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Abstract

The endoplasmic reticulum-associated protein degradation (ERAD)
is responsible for recognizing and retro-translocating protein
substrates, misfolded or not, from the ER for cytosolic proteasomal
degradation. HMG-CoA Reductase (HMGCR) Degradation protein—
HRD1—was initially identified as an E3 ligase critical for ERAD.
However, its physiological functions remain largely undefined.
Herein, we discovered that hepatic HRD1 expression is induced in
the postprandial condition upon mouse refeeding. Mice with liver-
specific HRD1 deletion failed to repress FGF21 production in serum
and liver even in the refeeding condition and phenocopy the FGF21
gain-of-function mice showing growth retardation, female infertil-
ity, and diurnal circadian behavior disruption. HRD1-ERAD facilitates
the degradation of the liver-specific ER-tethered transcription factor
CREBH to downregulate FGF21 expression. HRD1-ERAD catalyzes
polyubiquitin conjugation onto CREBH at lysine 294 for its proteaso-
mal degradation, bridging a multi-organ crosstalk in regulating
growth, circadian behavior, and female fertility through regulating
the CREBH-FGF21 regulatory axis.
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Introduction

The liver undergoes a postprandial metabolic reprogramming to
assimilate the glucose and triggers liver—brain—periphery axis to turn
off the fat utilization (Izumida et al, 2013). Hepatokine fibroblast
growth factor 21 (FGF21) is a metabolic hormone induced by vari-
ous metabolic stresses, including fasting, high-carbohydrate diets
and exercise that regulates energy homeostasis(Gaich et al, 2013;
Galman et al, 2008; Kim et al, 2013a,b; Lan et al, 2017; Solon-Biet
et al, 2016). The transgenic overexpression FGF21 mice showed
female infertility and circadian behavior disruption (Bookout et al,
2013; Owen et al, 2013), and FGF21 treatment has also been shown
to modulate the growth hormone, insulin-like growth factor 1
(IGF1) axis, and stimulate bone loss (Talukdar et al, 2016; Wang
et al, 2015; Wei et al, 2012b; Zhang et al, 2012). Therefore, FGF21
expression should be tightly controlled. It is well established that
stress-inducible hepatic transcriptional factor CREBH interacts with
the nuclear receptor PPARa to synergistically regulate FGF21 expres-
sion during fasting (Galman et al, 2008; Kim et al, 2014). But it is
not clear how the FGF21 expression is negatively regulated in
controlling the physiological functions.

It has been suggested that the unfold protein response (UPR) is
rapidly and temporarily activated upon refeeding to switch from
glucose production to glucose assimilation through directly regulat-
ing the gluconeogenic and lipogenic gene expression (Malhi &
Kaufman, 2011). The UPR does not only modulate the hepatic meta-
bolic reprogramming but also increases ER-associated protein degra-
dation (ERAD; Christianson et al, 2011). However, the metabolic
function of the ERAD system is largely uncharacterized. HRD1, the
HMG-CoA Reductase (HMGCR) Degradation protein, was initially
identified as an E3 ligase to control cholesterol production through
regulation of rate-limiting enzyme HMGCR turnover in yeast
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(Hampton & Rine, 1994). As the key member of the ERAD system,
HRD1 was found to catalyze ubiquitin conjugation of IREla, an ER
stress sensor, to inhibit cell apoptosis and control intestinal stem cell
homeostasis (Sun et al, 2015). The IREla downstream transcription
factor Xbp-1 has been shown to regulate HRD1 mRNA transcription,
providing an interesting feedback loop for HRDI1-IREla during ER
stress response (Gao et al, 2008). We recently found that HRD1 is
involved in immune regulation in dendritic cell antigen presentation,
as well as in the activation of both T and B lymphocytes (Kong et al,
2016; Xu et al, 2016; Yang et al, 2014). However, it is not clear
whether HRD1 is regulated upon metabolic stresses. The metabolic
roles of HRD1 remain largely uncharacterized.

In this study, we demonstrate that hepatic HRD1 plays a critical
role in negatively regulating FGF21 expression and links a multi-
organ crosstalk in the regulation of growth, diurnal circadian behav-
ior, and female fertility. Using the RNA-seq and quantitative
proteomic methods, we identified 737 proteins were increased at
protein level without altering their mRNA expression in HRD1-null
liver, including transcriptional factor CREBH, which are potential
HRD1 substrates. Further data showed that E3 ligase HRDI1
decreases CREBH stability through mediating its ubiquitination. We
also found that hepatic FGF21 deletion and high-fat diet rescued the
FGF21 gain-of-function-like phenotypes.

