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ABSTRACT: Autophagy, a lysosomal degradative pathway in response to nutrient limitation, plays an important regu-
latory role in lipid homeostasis upon energy demands. Here, we demonstrated that the endoplasmic reticulum-
tethered, stress-sensing transcription factor cAMP-responsive element-binding protein, hepatic-specific (CREBH)
functions as a major transcriptional regulator of hepatic autophagy and lysosomal biogenesis in response to nutritional
or circadian signals. CREBH deficiency led to decreased hepatic autophagic activities and increased hepatic lipid
accumulation upon starvation. Under unfed or during energy-demanding phases of the circadian cycle, CREBH is
activated to drive expression of the genes encoding the key enzymes or regulators in autophagosome formation or
autophagic process, including microtubule-associated protein 1B-light chain 3, autophagy-related protein (ATG)?7,
ATG2b, and autophagosome formation Unc-51 like kinase 1, and the genes encoding functions in lysosomal biogenesis
and homeostasis. Upon nutrient starvation, CREBH regulates and interacts with peroxisome proliferator-activated
receptor o (PPARa) and PPARYy coactivator 1o to synergistically drive expression of the key autophagy genes and
transcription factor EB, a master regulator of lysosomal biogenesis. Furthermore, CREBH regulates rhythmic expression
of the key autophagy genes in the liver in a circadian-dependent manner. In summary, we identified CREBH as a key
transcriptional regulator of hepatic autophagy and lysosomal biogenesis for the purpose of maintaining hepaticlipid
homeostasis under nutritional stress or circadian oscillation.—Kim, H., Williams, D., Qiu, Y., Song, Z., Yang, Z.,
Kimler, V., Goldberg, A., Zhang, R., Yang, Z., Chen, X., Wang, L., Fang, D., Lin, J. D., Zhang, K. Regulation of hepatic
autophagy by stress-sensing transcription factor CREBH. FASEB J. 33, 7896-7914 (2019). www.fasebj.org
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Autophagy, a cellular catabolic process in lysosome, de-
grades cytoplasmic components, abnormally accumulated
proteins, and damaged organelles. Autophagy is started
with the formation of phagophore, which expands and
forms autophagosome to engulf intracellular cargo, such
as cytoplasmic proteins, dysfunctional organelles, and
sequestrate cargo proteins (1-3). Autophagosome sub-
sequently fuses with lysosome that promotes the degra-
dation of autophagosomal substrates by lysosomal acid
proteases (4). Functionally, autophagy is known to play
an important role in maintaining cellular energy homeo-
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stasis and mobilizing nutrients, including carbohydrates,
lipids, and iron, under starvation or chronic metabolic
stress conditions (5-7). Starvation challenge induces tran-
scriptional activities to control the major autophagy steps
including autophagosome formation, autophagosome-
lysosome fusion, and substrate degradation (8-11).
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Lipid-specific autophagy, known as lipophagy, was iden-
tified in hepatocytes as a major pathway to degrade lipids,
and thus plays an important role in hepatic lipid homeo-
stasis (5, 6, 12, 13).

cAMP-responsive element-binding protein, hepatic-
specific (CREBH) is an endoplasmic reticulum (ER)-
tethered basic-region leucine zipper transcription factor of
the cAMP-responsive element-binding protein (CREB)/
activating transcription factor family (14, 15). CREBH is
selectively expressed in the liver and small intestines in mice
(16). Activation of CREBH is mediated through a process
called regulated intramembrane proteolysis, in which
CREBH transits from the ER to Golgi, where it is cleaved by
site-1 and -2 proteases to release the activated CREBH
fragment (14). Activated CREBH functions as a potent
transcription factor to drive expression of genes encoding
functions involved in hepatic acute phase response as well
as lipid and glucose metabolism (14, 17-21). Activation of
hepatic CREBH is regulated by a variety of stress signals,
including ER stress, inflammatory challenge, energy de-
mand, and circadian clock. We revealed that CREBH plays
key roles in energy homeostasis by: 1) regulating expression
of genes involved in hepatic lipolysis, fatty acid (FA) oxi-
dation, and lipogenesis (17); 2) activating fibroblast growth
factor 21 (FGF21) through interaction with peroxisome
proliferator-activated receptor a (PPARa) (18, 22); 3)
functioning as a circadian metabolic regulator (19); and 4)
promoting gluconeogenesis and glycogenolysis by activat-
ing expression of the genes encoding phosphoenolpyruvate
arboxykinase 1, glucose 6—phosphatase, and glycogen
phosphorylase, liver form (20). CREBH deficiency led to
profound nonalcoholic steatohepatitis and hyperlipidemia
phenotypes in mice fed a high-fat diet (17). In humans,
patients with hypertriglyceridemia display high-rate non-
sense mutations or rare genetic variant accumulation in the
CREBH gene (23-25).

In this study, we demonstrate that CREBH acts as a
major driver of energy supplies by promoting the hepatic
autophagy process upon energy demands or under the
circadian clock. As a transcription factor, CREBH activates
expression of the genes encoding the key components of
autophagy and lysosome biogenesis in mouse livers or
hepatocytes in response to nutrient starvation or across the
circadian clock. The findings from this study provide im-
portant novel insights into the regulation of both physio-
logic autophagy and energy homeostasis in the liver.

MATERIALS AND METHODS
Reagents

Glucagon, Oil Red O, and mouse monoclonal anti-B-actin or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
obtained from MilliporeSigma (Burlington, MA, USA). Goat
polyclonal anti-autophagy-related protein (Atg) 2B, mouse
monoclonal anti-lamin B1, rabbit polyclonal anti-transcription
factor EB (TFEB), and anti-CREB antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). Rabbit
monoclonal anti-Atg7 and monoclonal anti-autophagosome
formation Unc-51 like kinase 1 (Ulk1) antibodies were from Cell
Signaling Technology (Danvers, MA, USA). Rabbit polyclonal
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anti-microtubule-associated protein 1B-light chain 3 (LC3b)
antibody was from Novus Biologicals (Centennial, CO, USA).
Mouse monoclonal anti-sequestosome 1 (p62) antibody was
from Abcam (Cambridge, MA, USA). Mouse monoclonal anti-
PPARa antibody was from MilliporeSigma. Rabbit anti-CREBH
pAb was raised by immunizing rabbits with a mouse CREBH
protein fragment spanning N-terminal amino acids 75-250 of
mouse CREBH protein as previously described in Zhang et al.
(17). Anti-rabbit, anti-mouse, and anti-goat HRP-conjugated
secondary antibodies were from Promega (Madison, WI, USA).
SlowFade Gold Antifade Mountant with DAPI and Alexa Fluor
488 conjugate chicken anti-rabbit IgG (H + L) secondary anti-
body were from Thermo Fisher Scientific (Waltham, MA, USA).
Bodipy lipid probe was obtained from Molecular Probes
(Eugene, OR, USA).

Mouse experiments

CREBH-knockout (KO) mice in which exons 4-7 of the CrebH
gene were deleted were previously described in Luebke-Wheeler
etal. (16). CREBH-KO and wild-type (WT) control mice~3 mo on
a C57BL/6] background were used for the experiments. Brain
and muscle ARNT-like 1 (Bmall) flox/flox (fl/fl) mice were
purchased from The Jackson Laboratory (007668; Bar Harbor,
ME, USA) and crossed with Albumin-Cre transgenic mice
(003574) to obtain the liver-specific Bmall KO (Bmall-LKO)
mouse as previously described in Zheng et al. (19). For unfed
experiments, the mice were housed in cages containing Pure-
0’Cel bedding (Andersons Lab Bedding, Maumee, OH, USA)
bedding without food (with water provided) for 6,12, or 24 h. For
circadian studies, the mice were fed ad libitum and maintained in
12-h light/dark cycles. The mice were dissected every 4 h for a
period of 24 h. For adenovirus injection experiments, recombi-
nant adenovirus expressing the full-length human CREBH pro-
tein or the acetylation-deficient [Lys294Arg (K294R)] mutant
protein was injected into CREBH-KO mice through the tail vein
(22). Approximately 1 X 10'° plaque-forming units of adenovirus
in 0.25 ml PBS was intravenously injected into a mouse with a
body weight of ~20 g. All the animal experiments were approved
by the Wayne State University Institutional Animal Care and Use
Committee and carried out under the institutional guidelines for
ethical animal use.

