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ABSTRACT

Objective: The endoplasmic reticulum (ER)-resident E3 ligase HRD1 and its co-activator Sel1L are major components of ER-associated
degradation (ERAD) machinery. Here, we investigated the molecular mechanism and functional significance underlying the circadian regula-
tion of HRD1/Sel1L-mediated protein degradation program in hepatic energy metabolism.

Methods: Genetically engineered animal models as well as gain- and loss-of-function studies were employed to address the circadian regulatory
mechanism and functional significance. Gene expression, transcriptional activation, protein—protein interaction, and animal metabolic pheno-
typing analyses were performed to dissect the molecular network and metabolic pathways.

Results: Hepatic HRD1 and Sel1L expression exhibits circadian rhythmicity that is controlled by the ER-tethered transcriptional activator CREBH,
the nuclear receptor peroxisome proliferator-activated receptor o (PPARa), and the core clock oscillator BMAL1 in mouse livers. HRD1/Sel1L
mediates polyubiquitination and degradation of the CREBH protein across the circadian cycle to modulate rhythmic expression of the genes
encoding the rate-limiting enzymes or regulators in fatty acid (FA) oxidation, triglyceride (TG) lipolysis, lipophagy, and gluconeogenesis. HRD1
liver-specific knockout (LKO) mice displayed increased expression of the genes involved in lipid and glucose metabolism and impaired circadian
profiles of circulating TG, FA, and glucose due to overproduction of CREBH. The circadian metabolic activities of HRD1 LKO mice were inversely
correlated with those of CREBH KO mice. Suppressing CREBH overproduction in the livers of HRD1 LKO mice restored the diurnal levels of
circulating TG and FA of HRD1 LKO mice.

Conclusion: Our work revealed a key circadian-regulated molecular network through which the E3 ubiquitin ligase HRD1 and its co-activator

Sel1L regulate hepatic circadian metabolism.
© 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION generated by a network of clock-regulated genes forming a tran-

scriptional auto-regulatory feedback loop, which is under the control of
Circadian rhythms are natural and internal processes that exhibit the core circadian transcripion factors circadian locomotor output cy-
endogenous oscillations and are entrainable by light and food as well  cles kaput (CLOCK)/aryl hydrocarbon receptor nuclear translocator-like
as stress signals [1]. At the molecular level, circadian oscillations are  protein 1 (BMAL1) heterodimer [2]. In mammals, circadian integration
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of metabolic programs optimizes energy homeostasis across the
circadian cycle [3]. In particular, the liver circadian clock orchestrates
energy storage and utilization to maintain whole-body energy ho-
meostasis. Disruption of the liver circadian clock leads to metabolic
alterations and contributes to the development of metabolic disease
[4,5]. Although significant progress has been made in understanding
the relationships between circadian clock and metabolism, the major
machineries that control liver energy metabolism over the circadian
oscillation and their impacts in rhythmic physiology and behavior
remain to be further elucidated.

Recently, we discovered that circadian clock regulates the activation of
an endoplasmic reticulum (ER)-tethered, liver-enriched transcription
factor, called CREBH (cAMP-responsive element binding protein, he-
patocyte specific), which functions as a major circadian metabolic
regulator [6]. Proteolytic activation of CREBH in the liver exhibits typical
circadian rhythmicity controlled by the core clock oscillator BMAL1 and
AKT/glycogen synthase kinase 33 (GSK3[) signaling pathway [6].
Functionally, CREBH regulates circadian rhythmic expression of the key
genes involved in triglyceride (TG) lipolysis, fatty acid (FA) oxidation,
lipophagy, gluconeogenesis, and glucogenolysis [6—8]. CREBH
knockout (KO) mice developed profound non-alcoholic steatohepatitis
(NASH) and hypertriglyceridemia under an atherogenic high-fat diet [9].
In human, patients with hypertriglyceridemia exhibit high-rate func-
tional mutations of the CREBH gene [10,11]. At the molecular level,
CREBH and peroxisome proliferator-activated receptor o (PPARc)
function as binary transcriptional activators to regulate lipid and
glucose homeostasis in response to metabolic alterations or circadian
cues [7,8,12]. CREBH regulates expression of PPARa in the liver in
response to energy demands, and activated CREBH protein interacts
with PPARa to form a transcriptional complex through which both
factors function in synergy to activate expression of the major meta-
bolic regulators, including fibroblast growth factor 21 (FGF21) [7,12].
ER-associated degradation (ERAD) is the key program of ER protein
quality control through which the ER directs the degradation of mis-
folded or unfolded proteins in order to maintain ER homeostasis under
stress conditions [13—15]. HMG-CoA reductase degradation 1 ho-
molog (HRD1), the major ER-resident E3 ligase, and its co-factor
subunit of ERAD E3 ubiquitin ligase (Sel1L) form the most conserved
branch of mammalian ERAD machinery [16—18]. The HRD1/Sel1L
branch of ERAD not only recognizes and degrades misfolded or
unfolded proteins, but also processes correctly folded proteins which
are linked to pathophysiological processes. Recently, we demonstrated
that HRD1 and Sel1L catalyze proteasomal degradation of the meta-
bolic transcription factor CREBH in the liver. HRD1 KO mice displayed
growth retardation, female infertility, and impaired diurnal circadian
behavior partially due to hyperproduction of the hepatokine FGF21,
a target of CREBH-mediated transcriptional program in the liver
[12,19—21].

In this study, we demonstrated that the ER-resident E3 ubiquitin
ligase HRD1 and its co-factor Sel1L are regulated by the circadian
clock. HRD1/Sel1L and the ER-associated circadian transcriptional
regulator CREBH form an interdependent regulatory loop, in which
CREBH couples with the nuclear receptor PPARc., to promote the
Hrd1 and Sel1L gene transcription, while HRD1 mediates degradation
of CREBH protein across the circadian cycle. Functionally, our studies
revealed that the HRD1/Sel1L-CREBH regulatory axis in the liver
functions as a major circadian control of lipid mobilization and energy
homeostasis.

