diet plus maltose binge (CD+M) group
appeared rhythmic, which was low during the night and
high during the day (Figure 1A). Shp mRNA was mark-
edly reduced 9 hours after ethanol binge compared with
maltose binge (ZT12) (Figure 1A), which was gradually
recovered to the same level as in the CD+M group after
24 hours. We did not detect Shp mRNA in Shp ™~ mice
(data not shown). The quantitative PCR results were in
agreement with the RNA-sequencing data (Supplemental
Figure S2A).

Liver and serum TG levels exhibited distinct variations
in both WT and Shp ™ mice after the maltose or ethanol
binge over a 24-hour light/dark cycle. The liver TG con-
tent in WT mice was increased 9 hours after ethanol binge
(ZT12), and was decreased to the normal level after 24
hours (ZT6), as compared to the CD+M (Figure [B).
Remarkably, the liver TG content in Shp ™~ mice showed
a striking induction and oscillation in CD+M, which was
decreased in ED+E. Serum TG showed dissimilar rhyth-
mic changes (Figure 1C). ED+E-induced serum TG
reached the highest level at ZTO in WT mice, which
remained in a constant high level from ZT12 to ZT6 in
Shp™"~ mice. The decreased liver TG at several time
points in WT and Shp”~ mice correlated with the
increased serum TG, suggesting a dynamic oscillation in
hepatic lipid secretion during the 24-hour light/dark cycle.
The induction in serum TG in Shp "~ -CD+M mice also
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Figure 1  Shp deficiency altered maltose- and ethanol-mediated alteration of lipid metabolism. A: Quantitative PCR of mRNA expression of Shp in WT mice
fed control diet + maltose binge (CD+M; black) or ethanol diet + ethanol binge (ED+E; blue). Each lane represents triplicate assays from equal amounts of
mRNA pooled from five individual mice. The Gao-binge model was used. The samples were collected over a 12-hour/12-hour light/dark cycle 9 hours after the
binge at Zeitgeber time (ZT) 12, 18, 0, and 6. Gray shading indicates dark cycle; white indicates light cycle. B and C: Liver (B) and serum (C) triglyceride (TG)
contents in WT (black and blue) and Shp™~ (red and green) mice fed CD+M (black and red) or ED+E (blue and green). D: Representative images of he-
matoxylin and eosin (H&E; top row) and periodic acid-Schiff (PAS; bottom row) staining of liver sections from WT and Shp™/~ mice fed CD+M or ED-+E at ZTO.
We use different magnification to convey the results more clearly. Green arrows indicate macrosteatosis; red arrow, microsteatosis. E: Left panel: Liver TG
contents in WT (blue) and SAp™'~ (magenta) mice fed a standard chow pellet diet. The livers were collected over a 12-hour/12-hour light/dark cycle at ZT10,
14, 18, 22, 2, and 6. Middle panel: Liver TG contents in WT (blank) and Shp~/~ (filled) mice fed CD+M (black) or ED+E (red) at ZT0. Right panel: Liver TG
contents in WT (blue) and Shp~/~ (magenta) mice fed a standard chow pellet diet at ZT6. Data are expressed as means & SD (A—C and E). n = 5 per time point
per group. *P < 0.05 WT CD+M versus WT ED+E; TP < 0.05 WT CD+M versus Shp*/* CD+M; *P < 0.05 WT ED+E versus Shp*/* ED-+E; °P < 0.05 WT CD+M
versus WT ED+E; TP < 0.05 Shp™/~ CD+M versus Shp~/~ ED+E; P < 0.05 WT chow versus Shp~/~ chow (E). Scale bar = 20 um (D). Original magnifications:
x40 (D, top row); x20 (D, bottom row).

correlated with high serum ALT and AST levels, as shown intracytoplasmic fat vacuoles accumulated in the cell, similar to

in our recent publication.’