Cell culture

Primary hepatocytes were isolated from WT or CREBH-KO mice
as previously described in Zheng ef al. (17). The primary hepa-
tocytes were stimulated with 25 nM glucagon for indicted time
point. For in vitro circadian synchronization of mouse primary
hepatocytes, the cells were subjected to serum shock (50% horse
serum) for 2 h, followed by replacing the shock medium with
serum-free medium. Cell lysates were collected at 6-h intervals
between 24 (circadian 0 h) and 48 h (circadian 24 h) postserum
shock for Western blot analysis. Mouse hepatoma cell line
Hepal-6 was cultured in DMEM containing 10% fetal bovine
serum and 100 U/ml penicillin/streptomycin.

Lipid staining

Mouse liver tissues were embedded with optimal cutting tem-
perature compound and stored at —80°C. For Oil Red O staining,
frozen sections from liver were fixed with 10% formalin, followed
by incubation with Oil Red O solution (0.3% Oil Red O in 60%
isopropanol) for 15 min. Slides were mounted in aqueous
mounting medium. For boron dipyrromethene (BODIPY)
staining of lipid droplet, the cells stimulated with 25 nM
glucagon for indicated time were washed with PBS, fixed with
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3% formaldehyde, and stained with working Bodipy 493/503
solution (final 1 pg/ml; Thermo Fisher Scientific). Cells were
then mounted with Prolong gold antifade reagent containing
DAPI (DAPI; Thermo Fisher Scientific).

Immunofluorescence

Frozen liver tissues were sectioned at 8-pm thickness on glass
plates. The cryosections were air-dried and fixed with 4% form-
aldehyde. The cells grown on a glass coverslip were treated with
25 nM glucagon for the indicated time and washed with PBS and
then fixed with 4% formaldehyde. The fixed cells were incubated
with the primary LC3b or hepatocyte nuclear factor 4o antibody
overnight at 4°C, followed by incubation with Alexa Fluor 488- or
594-conjugated anti-rabbit secondary antibody. Cells were then
mounted with Prolong gold antifade reagent containing DAPL
The images were observed by using a Zeiss fluorescent micros-
copy (Carl Zeiss, Oberkochen, Germany).

Western blot and coimmunoprecipitation analysis

Equal amounts of denatured mouse liver protein lysates were run
on SDS-polyacrylamide gels and then transferred to PVDF
membranes. The blots were incubated with the primary antibody
(1:1000 dilution) overnight at 4°C and then incubated with sec-
ondary antibody conjugated to horseradish peroxidase (1:10,000)
for 1 h at room temperature. For coimmunoprecipitation, 300 p.g
of protein extracts were incubated with 20 .l of protein A agarose
beads and 3 g of CREBH antibody in total volume of 500 p.l at
4°C overnight with rotation. After centrifugation, the superna-
tant containing nonbound protein was removed and 1X sample
buffer was added. The eluted proteins were separated by SDS-
PAGE for Western blot analysis.

Real-time quantitative PCR

Total RNA from liver was extracted using Trizol by following the
manufacturer’s instructions, and cDNA was synthesized from
500 ng of total RNA with High Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher Scientific). The abundance of mRNA
was measured by real-time quantitative PCR (qPCR) analysis
using the SYBR Green PCR Master Mix (Thermo Fisher Scien-
tific). PCR was carried out with 96-well plate using Applied
Biosystems 7500 Real-Time PCR Systems (Thermo Fisher Scien-
tific). Mouse B-actin was used as a reference gene. The sequences
of the primer sets are listed in Supplemental Table S1.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were carried out
with mouse liver tissue or Huh? cells as previously described in
Kim et al. (18). Antibodies used for immunoprecipitation were
CREBH and PPARa, and immunoprecipitated DNA was puri-
fied using DNA Clean and Concentration Kit (Zymo Research,
Irvine, CA, USA). The purified DNA was amplified using pri-
mers listed in Supplemental Table S2 to analyze the binding of
CREBH or PPAR« to target promoter regions, and the PCR
products were separated by electrophoresis on a 1% agarose gel
and visualized by ethidium bromide staining.

EMSA

EMSAs were performed using a Chemiluminescent Nucleic
Acid Detection Module Kit (Thermo Fisher Scientific). The 5’
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biotin-labeled oligonucleotides were synthesized from In-
tegrated DNA Technologies (Coralville, IA, USA), and se-
quences are listed in Supplemental Table S2. The protein
extracts from hepatic extract or in vitro-translated proteins
were incubated with an annealed probe for 30 min at room
temperature. The DNA-protein complexes were resolved by
electrophoresis on a 5% nondenaturing polyacrylamide gel
and detected on X-ray film.

Transmission electron microscopy

Mouse tissues were initially fixed by cardiac perfusion using
2% paraformaldehyde and 2.5% glutaraldehyde in Millonig’s
phosphate buffer. Livers were immediately removed, dissected
into small cubes, immersed in the same solution, and stored at
4°C overnight. Liver tissue was osmicated, en bloc stained with
uranyl acetate, dehydrated with ethanol, infiltrated with Polybed
812, and polymerized overnight at 60°C. Thin sections were
poststained with uranyl acetate and lead citrate, visualized on a
FEI Morgagni transmission electron microscope (TEM; Thermo
Fischer Scientific), and imaged using a side-mount Hamamatsu
Orca-HR digital camera (Hamamatsu Photonics, Hamamatsu
City, Japan) and AMT Image Capture Engine V601 software
(Advanced Microscopy Techniques, Woburn, MA, USA). To
estimate the autophagosome content, overlapping images were
acquired from randomly selected cells at X8900 magnification.
Montaged images were inspected and scored for the presence of
lipid droplets, lipophagic vesicles, and nonlipid autophagic
vesicles, using the ImageJ [National Institutes of Health (NIH),
Bethesda, MD, USA] software cell counter plugin. The auto-
phagosome number or size was examined manually, and the
cytoplasmic area is measured using Image].

Statistical analysis

Experimental results are shown as means * sem (for variation
between animals or experiments). The mean values for bio-
chemical data from the experimental groups were compared by a
paired or unpaired, 2-tailed Student’s t test. When more than 2
treatment groups were compared, 1-way ANOVA followed by
least significant difference post hoc testing was used. Statistical
tests with P = 0.05 were considered significant.

RESULTS

CREBH deficiency increases unfed-induced
hepatic lipid accumulation

To characterize the functional involvement of CREBH in
hepatic lipid homeostasis, we did not feed CREBH-KO
and WT control mice for 6, 12, and 24 h, respectively. Oil
Red O staining of lipid droplets with the liver tissue sec-
tions of CREBH-KO and WT mice showed that CREBH-
KO mouse livers displayed significantly increased lipid
accumulation in a time-dependent manner, compared to
WT mice, upon unfed challenge (Fig. 14). However, under
fed conditions, there was no detectable hepatic lipid ac-
cumulation in CREBH-KO or WT mice. These results
suggested that CREBH activity prevents exacerbation of
unfed-induced hepatic steatosis and that hepatic steatosis
caused by CREBH deficiency depends on unfed challenge.
Consistent with the results of hepatic lipid staining,
quantitative enzymatic analysis confirmed a significant
increase in hepatic triglyceride (TG) levels in CREBH-KO
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Figure 1. CREBH deficiency attenuates hepatic lipid degradation and elevates hepatic lipid accumulation in mice under unfed
conditions. A) CREBH-KO and WT control mice were fed normal chow or were unfed for 6, 12, and 24 h, respectively. Hepatic
lipids were visualized by Oil Red O staining with frozen liver tissue sections. B, C) Enzymatic analysis of hepatic (B) and serum
(C) TG levels in CREBH-KO and WT mice under feeding or after a 6, 12, or 24 h nonfeeding. Each bar denotes means * SeMm (n =
3). *P = 0.05, **P = 0.01. Student’s ¢ test was applied. D) Primary hepatocytes isolated from CREBH-KO and WT mice were
incubated with Glucagon (25 nM) for indicated time intervals. Hepatic lipids in CREBH-KO and WT mouse primary hepatocytes
were stained with BODIPY and visualized by fluorescence microscopy. Cells were mounted with mounting solution containing
DAPI for nuclei (blue). Original magnification: X200 (A); X400 (D).

mice after being unfed (Fig. 1B). The CREBH-KO mice To validate the function of CREBH in preventing
exhibited increased levels of serum TG compared to the unfed-induced hepatic lipid accumulation, we examined
control mice under the unfed conditions (Fig. 1C). cytosolic lipids in CREBH-KO and WT mouse primary
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hepatocytes stimulated with glucagon, a hormone that
controls metabolic adaptation in the liver upon starva-
tion (22). Although the control primary hepatocytes
showed modest hepatic lipid accumulation, the CREBH-
KO primary hepatocytes displayed a time-dependent
increase in lipid droplet accumulation in response to
glucagon treatments for 6, 12, and 12 h (Fig. 1D). In
particular, the CREBH-KO hepatocytes exhibited a high
degree of macrosteatosis, which was characterized by
augmented cytosolic lipid accumulation, as shown by
BODIPY fluorescence staining (Fig. 1D). These results
confirmed the functional involvement of CREBH in
mitigating hepatic lipid droplet accumulation triggered
by energy demands.