2. MATERIAL AND METHODS

2.1. Reagents

Synthetic oligonucleotides were purchased from Integrated DNA
Technologies, Inc. (Coralville, 1A). The commercially available anti-
bodies were used to detect endogenous protein levels of HRD1
(Sigma), Sel1L (Invitrogen), BMAL1 (Novus Biologicals), PPARo. (Milli-
pore), SIRT1 (ABcam), and GAPDH (Sigma), respectively, in mouse liver
or primary hepatocyte lysates by Western blot or Immunopreciptation
(IP)-Western blot analysis. The affinity-purified rabbit polyclonal anti-
CREBH antibody was previously developed in our laboratory [12].
The recombinant adenovirus expressing CREBH short hairpin RNA
(ShRNA) was prepared by VectorBuilder, Inc. (Chicago, IL). The
adenovirus expressing mouse Bmal1 shRNA was previously described
[22]. Kits for measuring TG, FA, ketone body, and glucose were pur-
chased from BioAssay System (Hayward, CA).

2.2. Animal model

All animal experiments were performed with the approval of the
Institutional Animal Care and Use Committees (IACUC) at the Wayne
State University and the Northwestern University, in accordance with
the National Institutes of Health Guide for the Care and Use of Labo-
ratory Animals. Four-month-old wild-type and CREBH KO C57BL6 mice
were housed in 12-h/12-h light/dark cycles with free access to food
and water as we described previously [6]. Liver samples from 3 to 4
mice per time point per genotype group were collected every 3 or 4 h
for a 24-h circadian cycle. HRD1 LKO and BMAL1 LKO mice were
generated as previously described [19,23]. Measurements of circadian
energy expenditure, indirect calorimetry, and food intake were per-
formed using a comprehensive metabolic cage PhenoMaster System
(TSE Systems, Inc.). For adenovirus injection experiments, recombi-
nant adenovirus expressing mouse CREBH shRNA or scramble shRNA
were injected to HRD1-LKO mice through tail-vein injection. Approxi-
mately 1 x 10'° PFU of adenovirus in 0.20 ml of phosphate-buffered
saline (PBS) were intravenously injected into a mouse of approximately
20 g of body weight.

2.3. In vitro circadian synchronization of mouse primary
hepatocytes

Primary hepatocytes isolated from C57BL/6 mice were infected with
recombinant adenovirus expressing Bmal1 shRNA, scramble shRNA,
activated CREBH (flag-tagged), or GFP at MOI (multiplicity of infection)
of 100 or 150 for 24 h before being subjected to serum shock (50%
horse serum) for 2 h for circadian synchronization [24]. After serum
shock synchronization, the shock medium was replaced with serum-
free medium. Cell lysates were collected at 8-h intervals between
24 h (circadian 0 h) and 72 h (circadian 48 h) post—serum shock for
Western blot analysis.

2.4. Electrophoretic mobility shift assay (EMSA)

Liver nuclear extracts (NEs) from the mice over-expressing CREBH,
PPARc., or GFP control were prepared by Subcellular Protein Frac-
tionation kit (Thermo Scientific). EMSA was performed with Lightshift
Chemiluminescent EMSA kit (Thermo Scientific). Liver NE (2.5 pg) was
incubated with biotin-labeled probe (2.6 ng) in binding buffer for
30 min, and then separated in a 5% nondenaturing polyacrylamide gel.
The gel was transferred to nylon membrane followed by Chemilumi-
nescent Nucleic Acid Detection Module (Thermo Scientific).
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2.5. Chromatin immunoprecipitation (ChIP) assay

ChIP assays were carried out with mouse liver tissue or Huh7 cells as
previously described [8,12]. Antibodies used for immunoprecipitation
were CREBH and PPARa and immunoprecipitated DNA was purified
using a DNA Clean & Concentration kit (Zymo Research). The purified
DNA was amplified to analyze the binding of CREBH and/or PPARa. to
target promoter regions and the polymerase chain reaction (PCR)
products were separated by electrophoresis on a 1% agarose gel and
visualized by ethidium bromide staining.

2.6. Immunoprecipitation (IP)—Western blot analyses

The endogenous protein—protein interactions between HRD1 and
CREBH in mouse livers under the circadian clock were determined by
IP-Western blot analysis. Approximately 200 pg of liver protein lysates
were incubated with 1 pg of specific antibodies overnight at 4 °C.
Protein complexes were immunoprecipitated using Dynabeads Protein
G (Novex), resolved by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and then transferred to a polyvinylidene
difluoride (PVDF) membrane. The assay was followed by Western blot
analysis with primary antibody against HRD1 or CREBH. The protein
interaction signals were visualized using horseradish peroxidase
(HRP)-conjugated Clean-Blot IP Detection Reagents (Thermo Scienti-
fic). The conjugated HRP was then developed by an enhanced
chemiluminescence (ECL) detection reagent.

2.7. Statistics

The results of experiments were analyzed by several statistical
methods. Unpaired Mann Whitney U testing was used for non-
parametric comparisons. One-way analysis of variance (ANOVA)
testing was used for parametric comparisons. Two-way ANOVA was
used to distinguish the effects of genotypes from the effects of circadian
time on gene expression and levels of mouse blood lipids. In all cases, a
p value less than 0.05 was used to attribute statistical significance.