Hematoxylin and eosin staining revealed steatosis in
WT-ED+E and Shp '~ -ED+E groups (Figure 1D). Interest-
ingly, we observed a variant form of hepatic fat accumulation
in Shp_/ ~-CD+M, which was characterized by small

The American Journal of Pathology m ajp.amjpathol.org

microvesicular steatosis. Furthermore, periodic acid-Schiff
staining revealed increased glycogen storage in Shp /-
CD+M, and to a lesser extent in Shp” -ED+E (Figure 1D).

Previous studies have shown that Shp deficiency pre-
vented the development of steatosis under normal chow and
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high-fat diet.'"'*'*? Because liver lipid metabolism is
under the control of circadian clock, we detected liver TG
levels in WT and Shp™~ mice fed a standard chow over a
24-hour light/dark cycle. Overall, the liver TG showed a
diurnal rhythm and was diminished in Shp~~ versus WT
mice (Figure 1E). In contrast, we observed an induction of
liver TG in Shp™”~ fed with CD+M. Therefore, Shp "~
mice had reduction of hepatic TG contents under regular
chow diet but induction of liver TG in CD+M (Figure 1E).
Taken together, the results suggest that ED+E transiently
induces hepatic steatosis in WT mice and Shp /" mice.

Ethanol Diet Plus Ethanol Binge Inactivated SREBP-1c
Pathway in WT Mice, whereas Control Diet Plus Maltose
Binge Activated SREBP-1c Pathway in Shp™~ Mice

SREBP-1c is a key regulator of lipid metabolism”' by
activating fatty acid synthase and acetyl-CoA carboxylase to
induce lipid accumulation.”” Surprisingly, both the precur-
sor (p) and processed nuclear (n) forms of SREBP-1c pro-
teins were decreased in WT-ED+E versus WT-CD+M; on
the other hand, they were highly increased in Shp /-
CD+M versus WT-CD+M, and decreased in Shp*/ -
ED+E versus Shp ’-CD4+M (Figure 2A). Fatty acid
synthase and acetyl-CoA carboxylase proteins showed
similar changes that correlated with SREBP-1c protein. The
changes at SREBP-1c and fatty acid synthase proteins also
occurred at the mRNA level, as determined by quantitative
PCR (Figure 2B) and RNA-sequencing (Supplemental
Figure S2B). The activation of SREBP-lc pathway by

A
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maltose binge may contribute to the accumulation of liver
TG in Shp~'~-CD+M, whereas the inactivation of this
pathway by ethanol binge does not explain the increased
liver TG in WT-ED+E. The results suggest that alternative
pathways may contribute to the observed phenotype.

Ethanol Diet Plus Ethanol Binge Induced ATF4 Protein
in WT Mice, whereas Control Diet Plus Maltose Binge
Activated CHOP and REV-ERBa. Proteins in Shp ™~ Mice

The ER stress signaling pathways consist of three arms,
inositol-requiring enzyme 1 o, PRKR-like endoplasmic re-
ticulum kinase, and ATF6 (Supplemental Figure S3), which
were often dysregulated in AFL.** To identify proteins that
were regulated by SHP, we analyzed major ER stress
markers and observed interesting expression profiles in WT
and Shpf/ ~ mice fed with CD+M and ED+E. Overall,
most proteins showed modest to strong cyclic variations
over a 24-hour dark (ZT12 to ZT18)/light (ZTO to ZT6)
cycle in WT-CD+M, which were disrupted to various
extents in WT-ED+E, Shp " ~-CD+M, and Shp ' "-ED+E
(Figure 3A). Specifically, ATF6 and inositol-requiring
enzyme 1 o proteins were moderately increased, whereas
the PRKR-like endoplasmic reticulum kinase protein was
modestly down-regulated in Shp~’~ versus WT. Further-
more, total eukaryotic translation initiation factor 2 o was
induced in Shp” -ED+E versus WT-ED+E, whereas
phosphorylated eukaryotic translation initiation factor 2a
was noticeably induced in WT-ED+E relative to other
groups. The ATF4 protein showed the most striking
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induction in WT-ED+E versus WT-CD+M, whereas in
Shp~'~ mice ATF4 protein was largely impeded. Notably,
despite that ATF4 protein is known as an activator of CHOP
transcription,” we observed opposite changes in the
expression of CHOP protein. The CHOP protein was highly
induced in Shp ™ -CD+M versus WT-CD+M and was
diminished in both WT and Shp™~ by ethanol (Shp~"-
ED+E versus Shp”~-CD+M and WT-ED+E versus WT-
CD+M) (Figure 3B). Although the inactivation of AKT
by ER stress was reported to induce CHOP expression,”* we
observed an induction in p-AKT in Shp ' -CD-+M versus
WT-CD+M. Most interestingly, REV-ERBa protein
showed cyclic changes similar to the CHOP protein,
which was highest in Shp ™’ -CD+M but decreased in
Shpf/ “-ED+E. Overall, there are two major observations.
First, the distinct expression pattern of various ER stress
markers suggests differential and unique responses of WT
and Shp™’~ mice to the maltose and ethanol binge. Second,
the results suggest a potential connection between CHOP
and REV-ERBa.