CREBH is required for the induction of hepatic
autophagy triggered by starvation

In the liver, hepatic autophagy (or lipophagy) is a cellular
process that is activated in response to nutrient limitation,
resulting in the degradation of cytoplasmic components,
particularly lipid droplets, to provide a source of nutrients
and metabolic fuel (26). Given massive cytosolic lipid ac-
cumulation observed in unfed-challenged CREBH-null
livers or glucagon-stimulated primary hepatocyte, we in-
vestigated potential involvement of CREBH in hepatic
autophagy in response to starvation. Autophagy can be
measured by induction and conversion of LC3b, a central
protein in the autophagy pathway that functions in auto-
phagosome membrane expansion and fusion events (27).
To test whether CREBH is required for unfed-induced
autophagic activity, we examined induction of LC3b in the
livers of CREBH-KO and WT control mice upon being
unfed. As shown by immunofluorescent staining, the
presence of LC3b protein in hepatocytes of WT mice was
gradually increased in response to being unfed for 12 and
24 (Fig. 2A). In contrast, unfed-induced presence of LC3b
in the CREBH-KO mouse livers was diminished. Cos-
taining of LC3b and hepatocyte nuclear factor 4o con-
firmed unfed-induced autophagy activities in the WT
mouse livers were from hepatocytes (Supplemental Fig.
S1). Together, these data suggested a critical role of
CREBH in hepatic autophagy upon starvation. Further,
we examined production of LC3b in CREBH-KO and WT
mouse primary hepatocytes challenged with glucagon.
Whereas WT hepatocytes expressed LC3b protein under
glucagon stimulation in a time-dependent manner,
CREBH-KO hepatocytes displayed a diminished in-
duction of LC3b upon glucagon challenge (Fig. 2B), thus
confirming the requirement of CREBH for hepatic
autophagic activity under energy demands.

During the autophagic process, LC3b is hydrolyzed to a
cytosolic form (LC3-I), which is conjugated to phosphati-
dylethanolamine to form lipid-modified LC3b form (LC3-
II) (27). LC3-11 is recruited to autophagosomal membranes
and promotes autophagosomes fusing with lysosomes
to form autolysosomes. Therefore, conversion of LC3-1
to LC3-II and lysosomal turnover of LC3-II reflects
starvation-induced autophagic activity, and detecting the
ratio of LC3-II vs. LC3-1 by immunoblotting has been a
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reliable method for monitoring autophagic activity. To
further clarify whether hepatic autophagy activity is reg-
ulated by CREBH, we injected a single dose of PBS or
leupeptin—a lysosomal protease inhibitor that enables
quantitative evaluation of autophagic flux in mouse livers
based on LC3b protein turnover (28)—into CREBH-KO
and WT control mice. As shown in Fig. 2C, D, in response
to being unfed for 6,12, or 24 h, the rates of LC3-I to LC3-II
conversion in the livers of the WT mice were consistently
higher than those in the livers of CREBH-KO mice. Fol-
lowing leupeptin injection, the levels of autophagy flux,
reflected by conversion and turnover of LC3-II protein
during the unfed periods, were significantly lower in the
livers of CREBH-KO mice compared to those of WT con-
trol mice (Fig. 2C, D). We next performed TEM on liver
samples to assess autophagosome formation in the livers
of CREBH-KO and WT mice under the feeding or unfed
condition. Consistent with the immunostaining and
autophagic flux studies, the amount of autophagosomes
formed in the livers of WT mice were significantly more
than that formed in the livers of CREBH-KO mice under
the normally fed condition or after 14 h of being unfed (Fig.
2E). Additionally, we examined the size of autophago-
somes in the livers of WT and CREBH-KO mice. The size of
autophagosomes present in the CREBH-KO mouse liver
was not significantly changed compared to that of WT
mouse liver under the feeding or unfed condition (Sup-
plemental Fig. S2A). Together, these results indicate that
unfed-induced hepatic autophagy activity, as indicated by
the levels of LC3-I to LC3-II conversion and autophago-
some formation, is significantly reduced in the liver of
CREBH-KO mice.

CREBH regulates expression of the genes
encoding key components of autophagy
and lysosome biogenesis in the liver

To understand the mechanism by which CREBH regulates
hepatic autophagy, we examined whether CREBH, as an
unfed-inducible transcriptional activator, regulates ex-
pression of the genes encoding the components or regu-
lators of autophagy and lysosomal biogenesis in the liver.
Through a microarray analysis with CREBH-KO and WT
mouse livers that we previously accomplished (17), we
found that the transcripts encoding the key autophagy
components were down-regulated in the livers of CREBH-
KO mice. qPCR analysis showed that expression levels of
the Lc3b gene in WT mouse livers were increased in re-
sponse to being unfed in a time-dependent manner (Fig.
3A). In contrast, unfed-induced expression of the Lc3b gene
was not observed in the livers of CREBH-KO mice. The
unfed-induced expression pattern of the Lc3b gene was
correlated with the increases in both expression and pro-
teolytic activation of CREBH protein but not CREB, an-
other basic-region leucine zipper transcription factor of the
CREB/activating transcription factor family that can po-
tentially bind to the promoters of the CREBH-targeted
genes (17, 18), in the livers of WT mice (Supplemental Fig.
S2B, C). Further, qPCR analysis indicated that expression
levels of the mRNAs encoding major autophagic enzymes
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Figure 2. CREBH is required for starvation-induced hepatic autophagy activity and autophagosome formation. A)
Immunofluorescence staining of LC3b protein in the liver sections from CREBH-KO and WT mice fed normal chow or unfed for
12 or 24 h. Liver tissue sections were stained with DAPI for nuclei (blue). Original magnification, X40. B) Primary hepatocytes
isolated from CREBH-KO and WT mice were incubated with 25 nM Glucagon for indicated time periods. LC3b protein was
visualized by immunofluorescence staining. Cell nuclei stained by DAPI in blue. Original magnification, X400. C) Western blot
analyses of LC3b (LC3-I and LC3-II) protein levels in the livers of CREBH-KO and WT control mice subjected to being unfed for
6, 12, and 24 h. The mice were injected with PBS or Leupeptin 3 h before tissue harvest. Pooled samples from 3 mice were used
for each lane. Levels of GAPDH were determined as loading controls. D) Quantitation of in vivo autophagy flux based on the
Western blot analyses of LC3-II and LC3-I protein levels in the livers of mice injected with Leupeptin as described in C. Following
normalization to GAPDH, ratios of Leupeptin-induced LC3-II vs. LC3-I protein in mouse livers were determined for each time
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or regulators, including ATG7, ATG2b, and ULK1, were
significantly reduced in the livers of CREBH-KO mice
compared to those of WT control mice under unfed con-
ditions (Fig. 3A). To validate the role of CREBH in driving
expression of the autophagy genes in the liver, we over-
expressed an activated form of CREBH in mouse livers
through tail vein injection of the recombinant adenovirus
expressing CREBH into WT mice. qPCR analyses in-
dicated that overexpression of the activated CREBH sig-
nificantly increased expression of the genes encoding
LC3b, ATG7, ATG2b, and ULK1 in the liver (Fig. 3B). The
results from the loss- and gain-of-function studies sug-
gested that CREBH is a key transcriptional activator of Lc3,
Atg7, Atg2b, and Ulk1 gene expression in mouse livers.
Next, we verified whether CREBH regulates expression
of LC3b, Atg7, Atg2b, and Ulkl in the liver at the protein
level. As shown by the Western blot analyses, levels of
expression and proteolytic activation of CRBEH protein
were increased in the livers of WT mice in response to
being unfed (Fig. 3C and Supplemental Fig. S3A). Along
with the increases in hepatic CREBH expression and acti-
vation, LC3b expression levels and rates of LC3-1 to LC3-11
conversion were increased in the livers of WT mice upon
being unfed (Fig. 3C). In comparison, unfed-induced ex-
pression and conversion of LC3 in the livers of CREBH-KO
mice were reduced compared to that of WT control mice.
Similarly, unfed-induced expression of ATG7, ATG2b, or
ULK1 was also decreased in the livers of CREBH-KO mice.
Additionally, we examined the expression of P62, a pro-
tein that interacts with LC3 and delivers autophagy cargos
for lysosomal degradation (29). P62 is both an essential
component and a target of autophagy and is therefore
reversely correlated with autophagy activities. Levels of
P62 protein were increased in the livers of CREBH-KO
mice after being unfed (Fig. 3C), thus confirming the re-
duction of unfed-induced hepatic autophagy in the ab-
sence of CREBH. Furthermore, we examined protein
levels of LC3b, ATG7, ATG2b, ULK1, and P62 in the livers
of CREBH-KO and WT control mice overexpressing the
activated form of CREBH or green fluorescent protein
(GFP) control. Supporting the role of CREBH in driving
expression of the key autophagic components, over-
expression of the activated CREBH significantly increased
the levels of expression or conversion of LC3b, ATG?,
ATG2b, and ULK1 proteins in the livers of CREBH-KO
mice as well as, to a greater extent, WT mice (Fig. 3D and
Supplemental Fig. S3B). Additionally, CREBH was also
required for unfed-induced expression of the genes
encoding the key enzymes or components of lysosome
biosynthesis in the liver. qPCR analyses indicated that
expression levels of the genes encoding: 1) lysosomal hy-
drolase and accessory proteins, including cathepsin A
(CTSA), glucocerebrosidase (GBA), GLA, and prosaposin
(PSAP); 2) lysosomal membrane components, including
chloride voltage-gated channel 7 (CLCN7) and mucolipin