3. RESULTS

3.1. Hepatic HRD1/Sel1L expression exhibits circadian rhythmicity
and is regulated by CREBH and PPARa

We previously demonstrated that the liver-enriched, ER-resident
transcriptional factor CREBH, the target of HRD1/Sel1L degradation
machinery, is regulated by the circadian clock [6,19]. As HRD1 and its
co-factor Sel1L are liver-enriched protein factors [20,25], we evaluated
whether the HRD1/Sel1L-mediated ERAD machinery in the liver is
regulated by the circadian clock. First, we examined the 24-h rhythmic
expression profile of HRD1 and Sel1L proteins in the livers of wild-type
(WT) and CREBH KO mice under the circadian clock. In WT mouse
livers, the levels of HRD1 protein exhibited a typical circadian rhythmic
pattern, which peaked at 2 AM and troughed at 6 PM (Figure 1A).
Similarly, levels of Sel1L protein displayed circadian rhythmicity with a
peak at 6 AM and a trough at 6 PM. In contrast, circadian expression of
HRD1 and Sel1L in the livers of CREBH KO mice was significantly
reduced (Figure 1A), implicating a role of CREBH in regulating circadian
expression of HRD1 and Sel1L. Next, we examined whether CRBEH, as
a transcription factor, can regulate transcription of the mRNAs
encoding HRD1 and Sel1L in the liver under the circadian clock.
Consistent with the protein changes, Hrd7 and Sel1L transcripts also
displayed circadian rhythmicity in WT mouse liver. In contrast, rhyth-
mic expression levels of the Hrd7 and Se/7L mRNAs were repressed in
the CREBH KO livers (Figure 1B—C). These results indicate that
circadian rhythmic expression of HRD1 and SeliL in the liver is
regulated by CREBH.
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We previously demonstrated that CREBH and the nuclear receptor
PPARa. function as binary transcriptional activators to regulate their
target genes in response to energy demands or circadian cues
[8,12,26]. CREBH regulates expression of PPARc in the liver, and
activated CREBH interacts with PPARc to synergistically promote
expression of a number of genes encoding functions involved in lipid
and glucose metabolism [12,26]. To understand the molecular basis
underlying transcriptional regulation of HRD1 and Sel1L expression, we
studied cis-regulatory elements in the promoter regions of human and
mouse HRD1 and Sel1L genes. Highly conserved CREBH-binding el-
ements (CREs) were identified in the promoter regions of the human
and mouse HRD1 genes, while conserved PPARa-binding elements
(PPREs) were found in the promoter regions of the human and mouse
Sel1L genes (Figure 2A, S-Figure 1). To evaluate whether CREBH and
PPARa: directly regulate transcription of the HRD71 or Sel1L genes, we
carried out chromatin immunoprecipitation (ChIP) analysis with WT
mouse liver tissue samples to detect the binding activities of CREBH
and PPARa. to the Hrd7 or Sel1L gene promoter. Binding activities of
CREBH, but not PPAR«, to the mouse endogenous Hrd7 gene promoter
region containing the CREBH-binding motif were detected in WT
mouse livers (Figure 2B, S-Figure 1A, C). Consistent with the profile of
PPARa-binding motif in the Sel/7L gene promoter, binding activities of
PPARa., but not CREBH, to the mouse endogenous Sel7L gene pro-
moter region were detected in WT mouse livers (Figure 2B, S-
Figure 1B, D). Further, we performed gel electrophoretic mobility
shift assays (EMSA) with the mouse Hrd7 and Sel1L gene promoter
oligonucleotides containing CREBH- and/or PPARa-binding motifs
(Figure 2C—D) and mouse liver nuclear extracts (NE) expressing
CREBH, PPARa., or GFP control. Binding to the Hrd7 gene promoter
oligonucleotide containing the CREBH-binding element (CRE), but not
the PPARa.-binding element (PPRE), was detected with liver NEs from
the mice expressing CREBH, but not PPARa or GFP (Figure 2C).
However, binding activity to the Hrd7 promoter oligonucleotide con-
taining PPRE was not detected with the liver NEs from the mice
expressing PPARa. Further, PPARa, binding activity to the mouse Se/7L
gene promoter oligonucleotide containing PPRE2, but not PPRE1, was
detected with the liver NEs from the mice expressing PPARa., but not
CREBH or GFP (Figure 2D). These results suggested that CREBH, but
not PPARa., directly bind to the Hrd7 gene promoter region containing
the CREBH-binding element, while PPARa., but not CREBH, directly
bind to the Sel7L gene promoter region containing the PPRE binding
motif to respectively regulate their transcription.

To evaluate the effect of CREBH or PPARa. on driving expression of
HRD1 and Sel1L, we over-expressed an activated form of CREBH or
PPARa in mouse livers through tail vein injection of the recombinant
adenovirus expressing CREBH or PPARc. into WT mice. The quanti-
tative PCR (gPCR) analyses indicated that overexpression of the
activated CREBH significantly increased expression of the Hrd7 and
Sel1L genes in the mouse livers (Figure 2E). In parallel, PPARa
overexpression significantly increased expression of Sel7L, but not
Hrd1, in the livers. These results indicate that CREBH and PPARa
directly activate expression of the Hrd7 and Sel1L genes, respectively.
Interestingly, activated CREBH can increase expression of the mouse
Sel1L gene, although CREBH does not bind to the Sel/7L gene pro-
moter region (Figure 2B—D). This observation suggests that CREBH
may promote expression of the Sel/7L gene through boosting PPARa
expression, as PPARa. has been demonstrated to be a target of
CREBH [9,12]. To further discern the roles of CREBH and PPARc. in
driving expression of the Hrd7 and Sel7L genes in mouse livers, we
examined expression of HRD1 and SellL in PPARa. KO mice
expressing exogenous CREBH and in CREBH KO mice expressing
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Figure 1: Hepatic HRD1/Sel1L expression exhibits circadian rhythmicity and is regulated by CREBH. (A) Western blot analysis of rhythmic levels of HRD1, Sel1L, CREBH,
and GAPDH proteins in the livers of CREBH KO and WT mice, collected every 4 h in a 24-h circadian period. 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 GAPDH. Fold changes in protein levels were determined by comparison to the protein level in one of the WT control mice at 6 PM. Data are
mean + SEM (n = 3 experimental replicates). *P < 0.05. Black and white bars represent circadian light/dark phases. P, CREBH precursor; A, activated form of CREBH. (B—C)
Rhythmic expression levels of HRD1 and Sel1L genes in the livers of CREBH KO and WT control mice across a 24-h circadian cycle. The mRNA expression levels were determined
by gPCR. Fold changes in mRNA levels were determined by comparison to levels in one of the WT control mice at 6 PM. Data represent means + SEM (n = 3—5 mice/genotype/

time point). “P < 0.05.