The Expression of Hepatic CHOP and ATF4 Exhibited
Different Alteration by Diet and Feeding Conditions in
Mice

The unexpected opposite expression pattern between CHOP
and ATF4 protein in WT and Shp ™"~ mice observed above
suggests a critical influence of maltose and ethanol feeding
in combination with Shp deficiency. To further determine
the relationship between CHOP and ATF4, we examined
their expression levels using a different model (ie, in high-
fat and high-sucrose fed WT mice). Hepatic cleaved
nSREBP-1c, REV-ERBa, and CHOP proteins were
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Figure 3  Shp deficiency disrupted maltose-
and ethanol-mediated endoplasmic reticulum
(ER) stress response. A: Western blot of hepatic
proteins in the ER stress signaling pathways in WT
and Shp™/~ mice fed control diet 4+ maltose binge
(CD+M) or ethanol diet + ethanol binge (ED+E).
Each lane represents equal amounts of protein
pooled from five individual mice. Gray shading
indicates dark cycle; white indicates light cycle.
Arrows indicate most obviously changed proteins.
Quantification of the intensity of each band was
provided under each line and in panel B. ATF,
activating transcription factor; CHOP, C/EBP ho-
mologous protein; Gapdh, glyceraldehyde-3-
phosphate dehydrogenase; IRE, inositol-requiring
enzyme; p-elIF, phosphorylated eukaryotic trans-
lation initiation factor; PERK, PRKR-like endo-
plasmic reticulum kinase; t-elF, total eukaryotic
translation initiation factor; ZT, Zeitgeber time.

similarly up-regulated by a high-fat and high-sucrose diet in
both fed and fasted mice. In contrast, ATF4 protein was
down-regulated by the high-fat and high-sucrose diet in both
conditions (Figure 4). To confirm the previous report that
ATF4 can activate Chop transcription directly,” we over-
expressed ATF4 and peroxisome proliferator-activated re-
ceptor vy, the known activators of Chop, in Hepal cells and
observed the induction of Chop mRNA by both genes
(Supplemental Figure S4A). In addition, tunicamycin (ER
stress activator) induced both ATF4 and CHOP protein in
MHC97H cells (Supplemental Figure S4B). These results
suggest that, although ATF4 can function as a transcrip-
tional activator of Chop, Chop expression in vivo is also
tightly controlled by other transcription factors and nutrient
status. As a result, Shp deficiency plus maltose binge
appear to play a dominant role in increasing CHOP protein
in Shp™~-CD+M, which completely masked the effect of
ATF4, as seen in Figure 3.