1 (MCOLN1); and 3) the lysosomal acidification enzyme
ATPase H" transporting V1 subunit H (ATP6V1H) were
significantly reduced in the livers of CREBH-KO mice
compared to those of WT control mice in response to being
unfed (Supplemental Fig. 54).

CREBH activates the transcription of
autophagy genes through direct
promoter occupancy

To understand the molecular basis underlying CREBH-
mediated transcriptional regulation of hepatic autophagy,
we studied cis-regulatory elements in the promoter re-
gions of the CREBH-regulated autophagy genes. Highly
conserved CRE-binding DNA sequences were identified
in the promoter regions of the Lc3, Atg7, Atg2b, and Ulk1
genes of both human and mouse species (Supplemental
Fig. S5). To test whether CREBH can bind to the promoter
region of the key autophagy gene, we first performed
EMSA with a mouse Lc3 gene promoter oligo containing
the CRE-binding consensus sequence (nt —14 to —53) and
the liver nuclear extract (NE) from CREBH-KO and WT
mice under feeding or after being unfed for 6, 12, or 24 h.
Binding activities to the Lc3 gene promoter were detected
with the liver NE from the WT mice, and these activities
wereincreased in a time-dependent manner in response to
being unfed (Fig. 3E). In contrast, binding activity of the
liver NE of CREBH-KO mice to the Lc3 gene promoter
oligo was not detectable, suggesting that CREBH indeed
binds to the Lc3 gene promoter. Further, we performed
EMSA with the Lc3 gene promoter oligo and the liver NE
from CREBH-KO mice expressing the activated form of
CREBH, an acetylation-deficient CREBH isoform (K294R),
or GFP control. When CREBH, but not GFP, was overex-
pressed, shifted binding signals, which reflected the
binding activities to the Lc3 gene promoter, were detected
(Fig. 3F). However, the NE from the mouse livers
expressing K294R, a CREBH isoform containing a site
mutation that prevents lysine (K)-linked acetylation and
thus disrupts CREBH transcriptional activity (22), dis-
played diminished binding activities to the Lc3 gene pro-
moter (Fig. 3F). Together, these results confirmed the
capability of the functional CREBH to directly bind to the
Lc3 gene promoter.

It was also reported that PPAR«a regulates autophagy
by activating expression of LC3b (10). We examined the
presence of both CREBH- and PPARa-binding sequences
in the promoter regions of the major autophagy genes. The
Lc3 gene contains both the cAMP-response element (CRE)-
and PPRE-binding sequences in the proximal promoter
region (Supplemental Fig. S5). To evaluate the binding
activities of CREBH and PPARa to the Lc3b gene pro-
moter, we carried out ChIP analysis with the liver tissue
samples from CREBH-KO and WT mice under feeding or

point. The fold changes of LC3-II vs. LC3-I ratios were shown. Data represent means * sem (n = 3). *P = 0.05, ¥**P = 0.01. E)
TEM of liver tissue sections from CREBH-KO and WT control mice under feeding or after being unfed for 14 h. Scale bars,
500 nm. Arrows indicate double-membraned autophagosomes. The graph shows quantitation of autophagosome abundance.
Data represent means = sb (n = 12 for WT fed; 22 for KO fed; 23 for WT unfed; and 17 for KO unfed). *P < 0.05, **P < 0.01.
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Figure 3. CREBH directly regulates expression of the key autophagy genes in the liver in response to being unfed. A) Expression
levels of L¢3b, Atg7, Atg2b, and Ulkl mRNAs in the livers of CREBH-KO and WT mice under feeding conditions or after being
unfed for 6, 12, or 24 h. mRNA expression levels were determined by qPCR. Fold changes in mRNA levels were determined by
comparison to the mRNA levels in one of the WT control mice under the feeding condition. Data represent means * SEM (n=3).
*P = 0.05, ¥*P = 0.01. B) Expression levels of Atg7, Atg2b, Ulkl, and L¢3b mRNAs in the livers of mice infected with Adenovirus
(Ad) overexpressing GFP or activated CREBH. mRNA expression levels were determined by qPCR. Fold changes in mRNA levels
were determined. Data represent means = seM (n = 3). *P = 0.05, **P = 0.01. C) Western blot analysis of CREBH, LC3b, ATG7,
ATG2b, P62, and Ukl proteins in the livers of CREBH-KO and WT mice under feeding conditions or after being unfed for 6, 12,
or 24 h. Levels of B-actin were determined as loading controls. CREBH (P), CREBH precursor; CREBH (A), activated/cleaved
form of CREBH; LC3-1, a cytosolic form of LC3b; LC3-11, lipid-modified LC3b form. D) Western blot analysis of CREBH, LC3b,
ATG7, ATG2b, and Ulkl proteins in the livers of CREBH-KO and WT mice infected with Ad overexpressing GFP or activated
CREBH. E) Binding activities of mouse liver NEs to the CRE-binding motif of the mouse L¢3 gene promoter. NEs were prepared
from the livers of CREBH-KO and WT control mice under feeding or after being unfed for 6, 12, or 24 h. EMSA was performed
with liver NEs and biotin-labeled L¢3 gene probe containing the CRE-binding motif. F) Binding activities of mouse liver NE
expressing GFP, CREBH, or the CREBH mutant K294R to the CRE-binding motif of the mouse Lc3b gene. NE was prepared from
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after 12 h of being unfed. Binding activities of CREBH or
PPARax to the mouse endogenous Lc3 gene promoter re-
gion containing the CRE- and PPRE-binding motifs were
detected in the livers of WT mice, and these activities were
increased in response to being unfed (Fig. 3G). In-
terestingly, although binding activities of PPAR« to the
Lc3 gene promoter can be detected in the CREBH-KO
mouse livers, CREBH deficiency eliminated unfed-
induced increase in PPARa binding activities to the Lc3
gene promoter in the liver (Fig. 3G), suggesting that
CREBH may synergize PPARa binding to the Lc3 gene
promoter in the liver upon being unfed. Additionally, we
examined the binding activities of CREBH or PPARa to
the Atg7, Atg2b, and Ulkl gene promoters in the liver
through ChIP analysis. We were able to detect unfed-
induced CREBH binding activities to the endogenous
Atg7, Atg2b, or Ulk1 gene promoter in the livers of WT
mice (Fig. 3G). However, no PPARa binding activity to
the Atg7, Atg2b, or Ulkl gene promoter was detected in
the mouse livers, suggesting that PPARa may not di-
rectly activate expression of these genes.