Results
Deletion of HRD1 specifically in liver leads to growth retardation

To explore novel mechanism underlying hepatic reprogramming
after refeeding, we used a fasting-refeeding model and analyzed the
hepatic mRNA expression profile. Upon refeeding, 360 genes were
decreased by more than 50% and 303 genes were increased for at
least twofold in mouse liver. Gene Ontology characterization
showed, consistent with previous studies (Malhi & Kaufman, 2011;
Mihaylova & Shaw, 2011), that the upregulated genes were
involved in facilitating the cholesterol and lipid biosynthetic
process, but the genes for the long-chain fatty acid and triglyceride
(TG) metabolic process were downregulated upon refeeding
(Appendix Fig S1A and B). Interestingly, the expression of genes
involved in ERAD, including HRD1, was largely altered by fasting
and refeeding (Fig 1A and Appendix Fig S1A-C), implying a critical
role of liver HRDI-ERAD in response to fasting and refeeding. To
investigate the potential role of HRD1 in hepatic metabolic repro-
gramming, we generated a strain of liver-specific HRD1 knockout
(LKO, Hrd1”’Albumin-Cre*) mice (Appendix Fig S1D and E).
Despite their body weights were comparable before the age of 4
weeks, both male and female HRD1 LKO mice were markedly
smaller than their wild-type littermate controls from 6 weeks with
significant reductions in body weight (Fig 1B and C), body height,
and tibia length (Fig 1D). Importantly, the STATS phosphorylation,
which is the main transcription factor of the growth hormone
signaling, was dramatically changed in liver by HRD1 deletion
(Fig 1E). Consequently, STATS target genes, including IgfI, Hsd3bS,
Cyp2d9, Cyp7bl, Cyp4al2, Mupl, and Mup3 (Inagaki et al, 2008),
were decreased in the livers from HRD1 LKO mice (Fig 1F and G).
Therefore, our results suggest that hepatic HRD1 appears to achieve
its biological functions in regulating systemic growth.
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Genetic ablation of hepatic HRD1 elevated hepatic mRNA and
circulating FGF21

To investigate molecular mechanisms of hepatic HRD1 in regulating
the growth, we analyzed the differential mRNA expression profile
between WT and HRD1 KO livers using RNA-seq. Notably, the
hepatic FGF21 mRNA was dramatically upregulated by HRD1 dele-
tion both in the fasting and in the refeeding conditions (Fig 2A),
which was further confirmed by qPCR (Fig 2B). Consistent with
previous studies (Bookout et al, 2013; Owen et al, 2013), our data
show that FGF21 transcription is tightly controlled by fasting—
refeeding in WT mice. However, refeeding failed to suppress Fgf21
expression in HRD1 LKO mice (Fig 2C), indicating that liver HRD1
gene deletion results in growth retardation due to FGF21 overex-
pression, which is similar to the FGF21 transgenic mice (Sakaguchi
et al, 2017). Indeed, a strong positive correlation in the liver gene
expression between HRD1 LKO and FGF21 transgenic overexpres-
sion mice was confirmed (Fig 1D and Appendix Fig S1F and G).

Genetic ablation of hepatic HRD1 phenocopy of Fgf21 transgenic
gain-of-function mice

Interestingly, similar to mice with transgenic FGF21 expression
(Bookout et al, 2013; Owen et al, 2013), we observed that female
HRD1 LKO mice are infertile. Characterization of the cause of infer-
tility revealed a delay in the onset of puberty and a failure to mate
with proven stud males (Fig 2E). H&E staining showed that the folli-
cles in chow-fed HRD1 LKO mice rarely became postovulation
corpora lutea (Fig 2G). Vaginal cytology methods showed abnormal-
ities consistent with anovulatory hypogonadism (Fig 2F and
Appendix Fig S2A). HRD1 LKO females rarely entered the ovulatory
estrous phase of the cycle and displayed a prolonged diestrus (Fig 2F
and Appendix Fig S2A). In addition, HRD1 LKO mice displayed
severely fragmented activity (Fig 2H and Appendix Fig S2C), which
were also found in the FGF21 transgenic overexpression mice under
the entrainment of 12:12-h LD condition (Bunger et al, 2000). In
parallel with the changes in activity, HRD1 LKO mice had a damp-
ened diurnal rhythm of feeding and drinking activity compared to
WT mice (Fig 2H and Appendix Fig S2B-D). WT mice exhibited a
robust diurnal rhythm with their activity and feeding largely
(~ 80%) occurring during the dark period, whereas HRD1 LKO mice
exhibited a phenotype of attenuation in rhythmicity, including
consuming a higher percentage of daily food intake, water intake,
and activity to 40% during the resting (light) period (Fig 2H). Collec-
tively, our data indicate that HRD1 bridges a crosstalk of liver with
its distal organs through controlling FGF21 production.