exogenous PPARa (Figure 2F—G). Adenoviral expression of exoge-
nous CREBH or PPARq. in the liver of PPARo. KO or CREBH KO mice
was confirmed by immunoblotting analyses (Figure 2G). Expression of
exogenous CREBH, but not GFP, in the PPARa. KO mice increased
expression of HRD1 and SelllL, at both mRNA and protein levels
(Figure 2F—G). However, expression of exogenous PPARa only

increased expression of SellL, but not HRD1, in the CREBH KO mice
(Figure 2F—G). These results confirmed that CREBH plays major roles
in driving expression of both HRD1 and SeliL, while PPAR. activates
expression of SelllL in the liver. As CREBH-binding activity to the
Sel1L gene promoter was not detected (Figure 2B), CREBH may drive
expression of Sel1L by upregulating PPARc. or possibly other hepatic
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Figure 2: CREBH and PPAR« directly activate expression of the Hrd7 and/or Sel1L genes in the liver. (A) lllustration of CREBH- or PPARa.-binding sites in the promoter region of
the human (hs) or mouse (ms) Hrd7 and Sel7L genes. (B) ChIP analysis of CREBH- and PPARa.-binding activities to the endogenous Hrd7 and Sel1L gene promoters in the livers of WT
mice. For ChIP-PCR, isolated mouse chromatins were immunoprecipitated with the antibody against CREBH, PPARc., or no antibody. Non-immunoprecipitated chromatins were included
as input controls. PCR reactions were conducted using the primers amplifying the CRE or PPRE-binding motif present in the mouse Hrd7 or Sel1L gene promoter (sequences provided in
S-Figure 1). The amplified PCR products were visualized on agarose gels. (C—D) Binding activities of mouse liver NEs expressing GFP, CREBH, or PPARc. to the CRE- or PPRE-containing
promoter regions of mouse Hrd1 or Sel1L genes. EMSA was performed using the liver NEs from WT mice infected with adenovirus expressing GFP, CREBH, or PPARa and the mouse Hrd7
or Sel1L gene probe containing the CRE- and/or PPRE-binding motifs. Free probe (FP) indicates the control reaction with the CRE or PPRE probe in the absence of NE. The sequences of
mouse Hrd1 or Sel1L promoter oligonucleotides containing CRE or PPRE motif used for EMSA were indicated. The protein-DNA binding complexes were visualized by shifted signals and
highlighted by arrows. (E) Expression levels of Hrd7 and Se/7L mRNAs in the livers of mice infected with adenovirus (Ad) overexpressing GFP, activated CREBH, or PPARc.. mRNA
expression levels were determined by gPCR. Fold changes in mRNA levels were determined. Data represent means + SEM (1= 3). P < 0.05, **P < 0.01. (F—G) PPARa.-null mice were
infected with recombinant adenovirus (Ad) expressing GFP or the activated form of CREBH, whereas CREBH-null mice were infected with Ad expressing GFP or PPARq: via tail vein
injection. Total liver RNAs and protein samples were prepared from mice under 14 h fasting. Levels of the Hrd7 and Se/7L mRNAs (F) or CREBH, PPARa., HRD1, Sel1L, and GAPDH proteins
(G) in mouse livers were determined by qPCR or Western blot analysis. The graphs in panel G show the fold changes of HRD1 and Sel1L protein levels, determined by Western blot
densitometry, in mouse livers. Fold change of the normalized protein levels was calculated by comparing to the level in one of PPARo. KO mice expressing GFP. Data represent
means 4+ SEM (n = 3 experimental replicates). “P < 0.05 and “*P < 0.01 for PPARo. KO + CREBH vs PPARo. KO + GFP or CREBH KO -+ PPARa. vs CREBH KO + GFP.
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transcriptional factors that can activate expression of the Sel/7L gene
[9,12].

3.2. Circadian rhythmic expression of HRD1/Sel1L is under the
control of BMAL1

BMALT1, the core molecular circadian oscillator, plays a central role in
regulating expression or activities of circadian output regulators [1]. To
determine whether BMAL1 regulates circadian rhythmic expression of
HRD1 and Sel1L, we examined the expression levels of Hrd1, Sel1L, and
CrebH mRNAs in liver-specific Bmal1 conditional knockout (Bmal1 LKO)
and control mouse livers collected every 3 h during a 24-h circadian
period. The gPCR analysis showed that rhythmic expression levels and
amplitudes of the Hrd1, Sel1L, and CrebH mRNAs were reduced in the
livers of Bmal1 LKO mice across the circadian cycle, compared to those
in the control littermates (Figure 3A). To verify the cell-autonomous
function of BMAL1 in regulating HRD1 and Sel1L expression in hepa-
tocytes, we knocked down BMAL1 in mouse primary hepatocytes using
adenoviral-based expression of Bmal1 short hairpin RNA (shRNA), and
then subjected the Bmal1-knockdown and control primary hepatocytes
to horse serum shock for circadian synchronization [24]. Across a 48-h
circadian period, both HRD1 and Sel1L expression in primary hepato-
cytes exhibits typical circadian rhythmicity (Figure 3B). However, the
amplitudes of HRD1 and Sel1L expression in hepatocytes across the
circadian cycles were significantly repressed by knockdown of BMALT1
(Figure 3B). These data confirmed that circadian rhythmic expression of
HRD1 and SeliL in primary hepatocytes is under the control of the
autonomous circadian oscillator BMALT.

To evaluate whether BMAL1 controls circadian rhythmic expression of
HRD1 and Sel1L in the liver through regulating CREBH, we performed
reconstitution experiments by overexpressing the activated form of
CRBEH or GFP control in BMAL1-knockdown primary hepatocytes
across the circadian cycle. As shown by the WT and Bmal1-knockdown
mouse primary hepatocytes expressing GFP control, the amplitudes of
the cleaved/activated CREBH protein in the primary hepatocytes across
a 32-h circadian period were significantly repressed by knockdown of
BMAL1 (Figure 3C). In parallel with the reduced levels of the activated
CREBH protein, rhythmic expression levels of HRD1 and Sel1L were
decreased in Bmal1-knockdown primary hepatocytes during the
circadian oscillation. However, when the activated form of CREBH was
expressed in the BMAL1-knockdown mouse primary hepatocytes,
rhythmic expression levels of HRD1 and SellL in the BMAL1-
knockdown hepatocytes was restored, or even increased for the case
of HRD1, compared to those in the WT mouse primary hepatocytes
expressing GFP control (Figure 3C). These results supported the
conclusion that CREBH is controlled by BMAL1 in regulating rhythmic
expression of hepatic HRD1 and Sel1L under the circadian clock.