CREBH interacts with PPAR« to regulate
expression of hepatic autophagy genes
in response to being unfed

Our ChIP analyses indicated that CREBH and PPAR« act
in synergy to bind to the promoter region of the Lc3b gene
but not the Atg7, Atg2b or Ulk1 genes (Fig. 3G). To validate
the interactive relationship between CREBH and PPAR«
in driving expression of the autophagy genes, we exam-
ined the interaction between CREBH and PPAR in the liver
of mice upon being unfed. IP-Western blot analysis
showed that the levels of CREBH protein associated with
PPARa were increased in a time-dependent manner in the
livers of WT mice subjected to being unfed for 6, 12, and
24 h (Fig. 4A). To test the synergistic effect of CREBH and
PPARw on activating the autophagy genes, we performed
autophagy gene reporter analysis with overexpression of
CREBH or PPAR« in the murine hepatocellular carcinoma
cell line Hepal-6. Reporter analysis showed that either
CREBH or PPARa can significantly increase expression of
luciferase reporter under the control of the human Lc3b
gene prompter (Fig. 4B). Importantly, coexpression of
CREBH and PPARa drove the expression of the Lc3b
promoter reporter to a level higher than that driven by
expression of CREBH or PPARa alone, suggesting an
additive effect of CREBH and PPAR«a on promoting Lc3b
expression. However, CREBH, but not PPARa, can in-
crease expression of the Ulkl gene promoter reporter (Fig.
4C). Coexpression of CREBH and PPARa failed to increase

expression levels of the Ulkl promoter reporter compared
with expression of CREBH alone. This is consistent with
the observation that CREBH, but not PPAR«, can bind to
the promoter of the Atg7, Atg2b, and Ulk1 genes (Fig. 3G).
Furthermore, we performed ChIP analysis with the hu-
man hepatocellular cell line Huh-7 expressing activated
CREBH or PPARa« protein. Binding activity of CREBH or
PPARa to the human LC3b gene promoter region con-
taining the CRE or PPRE motifs can be detected with the
NEs from Huh-7 cells overexpressing CREBH or PPARa
but not GFP control (Fig. 4D). Importantly, binding ac-
tivity of CREBH or PPARa« to the LC3b gene promoter in
the cells expressing both CREBH and PPARa was sig-
nificantly increased, compared with that in the cells
expressing either CREBH or PPAR« alone (Fig. 4D). These
results suggest that both CREBH and PPARa may be
recruited to the LC3b gene promoter, and both factors are
likely interactive to enhance their binding activities. This is
consistent with the observation that CREBH and PPAR«a
can interact and act in synergy to activate the LC3b gene
promoter (Fig. 4A, B). Additionally, we examined the
binding activities of CREBH or PPARa to the ATG7,
ATG2b, and ULK1 gene promoters in Huh7 cells express-
ing PPARa or CREBH. ChIP assay confirmed that
CREBH, but not PPARe, can directly bind to the human
ATG7, ATG2b, and ULK1 gene promoters in Huh-7 cells
(Fig. 4D).

Next, we evaluated the regulation of the key autophagy
gene expression by CREBH or PPARa in CREBH-KO and
PPARa-KO mice reconstituted by PPARa or CREBH
overexpression. Expression level of the Lc3b gene in the
livers of CREBH-KO mice were reduced, compared to that
of WT control mice, under the feeding or 14-h unfed con-
dition (Fig. 4E). Overexpression of PPARa can partially
restore expression levels of the Lc3b transcripts in the
CREBH-KO livers under unfed conditions. Moreover, al-
though expression levels of the Atg7, Atg2b, and Ulkl
genes in the livers of CREBH-KO mice were significantly
reduced (Fig. 4F), overexpression of PPAR« failed to res-
cue expression of the Atg7, Atg2b, and Ulk1 genes in the
CREBH-null livers, which is consistent with the observa-
tion that PPAR« did not bind to or activate the promoter of
the Atg7, Atg2b, and Ulk1 genes (Fig. 4C, D). On the other
hand, expression levels of the Lc3b gene were reduced in
the livers of PPARa-KO mice under the feeding or after
being unfed (Fig. 4G). Overexpression of the activated
form of CREBH significantly increased expression of the
Lc3b gene to a level comparable to that in WT mice under
unfed conditions. Additionally, expression of the Atg7,
Atg2b, or Ulk1 gene in the livers of PPARa-KO mice was
not reduced, compared to those of WT mice (Fig. 4H).
Overexpression of CREBH increased expression levels of

the livers of WT mice infected with Ad expressing GFP, CREBH (activated form), or K294R. EMSA was performed using the liver
NEs and biotin-labeled L¢3b gene probe containing the CRE-binding motif. G) ChIP analysis of CREBH- and PPARa-binding
activities to the endogenous Lc¢3b, Atg7, Atg2b, and UlkI gene promoters in the livers of CREBH-KO and WT mice under feeding
or after being unfed for 12 h. For ChIP-PCR, isolated mouse chromatins were immunoprecipitated with the antibody against
CREBH (C), PPARa (P), or no antibody (N). Nonimmunoprecipitated chromatins were included as input controls (I). PCR
reactions were conducted using the primers amplifying the CRE or PPRE-binding motif present in the Lc3b, Atg7, Atg2b, or Ulkl
gene promoter. The amplified PCR products were visualized on agarose gels.
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Figure 4. CREBH interacts with PPARa to regulate expression of LC3b in the liver upon being unfed. A) IP and Western blot
analysis of interactions between CREBH and PPAR« in the livers of mice under feeding or after being unfed for 6, 12, or 24 h.
Total liver protein lysates pooled from 3 mice per group were immunoprecipitated with the anti-CREBH antibody, followed by
immunoblotting with the anti-PPAR«a or anti-CREBH antibody. Levels of B-actin were determined by Western blot analysis as
input controls. B, C) Luciferase reporter (Rep) analyses of transcriptional activation of the human LC3b (B) or Ulkl (C) gene
promoter by CREBH alone or in combination with PPARa. Hepal-6 cells were transduced with the reporter vector or a vehicle.
After 24 h, the transfected cells were infected with Ad expressing GFP (control), CREBH, or PPARa. A Renilla reporter plasmid
was included in the cotransfection for the normalization of luciferase reporter activities. The same adenovirus titers were used for
individual infections. Data represent means * sEM (n = 3 biologic repeats). Non-transf, nontransfected cell control. *P = 0.05,
##*P = (.01. D) ChIP analysis of CREBH and PPARa binding activities to the LC3b, Atg7, Atg2b, and Ulkl gene promoters in Huh-7
cells infected with Ad expressing GFP, the activated CREBH, PPARq, or the same titer combination of CREBH-expressing and
PPARa-expressing Ad. An anti-CREBH (C) or anti-PPARa (P) antibody was used to pull down the exogenously expressed
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the Atg7, Atg2b, or UIk1 transcripts in the livers of PPARa-
KO mice (Fig. 4H). Taken together, these results suggested
that CREBH and PAPRa interact and act in synergy to
regulate expression of Lc3b but not Atg7, Atg2b, or Ulk1.

PPARYy coactivator 1« acts as a coactivator of
CREBH to regulate expression of hepatic
autophagy genes upon nutrient starvation

In response to energy demands or nutritional cues, PPARy
coactivator la (PGCla) functions as a major transcrip-
tional coactivator by docking to specific nuclear receptors
or transcription factors to provide a platform for the re-
cruitment of regulatory transcriptional complexes (30). To
test the interactive relationship between CREBH and
PGCle in driving expression of the autophagy genes, we
first examined the interaction between CREBH and
PGCla in the liver of mice upon not being fed. IP-Western
blot analysis showed that the levels of CREBH pro-
tein associated with PGCla were increased in a time-
dependent manner in the livers of WT mice subjected to
being unfed for 6, 12, and 24 h (Fig. 5A). Next, we tested
whether PGCla is in complex with CREBH that binds to
the CREBH-target autophagy genes. The promoter re-
gions of the Lc3, Atg7, Atg2b, and Ulk1 genes of both hu-
man and mouse species possess highly conserved DNA
sequences of CREBH but not PGCla (Supplemental Fig.
S5). Because our ChIP analyses have revealed unfed-
induced CREBH binding activities to the Lc3b, Atg7, Atg2b,
and Ulkl gene promoter in mouse livers (Fig. 3G), we
performed ChIP analyses to examine whether CREBH can
bind to the mouse liver chromatins pulled down by the
PGCla antibody. Binding activities of CREBH to the
PGCla-precipitated Le3b, Atg7, Atg2b or UlkI gene pro-
moter were detected in the livers of WT mice, and these
activities were increased after 12 h of being unfed (Fig. 5B).
These results confirmed PGCla’s function as a coactivator
to complex with CREBH to bind to the autophagy gene
promoters.