FGF21 has emerged as an important regulator of metabolic
process and a new therapeutic target for the treatment of obesity
and diabetes (Gaich et al, 2013). Indeed, glucose and TG levels were
dramatically decreased in the HRD1 LKO mice (Appendix Fig S2E).
To further investigate whether mice with liver HRD1 deletion
display other key beneficial effects of FGF21 overexpression, WT
and HRD1 LKO mice were fed with high-fat diet for 14 weeks. As
expected, the HRD1 LKO mice gained a significantly less body
weight than that of the control mice (Appendix Fig S2F). Further,
the accumulation of subcutaneous white adipose tissue and lipid
levels were dramatically lower in HRD1 LKO mice compared to WT
mice (Appendix Fig S2G and H). Histological analysis detected a
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Figure 1. Deletion of HRD1 specifically in liver leads to growth retardation

A GO functional analysis of the differential genes in the fasted and refed condition.
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B, C Body weight of the WT and L-HRD KO mice at the age of 12 weeks (n = 5 for each group).
D Body heights and tibia lengths of the WT and L-HRD KO mice (n = 5 for each group).

E Phosphorylation of STATS in WT and HRD1 LKO liver.

F, G Hepatic growth hormone signaling target gene mRNA levels in the WT and L-HRD1 KO mice (n = 5 for each group).

Data information: The data are representative of three independent experiments (mean =+ s.d.). *P < 0.05 and **P < 0.01 by unpaired Student’s t-test.

Source data are available online for this figure.

significant increase in browning of the white adipose tissue in HRD1
LKO mice (Fig 2I). Moreover, mRNA of mitochondrial uncoupling
protein 1 (Ucpl) and iodothyronine deiodinase 2 (Dio2) were also
elevated in the adipose tissue of HRD1 LKO mice (Fig 2J). These
results clearly indicate that liver-specific HRD1 deletion protects
mice from HFD-induced obesity and hepatic steatosis.

Identification of potential HRD1-ERAD substrates by protein-
level enrichment

As a ubiquitin ligase, HRD1 may regulate FGF21 expression
through targeting protein degradation. We then aimed to identify

© 2018 The Authors

proteins whose expressions are altered at post-transcriptional
levels in HRD1 LKO mouse liver (Fig 3A and B). We established a
highly reproducible label-free quantitative proteomic approach
with an average Pearson correlation coefficient of 0.93 and
detected a total of 5,985 proteins in liver from both WT and HRD1
LKO mice, out of which 838 proteins were dramatically increased
and 218 were dramatically decreased (Fig 3C and Appendix Fig
S3A and B). While the data were analyzed with a missing value of
protein intensity replaced with the minimum value, a consistent
result was obtained when the missing value of protein intensity
was replaced with 1 (Appendix Fig S3C), further validating our
proteomic studies. Meanwhile, the RNA-seq analysis identified
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Figure 2. Genetic ablation of hepatic HRD1-elevated hepatic mRNA and circulating Fgf21

Volcano plot of differential genes between WT and HRD1 LKO livers.
Hepatic Fgf21 mRNA in the WT and L-HRD1 KO mice (n = 5 for each group).

Serum FGF21 protein levels in the WT and L-HRD1 KO mice (n = 5 for each group).

Percentage of mated with proven stud males and age at onset of puberty in the female WT and L-HRD KO mice (n = 10 for each group).
Examples of ovarian histology from WT and HRD1 LKO mice.

Representative examples of estrous cycles in WT and L-HRD1 KO mice as determined by vaginal cytology.

Percentage of feeding, water intake, and activity in the light time (n = 8 for each group).

H&E stain of white adipose tissue WT and HRD1 LKO mice 14 weeks after HFD feeding.

Ucpl and Dio2 mRNA levels of adipose tissue from (I) (n = 5 for each group).
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Data information: The data are representative of three independent experiments (mean =+ s.d.). *P < 0.05 and **P < 0.01 by unpaired Student’s t-test.

15,503 genes with 959 increased and 484 decreased in the LKO

Correlation analysis of the gene expression (red: upregulated genes and blue: downregulated genes) between HRD1 LKO mice and FGF21 transgenic mice.

liver (Appendix Fig S4A). GO functional analysis of the differential
proteins showed that the upregulated proteins in the KO livers are
critical for ER stress signaling and protein folding, which were
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reported before (Fig 3D and Appendix Fig S4B). Of note, 737
proteins were increased at protein level without altering their
mRNA expression in HRD1-null liver, which are potential HRD1
substrates (Fig 3E). Interestingly, 96 of those 737 proteins were
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involved in mRNA transcription including transcription factor and
cofactor, and epigenetic regulator such as CREB/ATF family
(CREB3, ATF6, ATF7, and CREBH) and RXR family (RXRa and
RXRp; Appendix Fig S4C and D). Moreover, the protein levels of
IREla, NRF1, RXRB, and NOTCH1, which have been reported as
HRD1 substrates, were confirmed to be dramatically increased by
hepatic HRD1 deletion (Fig 3F), while their mRNA levels were
unaltered (Appendix Fig S4E).