3.3. Hepatic HRD1 is required to maintain circadian rhythmic levels
of circulating TG, FFA, and glucose

To determine whether HRD1 regulates energy homeostasis under the
circadian clock, we examined rhythmic profiles of circulating lipids and
glucose in the liver-specific HRD1 conditional KO (HRD1 LKO) mice and
WT control mice. Rhythmic profiles of serum triglycerides (TG), free
fatty acids (FFA), ketone bodies, and glucose were significantly altered
in the HRD1 LKO mice under the circadian clock (Figure 4A—D).
Compared to the WT control mice, HRD1 LKO mice exhibited lower
levels of serum TG, FFA, and B-hydroxybutyrate (BOH), the predomi-
nant ketone body, but higher levels of glucose in the blood, over the
24-h circadian period (Figure 4A—C). The dysregulated circadian lipid

and glucose profiles in HRD1 LKO mice suggested that HRD1-mediated
ERAD may regulate hepatic energy homeostasis in a circadian-
dependent manner. Notably, we previously showed that CREBH KO
mice displayed significantly higher amplitudes of serum TG and FFA
but lower amplitude of serum glucose across the circadian cycle, due
to the roles of CREBH in regulating TG lipolysis, FA oxidation, and
gluconeogenesis under the circadian clock [6,7]. The HRD1 LKO mice
showed inverted circadian rhythmic patterns in serum lipid and
glucose profiles, compared to CREBH KO mice, implicating a potential
repressive relationship between HRD1 and CREBH in regulating
circadian energy metabolism. HRD1 LKO mice displayed a pattern of
increase in hepatic TG, compared to the control mice, during the
circadian cycle, especially in the daytime period (Figure 4E). This is
likely due to accumulation of CREBH protein in HRD1-deficient mouse
livers, as CREBH is known to promote hepatic lipogenesis, lipid droplet
growth and hepatic steatosis when it is over-expressed [9,27].

3.4. HRD1 regulates rhythmic expression of the gene encoding
functions involved in hepatic FA oxidation, TG lipolysis, lipophagy,
and gluconeogenesis

To understand the molecular basis underlying the metabolic phenotype
of HRD1 LKO mice under the circadian clock, we examined circadian
rhythmic expression profiles of the genes involved in hepatic lipid and
glucose metabolism in the livers of HRD1 LKO and WT control mice.
The qPCR analysis indicated that circadian rhythmic expression of the
following genes were increased in HRD1 LKO mice (Figure 5A—E): 1)
the genes encoding the enzymes or regulators in FA oxidation,
including PPARa, FGF21, Acyl-CoA oxidase 1 (Acox1), Acyl-CoA thio-
esterase 4 (Acot4), 3-hydroxybutyrate dehydrogenase 1 (BDH1),
carnitine  palmitoyltransferase 1A (CPT1¢), and 3-hydroxy-3-
methylglutaryl-Coenzyme A synthase 2 (HMGCS2); 2) the genes
encoding the co-activators or enzymes in TG lipolysis, including
apolipoprotein C2 (ApoC2), lecithin-cholesterol acyltransferase (Lcat),
and FA desaturase 2 (Fads2); 3) the genes encoding the key compo-
nent or regulator in lipophagy, including microtubule-associated pro-
tein 1 light chain 3 Beta (LC3b) and autophagy-related 7 (ATG7); and 4)
the genes coding the rate-limiting enzymes in gluconeogenesis,
including phosphoenolpyruvate carboxykinase 1 (PCK1) and glucose-
6-phosphatase catalytic subunit (G6PC). Hepatic FA oxidation, TG
lipolysis, and lipophagy, the autophagic degradation of intracellular
lipid droplets [28], are all major lipid mobilization pathways in response
to energy demands. As described above, the increased circadian
expression of the key enzymes or regulators in FA oxidation, TG
lipolysis, lipophagy, and gluconeogenesis in HRD1 LKO mouse livers is
consistent with the decreased rhythmic levels of serum TG, FA, and
ketone bodies but increased glucose levels in HRD1 LKO mice.
Together, these results support that HRD1 functions as a metabolic
regulator of circadian energy homeostasis by regulating expression of
the key enzymes or regulators involved in hepatic FA oxidation, TG
lipolysis, lipophagy, and gluconeogenesis.

3.5. HRD1 LKO animals contrast with CREBH KO animals in
circadian rhythmic profiles of energy consumption

We previously demonstrated that HRD1/Sel1L promotes proteome-
mediated degradation of ER-resident CREBH protein in the liver
[19,20]. As shown above (Figures 4 and 5) and as we described
previously [6], HRD1 LKO and CREBH KO mice displayed opposite
regulation of circadian lipid profiles and metabolic gene expression
involved in FA and TG catabolism. Accordingly, we questioned whether
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Figure 3: BMAL1 controls circadian rhythmic expression of HRD1/Sel1L in the liver through regulating CREBH. (A) Rhythmic expression levels of Bmal1, CrebH, Hrd1, and
Sel1L genes in the livers of Bmal1 LKO and fl/fl control mice across a 24-h circadian cycle. The liver total RNAs were prepared from the mice collected every 3 h during a 24-h
circadian period. The mRNA expression levels were determined by qPCR. Fold changes in mRNA levels were determined by comparison to levels in one of the control mice at 10
AM. Data represent means + SEM (n = 3—4 mice/genotype/time point). “P < 0.05, **P < 0.01. (B) Western blot analysis of HRD1, Sel1L, CREBH, BMAL1, and GAPDH protein
levels in Bmal1 knockdown and control primary hepatocytes during a 48-h circadian cycle. Mouse primary hepatocytes were infected with adenovirus expressing Bmal1 shRNA or
control LacZ shRNA for 24 h before being subjected to horse serum shock for circadian synchronization. Cell lysates were collected at 8-h intervals during a 48-h circadian cycle for
Western blot analysis to determine levels of HRD1, Sel1L, BMAL1, and GAPDH. The graphs show the rhythmic fold changes of HRD1 and Sel1L proteins in Bmal1 knockdown and
control primary hepatocytes during the circadian cycle. Protein signals, determined by Western blot densitometry, were normalized to that of GAPDH. Fold change of the normalized
HRD1 or Sel1L protein levels at each circadian time point was calculated by comparing to the level in control cells at the starting circadian time. Data are mean & SEM (n = 3
experimental replicates). “P < 0.05, “*P < 0.01. CT, circadian time. (C) Western blot analyses of BMAL1, CREBH, HRD1, Sel1L, and GAPDH in Bmal1-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 Bmal1 shRNA,
the activated form of CREBH (Flag-tagged), or GFP before being subjected to horse serum shock for circadian synchronization. Primary hepatocytes from WT mice were infected
with Ad expressing GFP (WT-GFP) were included as a control. Cell lysates were collected throughout a 32-h circadian cycle for Western blot analyses. The graphs show the
rhythmic fold changes of HRD1 and Sel1L protein levels, determined by Western blot densitometry, in Bmal1-knockdown and WT control hepatocytes expressing CREBH or GFP
control. Fold change of normalized protein levels at each circadian time point was calculated by comparing to the level in control cells at the starting circadian time. Data are
mean + SEM (n = 3 experimental replicates). “P < 0.05, P < 0.01.
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Figure 4: HRD1 is required to maintain circadian rhythmic levels of circulating TG, FFA, BOH, and glucose in mice. (A—D) Levels of serum TG, FFA, BOH, and glucose in
HRD1 LKO and WT mice under the circadian clock. Blood samples were collected every 3 h across a 24-h circadian cycle. (E) Levels of hepatic TG of HRD1 LKO and WT mice under
the circadian clock. The liver tissue samples from HRD1 LKO and WT control mice were collected every 3 h across a 24-h circadian cycle. Data are mean + SEM (n = 3 mice/
genotype/time point). *P < 0.05, **P < 0.01. TG, triglycerides; FFA, free fatty acids; BOH, B-Hydroxybutyrate.