To evaluate the potential synergistic effect of CREBH and
PGCla on activating the autophagy genes, we performed
autophagy gene reporter analysis with overexpression of
CREBH or PGCla in the murine hepatocellular carcinoma
cell line Hepal-6. Reporter analysis showed that CREBH,
but not PGCla, can significantly increase expression of lu-
ciferase reporter under the control of the human Lc3b or Ulk1
gene prompter (Fig. 5C, D). Coexpression of CREBH and
PGCla drove the expression of the Lc3b or Ulk] gene pro-
moter reporter to levels higher than those driven by ex-
pression of CREBH alone, suggesting additive effects of
CREBH and PGCla on promoting Lc3b or UlkI gene ex-
pression. These results are consistent with the function of

PGCla as a coactivator of CREBH in driving expression of
the Atg7, Atg2b, and Ulkl genes in response to nutrient
starvation.

CREBH promotes starvation-induced
expression and subcellular translocation
of TFEB through regulating PPAR«

Next, we examined whether CREBH is functionally as-
sociated with TFEB, a master regulator of lysosomal
biogenesis and autophagy (31), in unfed-induced hepatic
autophagy. Upon nutrient starvation, TFEB is induced
and rapidly translocated into nucleus to activate a tran-
scriptional program that controls major autophagy steps,
including autophagosome formation, autophagosome-
lysosome fusion, and substrate degradation (32). We
examined the presence of TFEB protein in the livers of
CREBH-KO and WT mice under the feeding or unfed
condition. Western blot analyses with liver subcellular
protein fractions showed that the levels of nuclear TFEB
or total (cytosolic and nuclear) TFEB protein were in-
creased in WT mouse livers in response to being unfed
(Fig. 6A). In comparison, the levels of nuclear TFEB
protein in the livers of CREBH-KO mice were signifi-
cantly reduced, compared to those of WT mice, under
unfed conditions (Fig. 6A). Further, qPCR analyses in-
dicated that expression levels of the Tfeb transcript were
significantly decreased in the livers of CREBH-null mice
upon not being fed (Fig. 6B). It was known that TFEB is
induced by starvation through an autoregulatory feed-
back loop via PPARa and PGCla to exert a broad tran-
scriptional control on autophagy process and lipid
catabolism (31, 33). We evaluated whether CREBH reg-
ulates TFEB expression in the liver through regulating
PPARa and PGCla. Similar to the expression profile of
the Tfeb gene, expression levels of the Ppara and Pgcla
genes were decreased in the liver of CREBH-KO mice
under unfed conditions (Fig. 6C, D). Based on the pro-
moter sequence analysis of the Tfeb gene, both CRE- and
PPRE-binding motifs were identified in the promoter
region of mouse Tfeb gene (Supplemental Fig. S5).
However, ChIP analysis showed that CREBH did not
bind to the CRE-binding motifs present in the Tfeb gene
promoter in the mouse liver after being unfed (Fig. 6E). In
contrast, PPARa exhibited strong binding activity to the
PPRE-binding motif in the Tfeb gene promoter in the
unfed mouse liver. Further, NE from Huh?7 cells over-
expressing the activated form of CREBH did not exhibit
binding activity to the human TFEB gene promoter,
whereas NE from Huh7 cells overexpressing PPAR«
displayed strong binding activity to the human TFEB
promoter (Fig. 6F). Interestingly, when PPARa and

activated CREBH or PPAR« binding complex from the chromatins isolated from the Huh-7 cells. PCR reactions were conducted
using the primers amplifying the CRE or PPRE-binding motif present in the L¢3b, Aig7, Atg2b, or Ulkl gene promoter. N, no
antibody; I, input controls (nonimmunoprecipitated chromatin). E, F) Levels of the L¢3b (E), Atg7, Atg2b, and Ulkl mRNAs (F) in
livers of WT mice, CREBH-KO mice, or CREBH-KO mice infected with Ad expressing GFP or PPAR« after being unfed for 14 h.
G, H) Levels of the L¢3b (G), Atg7, Atg2b, and Ulkl mRNAs (H) in livers of WT mice, PPARa-KO mice, or PPARa-KO mice
infected with Ad expressing GFP or the activated form of CREBH after being unfed for 14 h. F-H) mRNA expression levels were
determined by qPCR. Fold changes in mRNA levels were determined. Data represent means * sgM (n = 3). ¥*P = 0.05, **P = 0.01.
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Figure 5. PGCla interacts with CREBH to regulate expression of hepatic autophagy genes upon nutrient starvation. A) IP and
Western blot analysis of interactions between CREBH and PGCla in the livers of mice under feeding or after being unfed for 6,
12, or 24 h. Total liver protein lysates pooled from 3 mice per group were immunoprecipitated with the anti-CREBH antibody,
followed by immunoblotting with the anti-PGCla or anti-CREBH antibody. Levels of GAPDH were determined by Western blot
analysis as input controls. B) ChIP analysis of CREBH binding activities to the endogenous Lc3b, Atg7, Atg2b, and Ulkl gene
promoters in the liver chromatins (pulled down by the anti-PGCla antibody) of CREBH-KO and WT mice under feeding or after
being unfed for 12 h. For ChIP-PCR, isolated mouse chromatins were immunoprecipitated with the antibody against PGCla (P)
or no antibody (N). Nonimmunoprecipitated chromatins were included as input controls (I). PCR reactions were conducted
using the primers amplifying the CRE-binding motif present in the Lc3b, Alg7, Atg2b, or UlkI gene promoter (sequences provided
in Supplemental Fig. S5). The amplified PCR products were visualized on agarose gels. C, D) Luciferase reporter (Rep) analyses
of transcriptional activation of the human LC3b (C) or Ulkl (D) gene promoter by CREBH alone or in combination with PGCla.
Hepal-6 cells were transduced with the vectors expressing the reporter, CREBH, or PGCla. A Renilla reporter plasmid was
included in the cotransfection for the normalization of luciferase reporter activities. Data represent means * SEM (n = 3 biologic

repeats). Non-transf, nontransfected cell control. *P = 0.05, **P = 0.01, ***P =< 0.001.

CREBH were coexpressed, the binding activity of PPAR«
to the Tfeb promoter was increased compared to ex-
pression of PPAR« alone, suggesting that CREBH may
interact with PPARa to enhance PPAR«x activity to acti-
vate the Tfeb gene promoter. Together, these results
suggested that CREBH promoted TFEB expression by
regulating and interacting with PPARa and PGCla, al-
though CREBH does not directly drive expression of the
Tfeb gene. To validate PPARa-dependent regulation of
TFEB by CREBH, we examined expression of the Tfeb
gene in CREBH-KO or PPAR«a-KO mice reconstituted by
PPARa or CREBH overexpression. The expression level
of the Tfeb gene in the livers of CREBH-KO mice was
reduced under feeding or after 14 h of being unfed (Fig.
6G). Overexpression of PPAR« restored, and even in-
creased, unfed-induced expression of the Tfeb gene in the
liver of CREBH-KO mice, compared to that of CREBH-
KO mice overexpressing GFP or WT mice. Moreover,
expression of the Tfeb gene was reduced in the livers of
PPARa-KO mice (Fig. 6H). Overexpression of the acti-
vated form of CREBH failed to restore unfed-induced

CREBH REGULATES HEPATIC AUTOPHAGY

expression of the Tfeb gene in the liver of PPARa-KO
mice. These results confirmed that CREBH regulates
starvation-induced expression of the Tfeb gene through
PPARa in the liver.