HRD1-ERAD inhibits FGF21 production through CREBH

It was reported that FGF21 expression is regulated by the ER
stress-associated transcription factors including ATF4 and CREBH
(Kim et al, 2014, 2013a,b). Our mRNA profile indicated that the
ATF4 signaling pathway was dramatically increased after HRD1
deletion (Appendix Fig S5A). The levels of Chop, Atf3, Asns, and
Psat] mRNA, as well as the protein expression of PERK, ATF4,
and its target gene CHOP, were increased after HRD1 deletion
(Appendix Fig S5B and C). In contrast, the mRNA of PERK
between WT and HRD1 LKO mice was comparable (Appendix Fig
S5D and E). These results imply a possibility that HRD1 inhibits
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FGF21 expression through ATF4 suppression. However, pharma-
cological suppression of PERK, the upstream kinase for ATF4
transcriptional activation, while inhibited Chop, Asns, Psatl tran-
scription and ATF4 protein expression as expected, failed to
suppress FGF21 expression (Appendix Fig SSF and G), largely
excluding the possibility that HRD1 regulates FGF21 transcription
through targeting ATF4. FGF21 is also regulated by the IREI-
Xbpl branch of the unfolded protein response. We found that
Xbpls levels were comparable between WT and HRD1 LKO mice
(Appendix Fig SSH).

Liver-enriched transcription factor CREBH is one of the main
FGF21 expression regulator’®. Interestingly, our compared
proteomic and RNA-seq analysis showed that CREBH protein but
not its mRNA expression was also increased in the HRD LKO
livers (Appendix Fig S4C). Western blotting further confirmed that
both the full-length and the transcriptionally activated forms of
CREBH were significantly elevated in the HRD1-null hepatocytes
(Fig 4A and B). CREBH interacted with peroxisome proliferator-
activated receptor o to regulate FGF21 expression. As expected,
our chromatin immunoprecipitation (ChIP) analysis detected a
significant increase in CREBH binding to the FGF21 gene

mRNA WT/KO decreased protein WT/KQ increased

45 40 5 0 5 10 15
Log 2 (Fold change)

mRNA WT/KO increased protein WT/KO decreased

W1 W2 Ki K2
F

Proteins increased

in HRD1 LKO liver IRE1a

Figure 3. 737 candidate HRD1 substrates are identified by protein-level enrichment

Flowchart for the RNA-seq and proteomic identification of differential mRNA and proteins.

Volcano plot of differential proteins between WT and HRD1 LKO livers.

Venn diagram of the overlaps of the differential genes in mRNA and protein levels.

GO functional analysis of the differential proteins from proteomic screening.

Overlap of the increased genes identified between RNA-seq and proteomics.

Protein levels of IRE1o, NRF1, RXRB, NOTCHZ, SIRT3, and GAPDH in the liver of WT and HRD1 LKO mice under the refed condition (n = 6 for each group).

mm g O ® >

Source data are available online for this figure.
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Figure 4. HRD1-ERAD decreases the stability of CREBH through mediating its ubiquitination
A, B Hepatic CREBH protein (A) and mRNA (B) levels in the WT and L-HRD1 KO mice (n = 6 for each group).

C

A— - ITommo

L

Western blot analysis of CREBH protein stability after HRD1 overexpression.

Western blot analysis of hepatic CREBH and HRD1 protein levels in WT and HRD1 LKO mice. The mice were fasted 16 h and refed for another 4 h.
Western blot analysis of interaction of CREBH and HRD1 after immunoprecipitates of Flag-agarose in transfected HEK293T.

Endogenous interaction between CREBH and HRD1 in liver.

Western blot analysis of ubiquitination of CREBH after immunoprecipitates of Flag-agarose in transfected HEK293T.

Hepatic CREBH ubiquitination level in the WT and L-HRD1 KO mice from (D).

Relative protein levels of CREBH, HRD1, and ubiquitination of CREBH.

Primary hepatocytes were isolated from WT and HRD1 LKO mice and Western blot analysis CREBH protein stability.

Full-length HRD1 and C-terminal HRD1 were generated.

Interactions of full-length HRD1 and C-terminal HRD1 with CREBH were measured by Co-IP.

Data information: The data are representative of three independent experiments (mean + s.d.). *P < 0.05 and **P < 0.01 by unpaired Student’s t-test.
Source data are available online for this figure.

promoters in the livers of HRD1 LKO mice (Appendix Fig S6A). were decreased in the HRD1 LKO mice (Appendix Fig S6B and
However, the binding of PPARa to FGF21 gene promoters in the C). Therefore, we concluded that CREBH but not PPARa is the
livers of HRD1 LKO mice was unaltered (Appendix Fig S6A). main transcription factor, which mediated FGF21 overexpression
Interestingly, both the hepatic mRNA and protein levels of PPARa in the HRD1 LKO mice.
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HRD1 interacts with CREBH and promotes its ubiquitination-
mediated degradation in hepatocytes