SHP Alters the Rhythmic Expression of CHOP via a
REV-ERBa—Dependent Mechanism

REV-ERBa was reported being both a transcriptional acti-
vator’® and repressor.”” The similar expression pattern be-
tween CHOP and REV-ERBa (Figure 3) raised an interesting
question whether REV-ERBa acts as a transcription activator
of CHOP. Because REV-ERBa can compete with ROR
binding to the ROR element,28 we searched ROR element and
identified it in mouse Chop promoter (Figure 5A). We cloned
the native Chop promoter from —800 to 29 into a pGL3 vector
for luciferase reporter assay. Overexpression of REV-ERBa.
significantly induced Chop promoter activity, which was
inhibited by SHP coexpression and ethanol treatment
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Hepatic C/EBP homologous protein (CHOP) and activating transcription factor (ATF4) expression was altered differentially by diets in mice. A:

Western blot of hepatic sterol regulatory element-binding transcription factor 1c (SREBP-1c), REV-ERBa, CHOP, and ATF4 protein in WT mice fed control chow
or a high-fat and high-sucrose (HFHS) diet under feeding and fasting conditions. B: The quantification of protein levels of SREBP-1c, REV-ERBa, CHOP, and
ATF4. Samples were pooled and run in duplicate. Data are expressed as means & SD (B). N = 5 individual mice per group (B). *P < 0.05, chow versus HFHS;

P < 0.05, feed chow versus fast chow. n, cleaved; p, precursor.

(Figure 5B). Interestingly, RORa transactivated Chop pro-
moter with less potency, but antagonized the activation of
REV-ERBua. The antagonism of RORa to REV-ERBa acti-
vation was likely because of their competition for binding.
Consistent with our previous observation,'* SHP did not
affect RORa activity. Mutation of ROR element in the Chop
promoter greatly diminished RORa transactivation, and to a
lesser extent, the REV-ERBa activity (Figure 5C). The results

A B

RORE
I C 0 1 2
== 3/ ] IF 1 1 1

indicate that ROR element in the Chop promoter may have a
stronger binding for REV-ERBa than for RORa, consistent
with the higher potency of REV-ERBa to activate Chop
promoter.

Chop mRNA was remarkably induced by both RORa and
REV-ERBa (Figure 5D). On the other hand, Shp repressed
the effect of REV-ERBa but not RORa. In addition, CHOP
protein was induced by REV-ERBa and its induction was

Relative Chop Luc activity

Figure 5  C/EBP homologous protein (Chop) gene transcrip-
tion was activated by REV-ERBa. and inhibited by SHP. A: Sequence

.
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abolished by SHP (Figure SE). Thus, our results identified
REV-ERBa as a new activator of CHOP.

Thus far, we observed that the maltose liquid diet, which
is widely used as a control of ethanol diet in the alcohol
research field, had a significant differential effect on TG
metabolism in Shp™’~ mice as compared to the regulator
chow diet (Figure 1). To further determine the impact of
SHP on the expression correlation between CHOP and
REV-ERBa, we overexpressed SHP using adenovirus in
Shp™'~ mice and collected samples over a 24-hour light/
dark cycle under the standard chow-fed condition. CHOP
protein showed the same rhythmicity as REV-ERBa protein
in control AdGFP mice (Figure 5F), which displayed a
diurnal rhythm during the day (ZT: 2-6-10, low-high-low)
with peak levels occurring constant during the night.
Ectopic overexpression of SHP (AdSHP) disrupted the daily
rhythm by causing a 4-hour shift in CHOP and REV-ERBa
protein rhythmicity (ZT: 6-10-14: low-high-low) without

A WT

altering the nocturnal thythm. The quantification of CHOP
protein level was shown on the right. Taken together, our
results demonstrate that SHP alters the rhythmic expression
of CHOP via a REV-ERBa—dependent regulation.