CREBH regulates circadian rhythmic
expression of the key genes involved in
hepatic autophagy process

We recently revealed that CREBH is a circadian-regulated
transcription factor of hepatic energy metabolism (19). We
asked whether rhythmic activation of hepatic autophagy
is regulated by CREBH across the circadian cycle. To ad-
dress this question, we examined the rhythmic expression
of the key autophagy genes in the livers of CREBH-KO and
WT control mice under the 12-h light /dark circadian cycle.
gPCR analyses revealed that expression of the genes
encoding the key enzymes or regulators in autophagy,
including LC3b, ATG7, ATG2b, and ULK1, displayed
robust oscillation in mouse livers throughout the 24-h
circadian cycle (Fig. 7A). In contrast, the CREBH-KO livers
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Figure 6. CREBH regulates TFEB through PPAR« in the liver under being unfed. A) Western blot analysis of TFEB proteins in
the cytosolic and nuclear fractions from the livers of mice under feeding or after being unfed for 6, 12, or 24 h. Levels of $-actin
and Lamin Bl were determined as loading controls for cytosolic and nuclear proteins, respectively. The graph shows the
quantification of TFEB protein signals based on Western blot analysis. The intensity of TFEB protein signals, determined by
Western blot densitometry, was normalized to that of input controls. Fold changes in protein levels were determined by
comparison to one of WT control under the feeding condition. B-D) Expression levels of Tfeb (B), Ppara (C), and Pgcla (D)
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displayed impaired rhythmicity and decreased ampli-
tudes in expression of the Lc3b, Atg7, Atg2b, and Ulkl
genes across the circadian cycle. Additionally, rhythmic
expression of the genes encoding the enzymes or regula-
tors in lysosomal homeostasis, including CTSA, GBA,
GLA, PSAP, CLCN7,MCOLN1, and ATP6V1H, were also
altered in the livers of CREBH-KO mice (Supplemental
Fig. 56), albeit these alterations were not as dramatic as
those of Lc3b, Atg7, Atg2b, and Ulkl in CREBH-KO livers
(Fig. 7A). Consistent with the mRNA expression profile,
circadian rhythmicity and amplitude of the autophagy
proteins were impaired in the livers of CREBH-KO mice.
In particular, rhythmic conversion of LC3-I to LC3-1I and
expression of ATG7, ATG2b, and ULK1 proteins were
reduced in the livers of CREBH-KO mice throughout the
24-h circadian cycle (Fig. 7B).

CREBH is regulated by BMAL1 in activating
hepatic autophagy genes under the
circadian clock

BMALL1, the core circadian oscillator, plays a central role in
regulating expression or activities of circadian output
regulators (34). To evaluate whether BMAL1 controls
CREBH activity in regulating rhythmic autophagy in the
liver under the circadian clock, we examined proteolytic
activation of CREBH and expression of LC3b, ATG?,
ATG2b, ULKI1, and P62 proteins in the livers of liver-
specific Bmall conditional KO (Bmall-LKO) and WT mice
during the resting and active circadian phases. Western
blot analysis showed that the levels of the cleaved/
activated CREBH protein, but not the CREBH precursor,
were reduced in the livers of Bmall-LKO mice across the
resting (9:00 am) and active (6:00 pm) periods compared
with those in the control fl/fl mouse livers (Fig. 8A). Cor-
related with the rhythm of CREBH activation, the levels of
the activated LC3b (LC3-II), ATG7, ATG2b, and ULK1
proteins were reduced, whereas the level of P62 protein
was increased, in the livers of Bmall-LKO mice atboth 9:00
AaM and 6:00 PM. These results suggested that CREBH may
function as a circadian transcriptional regulator of hepatic
autophagy under the control of the circadian oscillator
BMALL

To test whether CREBH is regulated by BMALL1 to
regulate rhythmic expression of the hepatic autophagy

genes, we performed reconstitution experiments by
overexpressing the activated form of CRBEH or GFP
control in Bmall-knockdown primary hepatocytes.
BMAL1 was knocked down in mouse primary hepato-
cytes using adenoviral-based expression of Bmall short
hairpin RNA (19) and then subjected to horse serum
shock for circadian synchronization (35). Western blot
analysis showed that the amplitudes of the cleaved/
activated CREBH protein in mouse primary hepato-
cytes across a 32-h circadian period were significantly
repressed by knockdown of BMAL1 (Fig. 8B). In parallel
with the reduced levels of the activated CREBH protein,
rhythmic expression levels of LC3b, ATG7, and ATG2b
were decreased in Bmall-knockdown primary hepato-
cytes during circadian oscillation. However, when the
activated form of CREBH was expressed in the Bmall-
knockdown mouse primary hepatocytes, circadian
rhythmic expression of LC3-1I, ATG7, and ATG2b in the
Bmall-knockdown hepatocytes was restored to the lev-
els comparable to those in the WT mouse primary he-
patocytes expressing GFP control (Fig. 8B). These results
supported the conclusion that CREBH is controlled by
BMALI in regulating rhythmic expression of the key
autophagy genes in the liver under the circadian clock.

DISCUSSION

In this study, we demonstrated that CREBH functions as a
major transcriptional regulator of hepatic autophagy by
activating expression of the genes encoding the key en-
zymes or regulators involved in autophagic process and
lysosomal biogenesis in response to being unfed or under
the circadian clock (Fig. 9). CREBH-regulated hepatic
autophagy likely plays an important role in preventing
hepatic lipid accumulation and the associated metabolic
disorders. Specifically, our major findings include the fol-
lowing: 1) CREBH activity prevents unfed-induced he-
patic lipid accumulation by activating hepatic autophagy;
2) CREBH is required for the activation of starvation-
induced hepatic autophagy by directly activating expres-
sion of the genes encoding key enzymes or regulators in
autophagic process and lysosome biogenesis in the liver; 3)
CREBH regulates and interacts with PPARa and the
transcriptional coactivator PGCla to synergistically drive

mRNAs in the livers of CREBH-KO and WT mice under feeding conditions or after being unfed for 6, 12, or 24 h. mRNA
expression levels were determined by qPCR. Fold changes in mRNA levels were determined by comparison to the mRNA levels in
one of the WT control mice under the feeding conditions. Data represent means * sem (n = 3). *P = 0.05, ¥**P = 0.01. E) ChIP
analysis of CREBH and PPARa binding activities to the endogenous 7feb gene promoter in the livers of CREBH-KO and WT mice
under feeding or after being unfed for 12 h. For PCR, isolated mouse chromatins were immunoprecipitated with the antibody
against CREBH (C), PPARa (P), or no antibody (N). Nonimmunoprecipitated chromatins were included as input controls (I).
PCR reactions were conducted using the primers amplifying the CRE or PPRE-binding motif present in the 7feb gene promoter.
F) ChIP analysis of CREBH and PPAR« binding activities to the 7f¢eb gene promoter in Huh-7 cells infected with Ad expressing
GFP, the activated CREBH, PPARq, or the same titer of combination of CREBH-expressing and PPARa-expressing Ad. An anti-
CREBH (C) or anti-PPARa (P) antibody was used to pull down the exogenously expressed activated CREBH or PPARa binding
complex from the chromatins. PCR reactions were conducted using the primers amplifying the CRE or PPRE-binding motif
present in the 7feb gene promoter. N, no antibody; I, input controls. G) Levels of the 7feb mRNA in livers of WT mice, CREBH-
KO mice, or CREBH-KO mice infected with Ad expressing GFP or PPAR« after being unfed for 14 h. H) Levels of the Tfeb
mRNAs in livers of WT mice, PPARa-KO mice, or PPARa-KO mice infected with Ad expressing GFP or the activated form of
CREBH after being unfed for 14 h. For (G, H) mRNA expression levels were determined by qPCR. Fold changes in mRNA levels
were determined. Data represent means * seM (n = 3). *P =< 0.05, **P = 0.01.
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Figure 7. CREBH regulates rhythmic expression of the key autophagy genes in the liver of mice under the circadian clock. A) Rhythmic
expression levels of Lc3b, Atg7, Atg2h, and Ulkl genes in the livers of CREBH-KO and WT control mice across a 24-h circadian cycle.
mRNA expression levels were determined by qPCR. Fold changes in mRNA levels were determined by comparison to levels in one of the
WT control mice at the starting circadian time point. Each expression point represents a pooled liver sample from 3 to 5 mice per group
per time point. Black and white bars represent circadian light/dark phases. B) Western blot analysis of rhythmic levels of CREBH, LC3b,
ATG7, ATG2b, ULKI, P62, and B-actin proteins in the livers of CREBH-KO and WT mice, collected every 4 h in a 24-h circadian period.
Pooled liver protein lysates from 3 to 5 mice per time point per genotype group were used. The graphs show the quantification of the
protein levels in mouse livers over the circadian cycle. The intensity of the protein signals, determined by Western blot densitometry, was
normalized to that of B-actin. Fold changes in protein levels were determined by comparison to the protein level at 6 p.
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Figure 8. CREBH is regulated by BMALI in activating hepatic autophagic genes under the circadian clock. A) Western blot
analysis of CREBH, LC3b, ATG7, ATG2b, ULKI, and P62 in the livers of Bmall-LKO and fl/fl control mice during representative
day and night circadian periods. The liver protein lysates were prepared from pooled liver tissues of Bmall-LKO and fl/f]l mice
collected at 9 AM or 6 PM (7 = 3—4 mice/genotype/time point). Levels of BMALI and B-actin were determined as controls. The
graphs show rhythmic fold changes of protein intensities or ratios (LC3-II/LC3-I) in the livers of Bmall-LKO and fl/fl mice
during the circadian cycle. The protein signals, determined by Western blot densitometry, were normalized to that of B-actin.
Fold change of the protein levels was determined by comparing with that at 9 am. B) Western blot analyses of BMALI, CREBH,
LC3b, ATG7, and ATG2b and GAPDH in Bmall-knockdown and WT control mouse primary hepatocytes expressing the activated
CREBH or GFP control under the circadian clock. Mouse primary hepatocytes were infected with Ad expressing Bmall short
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collected throughout a 32-h circadian cycle for Western blot analyses. The graphs show the rhythmic fold changes of activated
CREBH, LC3-II/LC3-I ratios, ATG7, and ATG2b protein levels, determined by Western blot densitometry, in Bmall-knockdown
and WT control hepatocytes expressing CREBH or GFP control. Fold change of the normalized protein levels at each circadian
time point was compared with that of the starting circadian time.
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Figure 9. Illustration of transcriptional regula-
tion of hepatic autophagy by CREBH.