In contrast to protein elevation, CREBH mRNA expression was not
altered by HRD1 deletion (Fig 4A and B). These results suggest that
HRD1 functions as a possible E3 ubiquitin ligase to promote CREBH
degradation. Supporting this notion, the half-life of the CREBH
protein was dramatically decreased in cells co-transfected with
HRD1 (Fig 4C). Physiologically, protein levels of CREBH are inver-
sely correlated with HRD1 in liver during fasting-refeeding (Fig 4D
and I). Further, Co-IP and Western blotting analysis detected that
HRD1 interacted with CREBH and its overexpression dramatically
enhanced CREBH ubiquitination, and mutation of the critical
cysteine in the RING finger of HRD1 completely abolished CREBH
ubiquitination (Fig 4E and G). In addition, HRD1 could endoge-
nously interact with CREBH in mouse liver (Fig 4F). Consistent to
the results that HRD1 expression was dramatically increased in the
refeeding condition, we found that CREBH ubiquitination was also
increased in refeeding condition and loss of HRD1 expression largely
diminished the ubiquitination of CREBH in the HRD1 LKO hepato-
cytes (Fig 4H and I). To further determine whether HRD1 regulates
CREBH turnover, primary hepatocytes were isolated from WT and
HRD1 LKO mice.Twenty four hours after isolation, the primary
hepatocytes were treated with CHX for indicated time. As shown in
Fig 4J, the half-life of CREBH protein dramatically increased in KO
primary hepatocytes.

HRD1 protein contains six transmembrane domains, and its cyto-
plasmic tail carries an E3 ligase catalytic RING finger and a long
proline-rich C terminus (Fig 4K). However, deletion of the trans-
membrane domains in HRD1 did not affect its interaction with
CREBH (Fig 4L), and HRDI1-C expression sufficiently promoted
CREBH ubiquitination (Fig 4D), indicating that the RING finger-
containing cytoplasmic domain of HRD1 (HRD1-C) is sufficient to
regulate CREBH stability (Appendix Fig S7C). Consistent with this,
HRD1-C largely localizes in the cytoplasm and partially co-localizes
with the full-length CREBH (Appendix Fig S7A). As a positive
control, a partial colocalization of the full-length HRD1 and CREBH
was confirmed (Appendix Fig S7A). In contrast, as reported before,
the cleaved-CREBH are exclusively localized in the nucleus of the
cell (Appendix Fig S7B) and could not interact with HRD1-FL as
shown in Fig 5B. Accordingly, HRD1-C overexpression failed to
promote the degradation of cleaved-CREBH (Appendix Fig S7D).
Collectively, these results indicate that HRD1 is a ubiquitin ligase
for CREBH protein destruction in hepatocytes.

HRD1-ERAD catalyzes CREBH polyubiquitination

CREBH protein contains a transmembrane domain to localize at the
ER membrane, which is spliced to produce a transcriptionally acti-
vated form by S1P (Zhang et al, 2006; Fig 5A). The fact that both
the full-length and activated forms of CREBH are increased in
HRD1-null hepatocytes implies a possibility that HRD1 may target
both forms for ubiquitination-mediated degradation. Surprisingly,
only the full length but not its activated form of CREBH could inter-
act with HRD1 (Fig 5B), indicating that transmembrane domain and
ER localization of CREBH are essential for the HRD1-CREBH interac-
tion. Cleaved-CREBH transferred to the nucleus in the overexpres-
sion and refeeding condition (Appendix Fig S7B, E, and F).
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However, HRD1-C mainly localized in the cytoplasm (Appendix Fig
S7A). Accordingly, HRD1-C could not promote the degradation of
cleaved-CREBH (Appendix Fig S7D).

In addition, mutation of the lysine residue 294, a critical lysine
acetylated by the acetyltransferase PCAF for CREBH transcriptional
activation and FGF21 expression (Kim et al, 2015), totally abolished
full-length HRD1 and C-terminal-mediated ubiquitination (Fig 5C
and D). The protein stability of CREBH/K294R was not affected by
HRD1 expression (Fig 5E). Therefore, HRD1-ERAD catalyzes CREBH
ubiquitination at the lysine 294 for degradation.

It has been shown that the AAA+ ATPase p97 specifically recog-
nize the K48- or K11-linked polyubiquitinated substrates for ERAD
(Locke et al, 2014), implying that ERAD ubiquitin ligases catalyze
protein ubiquitination in a K48- or Kl1-linked manner. However,
HRD1 appears not to catalyze CREBH ubiquitination via the canoni-
cal K48 linkage (Fig SF). We then defined the polyubiquitin chain
topology using the serial mutations of ubiquitin plasmids as reported
(Livingston et al, 2009; Fig 5G). Unexpectedly, HRDI1-mediated
polyubiquitination of CREBH is largely in a K27-linked manner
(Fig SH and J). Moreover, CREBH polyubiquitination mediated by
HRD1 was not detected when using ubiquitin K27R (Fig 5I and
Appendix Fig S8). Therefore, our studies suggested a previously
unappreciated polyubiquitin topology by HRD1-ERAD in regulating
liver FGF21 expression through K27-linked ubiquitination of CREBH.