Knockdown REV-ERBa. Prevented Ethanol-Induced
Steatosis in Shp ™~ Mice

Next, we asked whether REV-ERBua played a physiological
role in AFL in the presence (WT) or absence of Shp (Shp ™~
mice) by knockdown REV-ERBa in vivo (Supplemental
Figure S5). We generated two shRNAs against REV-ERBa
(shRev). The second shRev showed a strong effect in
reducing SREBP-1c protein in Hepal cells (Supplemental
Figure S6A), which was used in subsequent in vivo studies.
ShRev down-regulated REV-ERBa protein and mRNA in
liver, but not in WT mouse brain (Supplemental Figure S6,
B—D), suggesting a liver-specific effect. Consistent with the
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results presented in Figure 3, ATF4 protein was highly
induced by ethanol binge in WT/null mice (null: shRev
control), whereas it was not affected by shRev (Supplemental
Figure SO6E). Rev-Erba. mRNA was also down-regulated by
shRev in Shp™"~ mice (Supplemental Figure S6F).
Histology analysis by hematoxylin and eosin staining
revealed several interesting observations. In WT mice,
shRev-ED+E moderately increased steatosis compared
with null-ED+E (Figure 6A). However, in Shp*/ ~ mice,
the steatosis (more in the form of microsteatosis) in
shRev-CD+M was somewhat increased compared with
null-CD+M. However, these differences did not reach
statistical significance, as determined by liver TG content
(Supplemental Figure S7). The steatosis induced by ethanol
binge in Shp ' /null-ED+E liver was largely prevented in
Shp~'~/shRev-ED+E liver, which was accompanied by the
decrease in serum ALT, serum AST, serum TG, and liver
TG in Shp~'~/shRev-ED+E versus Shp'~/null-ED+E
(Figure 6B). We also observed alleviated pale liver color
and markedly reduced neutral lipid staining in Shp ™'~/
shRev-ED+E versus Shp~'~/null-ED+E (Figure 6C). The
nSREBP-1¢ and CHOP protein (Figure 6D) and many
genes involved in lipid metabolism (Figure 6E) were

A

down-regulated by shRev. Therefore, Shp and Rev-Erba
double deficiency prevented ethanol-induced alcoholic
fatty liver.

Discussion

Fatty liver (steatosis) is the collection inside hepatocytes of
excessive amounts of fat, which consists mainly of TG. An
important cause of fatty liver is alcohol abuse, referred to as
AFL. Macrovesicular alcoholic steatosis is a common form
of AFL and is featured by the presence of large sharp fat
droplets in hepatocytes, and the nuclei are in a peripheral
location.” Although alcohol impairs circadian rhythm in
liver,” the influence of nuclear receptor circadian regulators
on alcoholic fatty liver remains unclear. Our studies
identified two new players (ie, nuclear receptors SHP and
REV-ERBa) that are important in mediating the develop-
ment of AFL (Figure 7).

The most widely used model for alcoholic liver injury is
feeding with the Lieber-DeCarli diet containing ethanol for
4 to 6 weeks’'; however, this model only induces mild
steatosis and slight elevation of serum ALT with low or no
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Figure 7  Schematic summarizing major findings in this study. A: WT mice: ethanol diet + ethanol binge (ED-+E) induces steatosis, which correlates with a

marked up-regulation of activating transcription factor 4 (ATF4) protein but down-regulation of C/EBP homologous protein (CHOP) and sterol regulatory
element-binding transcription factor 1c (SREBP-1c) protein. However, knockdown ATF4 does not prevent steatosis induced by ED-+E. B: Top image: SHP
inhibits Chop transcriptional activation by REV-ERBe. Chop induction by loss of SHP repression is augmented by control diet + maltose binge (CD+M). Bottom
image: SHP activates ATF4 via an unknown mechanism. ED+E induces ATF4 while transiently down-regulating SHP expression. C: Shp™~ mice: CD+M causes
microvesicular steatosis, which correlates with a sharp elevation of CHOP, SREBP-1c, and REV-ERBe protein but a diminished ATF4 protein. On the contrary,
ED-+E-induced steatosis correlates with moderate up-regulation of ATF4, CHOP, SREBP-1c, and REV-ERBa. protein relative to WT-ED+E. Knockdown REV-ERBo.

prevents ED+E-induced steatosis.
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liver inflammation.’” The Gao-binge model is a relatively
new model, which represents an acute model of alcohol-
induced liver injury and has been widely used by other
research groups.'®'? One limitation done by other groups is
that samples are collected at one time point 9 hours after
binge and the liver phenotype (inflammation and lipid
accumulation) may represent transient responses to acute
injury. A novel aspect of our study is to examine lipid
metabolic changes by collecting samples over a 24-hour
light/dark cycle. Another novelty of our study is to deter-
mine the impact of nuclear receptors SHP and REV-ERBa.
in AFL, both of which are important regulators of the
circadian clock machinery in the liver.