Nucleus

expression of the key autophagy genes in response to
nutrient starvation; 4) CREBH regulates rhythmic ex-
pression of the key genes involved in hepatic autophagy
process under the circadian clock; and 5) the central cir-
cadian oscillator BMAL1 regulates CREBH activity to
drive rhythmic expression of hepatic autophagy genes
under the circadian clock. These findings demonstrate that
CREBH functions as a major transcriptional regulator for
autophagy activation in the liver upon energy demands.
CREBH-mediated hepatic autophagy may play a pro-
tective role in preventing hepatic lipid accumulation in
response to energy fluctuation triggered by nutrient star-
vation or under the circadian clock, and its blockade may
accelerate nonalcoholic fatty liver disease progression.
CREBH is a stress-inducible, liver-enriched transcrip-
tion regulator that plays critical roles in maintaining en-
ergy homeostasis. We previously demonstrated that
CREBH deficiency leads to hepatic lipid accumulation,
which is partially due to impaired FA oxidation and TG
lipolysis (17). In this study, however, we established a link
of CREBH to hepatic autophagy activation in regulating
lipid homeostasis. Impaired hepatic autophagy contrib-
utes to hepatic steatosis in CREBH-KO mice. As a con-
served cellular process that contributes to nutrient and
organelle homeostasis, hepatic autophagy machinery has
been found to associate with lipid droplets and participate
in the hydrolysis and oxidation of lipids (5). Transcrip-
tional regulation of autophagy genes is an important
mechanism in the control of cellular autophagy activity
(10,11, 36). Through gain- and loss-of-function analyses,
we demonstrated that CREBH is a major transcription
activator of the genes encoding the key enzymes or
regulators in autophagosome formation (LC3b, ATG?,
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ATG2b), autophagic process (ULK1), and lysosome bio-
genesis (CTSA, GBA, GLA, PSAP, CLCN7, MCOLN1,
and ATP6V1H) (Fig. 9). CREBH appears to be a direct
transcriptional activator of autophagy gene expression
because CREBH was found to bind to and activate the
promoters of endogenous Lc3b, Atg7, Atg2b, and Ulkl
genes in the liver (Figs. 3 and 4). In particular, we have
identified the consensus CREBH and PPARa binding
sites in the promoter region of the human or mouse LC3b
gene. ChIP and reporter analyses indicated that both
CREBH and PPAR« bind to the Lc3b gene promoter and
synergistically activate expression of the gene in the liver
hepatocytes in response to being unfed (Fig. 4). The
CREBH-mediated transcriptional regulation of LC3b is
similar to the regulation of metabolic hormone FGF21,
where CREBH coordinates with PPAR« to synergistically
drive an optimized production of FGF21 from the liver
upon being unfed or under the circadian clock (19, 20).
Our work depicted a transcriptional network through
which CREBH regulates and interacts with 3 stress-
inducible transcriptional regulators, PPARa, PGCla,
and TFEB, to promote expression of the genes encod-
ing functions involved in lysosomal biogenesis and
autophagy process (Figs. 3-6 and 9). Although CREBH
interacts with PPARa and binds to the autophagy gene
promoters, PGCla (as a transcriptional coactivator) in-
teracts with CREBH but does not directly bind to the
autophagy gene promoters. However, PGCla interaction
with CREBH provides a platform for the recruitment of
transcriptional complexes and synergizes CREBH activity
in driving autophagy gene transcription (Fig. 5). Fur-
thermore, CREBH functions as a key driver of PPARa-
induced expression and subcellular localization of TFEB,
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a master transcriptional regulator of lysosomal biogenesis
during autophagy triggered by starvation (Fig. 6). How-
ever, CREBH does not bind to the Tfeb gene promoter,
although it directly regulates expression of PPARa and
PGCla in the livers of mice under being unfed, impli-
cating that the regulation of TFEB by CREBH is likely
through PPARa and PGCla, the known transcriptional
drivers of TFEB expression (31, 33). Taken together, the
interactive and interdependent transcriptional network
formed by CREBH, PPARa, PGCla, and TFEB likely
represents a major regulatory loop that drives the acti-
vation and process of the autophagy program in the liver
induced by nutrient starvation (Fig. 9).

In this study, we observed the expression of the core
autophagy genes, including Lc3b, Atg7, Atg2b, and Ulk1,
exhibited robust circadian rhythmicity in mouse livers and
that CREBH functions as a key circadian transcription
regulator that orchestrates a rhythmic expression of these
genes. Rhythmic activation of autophagy in mammalian
tissues provides a steady supply of nutrients throughout
the circadian cycles (36). The nutrients released through
autophagy enter systemic circulation and supply metab-
olites for organismal energy homeostasis. Previously, we
demonstrated that proteolytic cleavage/activation of
CREBH is rhythmically regulated through the BMALI1-
AKT/PKB-glycogen synthase kinase (GSK)3B circadian
regulatory axis (19). In mouse livers, suppression of
BMALL1 abolished diurnal autophagy rhythm (Fig. 8A).
The circadian autophagy phenotype caused by BMAL1
deficiency was consistent with the observation that
CREBH deficiency disrupted circadian rhythmicity of
hepatic autophagy. Importantly, the reconstitution of ac-
tivated CREBH in BMAL1-defective mouse primary he-
patocytes rescued impaired circadian autophagy rhythm
(Fig. 8B), suggesting CREBH acts as a key factor that links
hepatic autophagy to biologic clock and maintains nutri-
ent homeostasis throughout the circadian cycle. Addi-
tionally, the level of cAMP in the liver of CREBH-KO or
Bmall-LKO mice was significantly lower than that of WT
control mice (Supplemental Fig. S7A). Because cAMP regu-
lates hepatic autophagy (37) and decreased cAMP in hepa-
tocytes contributes to hepatic steatosis (38), the reduced
cAMP level in CREBH-KO or Bmall-LKO mouse liver
supports our finding that BMALI-CREBH functions as a
regulatory axis of hepatic lipid homeostasis by promoting
physiologic autophagy in the liver. Impaired autophagy re-
duces TG hydrolysis and insulin sensitivity and therefore
participates in the pathogenesis of hepatic steatosis, obesity,
and type 2 diabetes (5, 6). Indeed, decreased expression of
CREBH or nonsense mutation in human CREBH gene was
associated nonalcoholic fatty liver disease, hyperlipidemia,
and atherosclerosis of human patients or animal models
(Supplemental Fig. S7B) (17, 23-25). We previously defined
that CREBH functions as a key circadian regulator of TG
lipolysis, FA oxidation, lipogenesis, and glucose homeostasis
and that CREBH deficiency causes hepatic steatosis, non-
alcoholic steatohepatitis, hyperlipidemia, or insulin re-
sistance (17-20). In the present study, we revealed the link
of CREBH deficiency to impaired hepatic autophagy and
subsequent hepatic lipid accumulation. Given that CREBH is
critically involved in hepatic FA oxidation and TG lipolysis,

CREBH REGULATES HEPATIC AUTOPHAGY

the extent by which CREBH-driven hepatic autophagy
contributes to hepatic lipid homeostasis remains to be further
elucidated.
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