Hepatic ablation of CREBH and FGF21 rescues the phenotypes
induced by hepatic HRD1 deletion

To further determine whether HRD1 regulates FGF21 expression
through CREBH, adenovirus expressing shRNA specific to mouse
CREBH was delivered into wild-type or HRD1 LKO mice through
i.v. infusion (Appendix Fig S9A). We confirmed that CREBH mRNA
was dramatically decreased 5 days after adenovirus injection
(Appendix Fig S9B). Indeed, hepatic FGF21 expression induced by
HRD1 deletion was reversed by CREBH knockdown (Appendix Fig
S9C and D), confirming that HRD1 regulates FGF21 expression in a
CREBH-dependent manner. As the adenovirus-mediated gene
expression can only maintain for a short time period and it triggers
robust inflammation, Adeno-associated viral shCrebh was also
generated and administrated to HRD1 LKO mice (Fig 6A). CREBH
was dramatically decreased after AAV-shCrebh administration in
the HRD1 LKO mice (Fig 6B). As expected, FGF21 mRNA and
protein levels were repressed by AAV-shCrebh administration in the
HRD1 LKO mice (Fig 6C and D). Body height and tibia length retar-
dation by HRD1 ablation were rescued by AAV-shCrebh administra-
tion (Fig 6E). Accordingly, the growth hormone JAK-STATS target
genes, including Igf1, Cyp2d9, cyp4al2, were also rescued by AAV-
shCrebh administration (Fig 6F). Female infertility and estrous cycle
of HRD1 LKO mice were also rescued by AAV-shCrebh administra-
tion (Fig 6G and H). These results demonstrate that HRD1 represses
FGF21 expression through CREBH degradation.

We then determined whether the hepatic HRD1 regulates FGF21
gain-of-function-like phenotypes through CREBH-FGF21 axis by
generating Hrd1”/Fgf21"'Alb-Cre* mice (HRD1/FGF21 double KO,
DKO mice). Notably, further FGF21 deletion largely rescued the
growth retardation of HRD1 LKO mice because the DKO animals
exhibited a comparable body height and tibia length compared with
HRD LKO mice (Fig 7A-D). Body weight and the growth hormone
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Figure 5. HRD1-ERAD increases CREBH ubiquitination at the lysine residue 294 through C-terminal RING finger a
A Full-length and activated forms of CREBH were generated.

B Interactions of full-length and activated forms of CREBH with HRD1 were measured by Co-IP.

C, D Ubiquitination of CREBH and CREBH K294R was measured after co-transfected C-terminal of HRD1.

E Western blot analysis of CREBH or CREBH-K294R protein stability after HRD1 protein overexpression.

F Western blot analysis of the CREBH WT- or K48-only ubiquitination level after HRD1 C-terminal co-expression.

G Schematic presentation of wild-type Ub and its mutants.

H Western blot analysis of the CREBH K6-, K11-, K27-, K29-, and K33-only ubiquitination level after HRD1 co-expression.
| Western blot analysis of the CREBH WT, K27R ubiquitination level after HRD1 full-length co-expression.

J

Data information: The data are representative of three independent experiments (mean =+ s.d.).

Source data are available online for this figure.
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Western blot analysis of the CREBH WT-, K27-, and K48-only ubiquitination level after HRD1 C-terminal co-expression.
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Figure 6. CREBH ablation rescues the phenotypes induced by hepatic HRD1 deletion

moon @ >

Flowchart of the study design for the knockdown CREBH in vivo.

Hepatic CREBH protein levels 5 weeks after AAV-shCrebh injection (n = 5 for each group).

Hepatic Fgf21 mRNA in the WT and L-HRD1 KO mice 5 weeks after AAV-shCrebh injection (n = 5 for each group).

Serum FGF21 protein levels in the WT and L-HRD1 KO mice 5 weeks after AAV-shCrebh injection (n = 5 for each group).
Body height and tibia length of the WT and L-HRD1 KO mice 5 weeks after AAV-shCrebh injection (n = 5 for each group).

F Hepatic Igfl, Cyp2d9, and Cyp4al2 mRNA in the WT and L-HRD1 KO mice 5 weeks after AAV-shCrebh injection (n = 5 for each group).
G, H Percentage of the mated and estrous cycle of the WT and L-HRD KO 5 weeks after AAV-shCrebh injection.

Data information: The data are representative of three independent experiments (mean =+ s.d.). *P < 0.05 and **P < 0.01 by unpaired Student’s t-test.
Source data are available online for this figure.
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Figure 7. Hepatic FGF21 ablation rescues the phenotypes induced by hepatic HRD1 deletion

A Examples of the body sizes of the WT, L-HRD KO, and HRD1/FGF21 DKO mice.