The function of SHP has been well characterized by us
and others in cholesterol and lipid metabolism associated
with NAFLD.'"'**? However, SHP’s role in ALD remains
largely unknown. Therefore, the studies were conducted
using both WT and Shp " mice. Phenotypically, several
unexpected findings were observed. The serum and hepatic
lipid profile, as well as the expression of lipid synthetic
genes and ER stress markers, exhibit strong but distinct
cyclic variations in WT and Shp~~ mice. ED+E induces
steatosis in WT mice, which correlates with a marked up-
regulation of ATF4 protein; it leads to a down-regulation
of CHOP and SREBP-1c protein. On the contrary, CD+M
seems to cause a variant of steatosis (namely, microvesicular
steatosis) in Shp " mice, which is accompanied by a sharp
elevation of CHOP, SREBP-1c, and REV-ERBua protein but
a diminished ATF4 protein. The differential activation of
ATF4 and CHOP, which corresponds to steatosis in WT
mice by ethanol and microvesicular steatosis in Shp ™ mice
by maltose, respectively, suggest a divergent function of
both proteins to potentially regulate two different forms of
steatosis. Unfortunately, knockdown ATF4 (Supplemental
Figure S8) did not diminish ED+E-induced steatosis in
WT mice (data not shown), suggesting its activation by
ethanol is likely the consequence but not the cause of
steatosis. One possibility is that ED4+E may cause mito-
chondria damage and decrease mitochondria B oxidation.'
The microvesicular fat deposition in the short timelines of
these studies may reflect an intermediate stage of lipid for-
mation. Nonetheless, because liver transplant donors with
macrosteatosis (common) and microsteatosis (less common)
respond differently to intermittent hepatic inflow occlusion
during tumor hepatectomy,”” our results may contribute to a
better understanding of the molecular basis of
microsteatosis.

REV-ERBa is an integrator of circadian rhythms and
metabolism in the liver.”* Dual depletion of Rev-Erbo. and
Rev-Erbp disrupts lipid homeostasis gene networks,”” and
single deletion of Rev-Erbo leads to modest hep-
atosteatosis.’® However, these early studies were performed
in NAFLD and no detailed studies have been done to
elucidate the function of REV-ERBa in AFL. Interestingly,
REV-ERBua interacts with SHP and exerts as a transcrip-
tional repressor of NPAS2 expression in NAFLD.'* In this
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study, we demonstrate that REV-ERBa. acts as a transcrip-
tional activator of CHOP expression and contributes to the
development of AFL under Shp-deficient conditions.
Therefore, REV-ERBa. appears to have bidirectional tran-
scriptional effects as a repressor or an activator, depending
on the gene promoter as well as the context of lipid meta-
bolic dysregulation (NAFLD versus AFL). Of critical
importance, REV-ERBa knockdown prevents ethanol diet
plus ethanol binge—induced steatosis in Shp™’~ mice.
Interestingly, knockdown of REV-ERBa shows minimal
effect in altering lipid profile in WT mice fed with maltose
or ethanol, signifying the importance of REV-ERBa and
SHP cross talk in the control of ALD.?’

In conclusion, our study elucidates a crucial cross talk
between two circadian clock modulators, SHP and REV-
ERBa, to regulate AFL by the integration of ER stress
marker CHOP. SHP inhibits CHOP activation by REV-
ERBa; thus, the permanent loss of SHP repression in
Shpf/ ~ mice enhances CHOP induction by maltose, which
may contribute to the development of steatosis. In addition,
double deficiency of Shp and Rev-Erba prevented mice
from developing ethanol-induced steatosis. Because most
researchers in the alcohol field study ALD using samples
collected from a single time point, our study represents an
important shift in alcohol research by encompassing the
liver clock component. The knowledge gained from
this study is of clinical importance when developing thera-
peutic agents to target SHP and REV-ERBa in NAFLD
versus AFL.
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