HRD1 LKO mice are opposite to CREBH KO mice in circadian rhyth-
micity of energy expenditure. To address this question, we examined
circadian metabolic rates of HRD1 LKO, CREBH KO, and WT control
mice. Across the circadian clock, HRD1 LKO mice showed increased
metabolic rates, especially during the daytime period (6 AM—6 PM), as
indicted by the respiratory exchange ratio (RER) (Figure 6A). This is in
line with the increased expression of the genes encoding the key
enzymes or regulators for hepatic FA oxidation, TG lipolysis, lipophagy,
and gluconeogenesis in HRD1 LKO mice (Figure 5). In contrast, CREBH
KO mice displayed decreased metabolic rates under the circadian
clock (Figure 6B), consistent with the roles of CREBH in activating
expression of the genes involved in hepatic FA oxidation, TG lipolysis,
lipophagy, and gluconeogenesis [6—8,29]. Further analysis of lean
body oxygen consumption and energy expenditure indicated that HRD1
LKO mice consumed more oxygen and energy, while CREBH KO mice

consumed less oxygen and energy than the control mice (Figure 6C—
D). In agreement with the increased energy consumption of HRD1 LKO
mice, the HRD1 LKO mice consumed more food during the daytime
period (S-Figure 2), but displayed reduced body weights (S-Figure 3)
compared to the control mice.

3.6. HRD1 mediates circadian rhythmic polyubiquitination and
degradation of CREBH protein

To understand the molecular basis underlying the functional connecon
between HRD1 and CREBH in regulating circadian lipid metabolism, we
examined whether HRD1 modulates CREBH protein stability under the
circadian clock. Immunoblotting and qPCR analyses indicated that
circadian expression of the CREBH protein, but not the CrebH mRNA,
was significantly elevated in the HRD1 LKO mice (Figure 7A, C),
suggesting that HRD1, as a major E3 ligase of ERAD machinery, may
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Figure 5: HRD1 regulates rhythmic expression of the gene involved in hepatic FA oxidation, TG lipolysis, lipophagy, and gluconeogenesis. (A—E) Rhythmic expression of
the genes encoding the key enzymes or regulators involved in FA oxidation, TG lipolysis, lipophagy, and gluconeogenesis in HRD1 LKO and WT mouse livers across the circadian
cycle. Levels of mRNA were determined by qPCR. Fold changes of mRNA levels were calculated by comparing to the level in one of the WT mice at 6 PM. Data are mean 4+ SEM
(n = 3 mice/genotype/time point). “P < 0.05, **P < 0.01.
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promote CREBH protein degradation under the circadian clock. Sup-
porting this notion, polyubiquitination of CREBH protein in mouse livers
exhibited circadian rhythmicity (Figure 7B, the 1st row). However, the
polyubiquitination of CREBH proein was diminished in the HRD1 LKO
mouse liver, indicating that HRD1 is an E3 ubiquitin ligase that me-
diates CREBH ubiquitination under the circadian clock. Coincident with
the circadian-regulated CREBH ubiquitination, CREBH protein rhyth-
mically interacted with HRD1 in the livers of WT, but not HRD1 LKO,
mice under the circadian clock (Figure 7B, the 2nd row). Consistently,
across the circadian cycle, the levels of CREBH proteins in the livers of
HRD1 LKO mice were significantly higher than those of WT mice
(Figure 7C). Taken together, these data indicated that HRD1 rhythmi-
cally interacts with CREBH and mediates circadian rhythmic ubiquiti-
nation and degradation of CREBH protein in the liver. Additionally, we
previously demonstrated that CREBH regulates expression of the nu-
clear receptor PPARa. to activate gene expression programs involved in
hepatic lipid metabolism [12]. Correlated with the increased CREBH
protein levels in the HRD1 LKO mouse livers, circadian rhythmic levels
of PPARa protein were elevated in the livers of HRD1 LKO mice
(Figure 7C), suggesting that HRD1 may regulate the CREBH/PPARc-
mediated transcriptional program through controlling CREBH protein
stability under the circadian clock.

3.7. Suppression of CREBH in HRD1 LKO mouse livers rescues the
phenotype of hyperactive circadian lipid mobilization caused by
HRD1 deficiency

To validate whether HRD1 modulates circadian FA and TG metabolism
through promoting degradation of CREBH, recombinant adenovirus
(Ad) expressing CrebH shRNA was delivered into HRD1 LKO mice
through tail vein infusion. We confirmed that the levels of CrebH mRNA
and protein were barely detectable 5 days after injection of adenovirus
expressing CrebH shRNA (Figure 8A, S-Figure 4). Consistent with the
role of HRD1 in repressing hepatic FA oxidation and TG lipolysis
through degrading CREBH, the levels of PPARa and SIRT1, the targets
of CREBH and major transcriptional regulators of FA and TG meta-
bolism [12,26], were significantly elevated in the livers of HRD1 LKO
mice injected with Ad-scramble shRNA at the representative daytime 6
AM and the nighttime 6 PM (Figure 8A). However, when CREBH was
knocked down in the livers of HRD1 LKO mice, the levels of PPARa. and
SIRT1 in the HRD1 LKO mouse livers were reduced (Figure 8A), thus
confirming that elevation of CREBH is responsible for the upregulation
of PPARa and SIRT1 in HRD1 LKO mouse livers (Figure 8A).