B, C Body weight and body height of the WT, L-HRD KO, and HRD1/FGF21 DKO mice (n = 5 for each group).
D Tibia lengths of the WT, L-HRD KO, and HRD1/FGF21 DKO mice fed with normal chow diet (n = 5 for each group).
E Hepatic Hsd3b5, Cyp2d9, and Cyp4al2 mRNA in the WT, L-HRD1 KO, and HRD1/FGF21 DKO mice (n = 5 for each group).

F Estrous cycle of L-HRD KO and HRD1/FGF21 DKO mice at the age of 4 months.

G Percentage of the activity, feeding, and water intake of the WT, L-HRD KO, and HRD1/FGF21 DKO mice (n = 5 for each group).

Data information: The data are representative of three independent experiments (mean =+ s.d.). *P < 0.05 and **P < 0.01 by unpaired Student’s t-test.

JAK-STATS target genes, including Hsd3bS, Cyp2d9, cyp4al2, were
also partially rescued by FGF21 ablation (Fig 7B and E). Impor-
tantly, the onset of the estrous cycle of the DKO mice but not HRD1
LKO mice could be observed at the age of 4 months (Fig 7F). In
addition, in contrast to the fact that HRD1 LKO mice exhibited atten-
uated rhythm including consuming a higher percentage of daily food
intake, water intake, and activity to 40% during the rest (light)
period, both the food and water intake and activity of the HRD1/
FGF21 DKO mice decreased to a level comparable to WT mice
(Fig 7G). Therefore, our results indicated that HRD1 regulated
growth, female reproduction, and the diurnal circadian behavior in
an FGF21-dependent manner.

Discussion

Our study demonstrates that the hepatic HRD1-ERAD catalyzes
polyubiquitination of CREBH possibly via K27-linked chains to
suppress FGF21 transcription in liver to control liver crosstalk with
multiple distal organs including brain, bone, and ovary (Fig 8 and
Appendix Fig S10). HRD1-ERAD is the first line of defense against
the accumulation of misfolded proteins in the ER lumen to control
the protein quality (Chen et al, 2013; Sun et al, 2015). It has been
shown that ERAD targets its substrates for degradation through K11

Circadian behavior

and K48-linked polyubiquitination (Locke et al, 2014). However,
our study demonstrated that liver HRD1 catalyzes CREBH ubiquiti-
nation possibly in a K27-linked manner, defining a novel type of
polyubiquitin chain for ERAD. More interestingly, this putative K27-
linked polyubiquitination catalyzed by HRD1 is predominantly
conjugated at the lysine 294 of CREBH, which can be acetylated by
the PCAF acetyltransferase (Kim et al, 2015). It will be interesting to
further study whether and how the competitive regulation by ubig-
uitination and acetylation at the same lysine residue controls CREBH
transcription activity in regulating liver FGF21 production. While
the protein expression levels of both full-length and activated forms
of CREBH are increased, HRD1 could only interact with the full-
length CREBH to catalyze its ubiquitination. Therefore, it is likely
that the increased active form of CREBH is a consequence of the
diminished degradation of its pre-spliced full-length protein in
HRD1-null liver. In addition to CREBH, our genome-wide proteomic
and RNA-seq analysis identified more than 700 proteins increased in
HRD1-null liver without mRNA expression changes, implying addi-
tional substrates may exist for HRD1. Indeed, further FGF21 deletion
only partially rescued the body weight gain in HRD1 LKO mice, and
our laboratory is currently investigating the FGF21-independent
HRD1 functions and the underlying molecular mechanisms in liver.
During the long-term fasting, hepatokine FGF21 is upregulated to
directly target adipose tissue to facilitate fat utilization and activate
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K27-Ub
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Figure 8. Working model of how the HRD1 regulates the circadian behavior, growth, and female reproduction through CREBH-FGF21 axis.
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the ketogenesis signaling (Badman et al, 2009; BonDurant et al,
2017; Fisher et al, 2012; Huang et al, 2017). In addition, FGF21
overexpression results in a variety of abnormalities including female
infertility, circadian behavior disruption and bone loss (Bookout
et al, 2013; Owen et al, 2013; Wei et al, 2012b). FGF21 expression
is positively regulated by the ER stress-associated transcriptional
factors ATF4, CREBH, and PPARa during metabolic stress including
fasting, excises, and chronic ER stress (Galman et al, 2008; Kim
et al, 2014; Wan et al, 2014). Our studies demonstrate that HRD1
controls FGF21 expression by catalyzing ubiquitination-mediated
degradation of the transcription factor CREBH but not ATF4. It has
been well established that PPARa is involved in FGF21 transcription
(Galman et al, 2008). Therefore, further studies are needed to deter-
mine whether HRD1 regulates FGF21 expression through PPARa
signaling, such as the crosstalk between CREBH and PPARa.