Further, we determined whether the elevation of the genes encoding
functions in FA oxidation, TG lipolysis, and lipophagy by HRD1 deletion
can be brought down by CREBH knockdown. Expression levels of the
genes encoding the key enzymes or regulators in FA oxidation (PPARc.,
FGF21, Cptla), lipolysis (ApoC2), and lipophagy (LC3b, ATG7) were
increased in the livers of HRD1 LKO mice injected with Ad-scramble
shRNA during both the nighttime (6 PM) and daytime (6 AM) periods
(Figure 8B). However, CREBH knockdown decreased the elevated
expression of the genes involved in FA oxidation, TG lipolysis, and
lipophagy in HRD1 LKO mouse livers (Figure 8B). These results
confirmed that upregulation of the genes involved in FA and TG
metabolism in the HRD1 LKO mouse livers is through upregulation of
CREBH across the day—night circadian cycle.

Functionally, we measured the circulating TG and FA in the HRD1 LKO
mice injected with Ad-scramble shRNA or Ad-CrebH shRNA. The levels
of serum TG were decreased in the HRD1 LKO mice injected with Ad-
scramble shRNA across the circadian cycle (Figure 8C—D). Knockdown
of CREBH in HRD1 LKO mouse livers significantly increased the levels of

serum FA and TG in HRD1 LKO mice across the day—night cycle
(Figure 8C—D), thus confirming that HRD1 modulates FA and TG
metabolism through promoting CREBH protein degradation in the liver.

4. DISCUSSION

In this study, we revealed that the ER-resident E3 ubiquitin ligase HRD1
and its co-factor Sel1L are regulated by the circadian clock in the liver.
The HRD1/Sel1L-CREBH/PPARa. regulatory axis functions as a major
metabolic regulator of lipid and glucose homeostasis under the
circadian clock. Our major findings include the following: 1) expression
of HRD1/Sel1L in the liver is regulated by the circadian clock in
BMAL1- and CREBH-dependent manners; 2) at the protein level, HRD1/
SellL mediates polyubiquitination and degradation of ER-resident
CREBH protein under the circadian clock; 3) HRD1-CREBH regulatory
axis is required to maintain circadian rhythmic levels of circulating TG,
FA, and glucose; 4) HRD1 regulates rhythmic expression of the genes
involved in hepatic FA oxidation, TG lipolysis, lipophagy and gluco-
neogenesis through suppressing CREBH; and 5) suppression of CREBH
in HRD1 LKO mouse livers can rescue the phenotype of hyperactive
circadian lipid mobilization caused by HRD1 deficiency. These findings
revealed that the HRD1/Sel1L-CREBH/PPARa. regulatory axis integrates
a protein degradation program with circadian lipid and glucose
metabolism in the liver, and therefore is critical to maintain whole-body
energy homeostasis (S-Figure 5). The identification of the regulation of
HRD1 and HRD1-mediated degradation of CREBH by the circadian
clock and its functional activity in lipid and glucose homeostasis
provides novel insights into the molecular basis of circadian meta-
bolism and has important implications in the prevention and treatment
of metabolic orders.

Circadian clock disruption impairs lipid and glucose metabolism in
animals, as shown by hyperlipidemia, hepatic steatosis, and
defective gluconeogenesis [30—32]. Our recent works demonstrated
that CREBH is a circadian-regulated transcription factor that acti-
vates expression of the genes encoding the key enzymes or regu-
lators in hepatic FA oxidation, TG lipolysis, lipophagy, and glucose
metabolism in response to energy demands [6—8]. The current work
reveals that circadian activity of CREBH is under the control of HRD1,
the E3 ligase controlling CREBH polyubiquitination and degradation
across the circadian clock. We proved that HRD1 and its co-factor
Sel1L are BMAL1-regulated liver circadian metabolic regulators of
FA oxidation, TG lipolysis, lipophagy, and gluconeogenesis. Circadian
rhythmic levels of circulating TG, FA, ketone body, and glucose were
significantly altered in HRD1 LKO mice. These findings reveal that
the core circadian transcriptional oscillators may regulate hepatic
energy metabolism through the ER-associated protein degradation
program.

The circadian rhythmic regulation of HRD1/Sel1L expression and its
roles in circadian energy homeostasis are consistent with our previous
observation that HRD1/Sel1L and CREBH are activated by distinct
metabolic conditions or circadian signals [6,19]. Mice exhibit limited
feeding behavior during the daytime, while they take most of their food
during the nighttime. As shown by this study, the HRD1-mediated
regulation of the lipid-catabolizing pathways, including FA oxidation,
TG lipolysis, lipophagy and gluconeogenesis, during the daytime period
is coincident with downregulation of HRD1 but upregulation of CREBH
(Figures 4—6) [6,19]. Additionally, the refeeding or over-nutrient sig-
nals may represent metabolic cues similar to that of mice during the
nighttime when they consume most of their food of the day. Indeed,
refeeding or high-fat feeding stimulates HRD1/Sel1L activation but
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Figure 6: HRD1 LKO mice contrast with CREBH KO mice in circadian rhythmic profiles of energy consumption. (A—B) Circadian rhythmic profiles of RER (respiratory
exchange ratio) of HRD1 LKO, CREBH KO, and WT control mice under the circadian clock, determined by the comprehensive metabolic cage PhenoMaster System. The graphs
show quantification of RERs of HRD1 LKO, CREBH KO, and WT control mice during the nighttime (6 PM—6 AM) and daytime (6 AM—6 PM) periods. Each bar donates mean + SEM
(n = 10 mice for HRD1 LKO vs WT or 6 mice for CREBH KO vs WT). “p < 0.05; “*p < 0.01. (C—D) Quantification of lean body VO, (C) and energy expenditure (0) of HRD1 LKO,
CREBH KO, and WT control mice during the nighttime and daytime periods. The quantitative analyses were based on the data generated through the measurement by the
comprehensive metabolic cage PhenoMaster System. Each bar denotes mean + SEM (n = 10 mice for HRD1 LKO vs WT or 6 mice for CREBH KO vs WT). “p < 0.05; **p < 0.01.
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Figure 7: HRD1 promotes circadian rhythmic polyubiquitination and degradation of CREBH protein. (A) Circadian rhythmic expression of the CrebH mRNA in HRD1 LKO and
WT mouse livers. Levels of mRNA were determined by gPCR. Fold changes of mRNA levels were calculated by comparing to the level in one of the WT mice at 6 PM. Data are
mean + SEM (n = 3 mice/genotype/time point). **P < 0.01. (B) IP-Western blot analyses of CREBH protein polyubiquitination and CREBH-HRD1 interaction in the livers of HRD1
LKO and WT control mice across the circadian cycle. The liver protein lysates were prepared from liver tissues of HRD1 LKO and WT mice collected every 3 h during a 24-h
circadian period (7 = 3 mice/genotype/time point). The liver protein lysates were pulled down by the rabbit polyclonal anti-CREBH antibody, followed by immunoblotting with
the anti-ubiquitin (Ub), anti-HRD1, or anti-CREBH antibody. Levels of GAPDH were determined by immunablotting as controls. (C) Western blot analyses of CREBH, PPARa., HRD1,
and GAPDH protein levels in the livers of HRD1 LKO and WT control mice across the circadian cycle. The liver protein lysates were prepared from liver tissues of HRD1 LKO and WT
mice collected every 3 h during a 24-h circadian period (n = 3 mice/genotype/time point). P, CREBH precursor/full-length protein; A, activated/cleaved CREBH protein. The graphs
show rhythmic fold changes of CREBH and PPARq. protein levels, determined by Western blot densitometry, in the livers of HRD1 LKO and control. Fold change of the normalized
protein levels was determined by comparing to the level in one of the WT mice at 6 PM. Data are mean & SEM (n = 3 experimental replicates). “P < 0.05.

suppresses CREBH activity in transcriptional activation of TG and FA 1) the core circadian oscillator BMIAL1 regulates rhythmic expression of

mobilization programs [6,19]. This is consistent with the scenarios that
HRD1/Sel1L promotes CREBH degradation and that CREBH expression
and activation profiles are downregulated in mouse livers during the
nighttime period, although CREBH remains a modest activity in pro-
moting energy storage during the nighttime period [6].

Peripheral clocks, such as in the liver, get synchronized with the
central clock located in SCN through complicated regulatory networks,
including neural, hormonal, behavioral, and environmental cues [33].
At the molecular level, the components of the central SCN and pe-
ripheral clocks are the same, with both identically organized in multiple
transcriptional and translational feedback systems. We revealed that
the circadian clock regulates rhythmic expression of the ER-resident
E3 ubiquitin ligase HRD1 and its co-activator Selil, through a
BMAL1-CREBH/PPARa. regulatory axis, as evidenced by the following:

HRD1 and Sel1L through CREBH; 2) the reciprocally-regulated tran-
scriptional factors CREBH and PPARa directly regulate expression of
HRD1 and SellL, respectively, in a circadian-dependent manner.
However, remaining circadian expression of HRD1 and SellL was
detected in the Bmal1- or CREBH-KO or knockdown mouse livers or
primary hepatocytes (Figures 1 and 3). It is known that many circadian-
regulated targets are controlled by multiple layers of regulations [34].
When BMAL1 or CREBH is ablated, alternative regulation of the
circadian targets may be triggered as a feedback or compensatory
response, which likely accounts for the remaining rhythmic expression
of HRD1 and Sel1L in mouse livers or primary hepatocytes. Addi-
tionally, it appears that the circadian regulation of HRD1 and Sel1L at
the protein level was more pronounced than that at the mRNA level
(Figure 1). It is possible that the stability of HRD1 and Sel1L proteins,
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Figure 8: Suppression of CREBH rescues the elevated circadian expression of the major lipid mobilization-promoting factors and the reduction of serum lipids in HRD1 LKO
mice. (A) Western blot analyses of PPARa, SIRT1, HRD1, CREBH, and GAPDH in the livers of WT or HRD1 LKO mice infected with Ad expressing CREBH shRNA or control shRNA at the
representative nighttime (6 PM) or daytime (6 AM) period. The liver protein lysates were prepared from liver tissues of WT or HRD1 LKO mice (n = 3 mice/genotype/time point). The graphs
show the rhythmic fold changes of PPARa and SIRT1 protein levels, determined by Western blot densitometry, in WT or HRD1 LKO mouse livers expressing CREBH shRNA or control
shRNA. Fold change of the normalized protein levels was calculated by comparing to the level in one of WT mice at 6 PM. The bars denote mean & SEM (n = 3 experimental replicates).
*P < 0.05, P < 0.01. (B) Expression levels of the genes involved in FA oxidation, TG lipolysis, and lipophagy in the livers of WT or HRD1 LKO mice infected with Ad expressing CrebH
shRNA or control shRNA at the representative nighttime (6 PM) or daytime (6 AM) period. Levels of mRNA were determined by qPCR. Fold changes of mRNA levels were calculated by
comparing to the level in one of the WT mice at 6 PM. Data are mean + SEM (n = 3 mice/genotype/time point). “P < 0.05 and **P < 0.01 for HRD1 KO-CrebH shRNA vs HRD1
KO-ctl shRNA. (C—D) Levels of serum TG and free FA in WT or HRD1 LKO mice infected with Ad expressing CrebH shRNA or control shRNA at the representative nighttime or daytime
period. Data are mean + SEM (1 = 3 mice/genotype/time point). “*P < 0.01 for HRD1 KO-CrebH shRNA vs HRD1 KO-ctl shRNA.
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regulated through post-translational modifications, is under the
circadian control. This is an interesting question to be investigated in
the future.

In summary, our work revealed that HRD1/Sel1L controls CREBH
protein turnover while CREBH, in cooperation with PPARa, regulates
HRD1 and Sel1L expression, thus forming a self-regulatory mechanism
that provides an important feedback loop for HRD1/Sel1L activity under
the circadian clock. The reciprocal regulation between HRD1/Sel1L and
CREBH may provide an avenue by which the ER-associated protein
degradation program and circadian regulators are integrated to influ-
ence the whole-body metabolism, an interesting paradigm to be
further explored in the future.
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