Materials and Methods
Mice and metabolic measurements

HRD1 floxed mice were used as previously described (Kong et al,
2016; Xu et al, 2016; Yang et al, 2014). Albumin-Cre (catalogue no.
016832) and FGF21 floxed mice (catalogue no. 022361) were
purchased from the Jackson Laboratory (Potthoff et al, 2009). All
mice were bred in a specific pathogen-free facility, and all animal
experiments were approved by the Institutional Animal Care and
Use Committees (IACUC) at Northwestern University.

Measurements of food intake, activity, and water intake were
taken using a Comprehensive Lab Animal Monitoring System from
the core facility of the Northwestern University. Animals were main-
tained on a standard chow diet under 12-h light and dark cycles
beginning at 5:00 a.m. and 5:00 p.m., respectively. The high-fat diet
(45 kcal% fat) is from the Research Diet Inc.

Plasmids and antibodies

The HRD1, CREBH, CREBH K294R, and the HA-ubiquitin expression
plasmids were constructed as reported previously (Zheng et al,
2016). K6 (22900), K11(22901), K27(22902), K29(22903), K33
(17607), K48(17605), and K63(17606) ubiquitin plasmids were
purchase from addgene. K27R ubiquitin plasmid was kindly provided
by Dr. Hongquan Zhang (Wei et al, 2017). Antibodies to Flag (F1804)
and Flag-HRP (A8592) were purchased from Sigma (St. Louis, MO,
USA), and antibodies to Myc, ubiquitin, Myc (9E10), Myc (9E10)-
HRP, and HA (F7)-HRP were purchased from Santa Cruz (Santa Cruz,
CA, USA). Phospho-STATS (9359), STATS (94205), GAPDH (14C10),
and ATF4 (11815) were purchased from Cell Signaling. Nuclear
Matrix Protein p84 antibody (GTX102919) was purchased from
GeneTex. Polyclonal anti-CREBH antibody was raised by immunizing
rabbits with a mouse CREBH protein fragment spanning N-terminal
amino acids 75-250 of mouse CREBH protein (Zhang et al, 2006). All
antibody working concentration for immunoblotting is 1 pg/ml.

Cell culture, transfection, and immunoprecipitation

HEK293 cells were cultured in DMEM supplemented with 10% fetal
bovine serum. Transfections were performed with Lipofectamine
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2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. HEK293 cells were transfected with the indicated
expression vectors. After 24 h, the cells were lysed in lysis buffer
supplemented with protease (Roche, Basel, Switzerland) and
phosphatase inhibitor cocktails. Co-immunoprecipitation and
immunoblotting analyses were performed as described previously
(Wei et al, 2012a; Xu et al, 2016).

Genome-wide RNA sequencing and real-time RT-PCR

WT and HRD1 LKO mice were fasted overnight and refed for 4 h.
Genome-wide RNA sequencing was performed as described previ-
ously. Counts of reads and RPKM (reads per kilobase pair per
million reads mapped) values for each gene were determined using
ERANGE software and were tested for differential expression in R
using the limma package and the IBMT (intensity-based moderated
t-statistic) method.

Quantitative PCR was run on a Bio-Rad IQ2 PCR machine, and
each PCR mixture contained 40 ng of cDNA template and 10 nM
primers in 15 pl of SYBR Green reaction mix (Bio-Rad). Expression
values were normalized to those that were obtained with the control
actb (encoding beta-actin). Expression was measured using the
primers as mentioned previously (Wei et al, 2014), and changes in
gene expression levels were calculated by the 272" method (Wei
et al, 2014).

Protein extraction and trypsin digestion

500 ul 8 M urea (Sigma US5128, in 0.1 M Tris—-HCl pH 8.5) was
added to 10 mg mouse liver tissues, with high-speed oscillation for
2 min at 70 Hz to extract proteins by high-throughput tissue
grinder. The supernatants were saved after centrifugation at
14,000 g for 20 min at 4°C. The protein concentration was
measured, 4 ul of 1 M DTT were added to 200 pg protein and incu-
bated for 1 h at 37°C, and then 20 pl of 1 M IAA were added and
incubated at room temperature for 30 min in the dark. The sample
was transferred to microcon YM-10 (Millipore, Cat. No 42407) and
then centrifuged at 14,000 g for 20 min. The filter units were
washed with 8 M urea and 50 mM NH,HCO; solution. The filter
units were transferred to new collection tubes. Add 4 pg trypsin
(trypsin:protein = 1:50) and incubate overnight at 37°C. The
peptides were extracted with H,O and dried in a Savant Speed-Vac.

HPLC fractionation

The sample was then fractionated into fractions by high pH reverse-
phase HPLC using a Waters XBridge BEH300 C18 column (5 pm
particles, 4.6 mm ID, 250 mm length). Briefly, peptides were first
separated with a gradient of 5-98% acetonitrile in 10 mM ammo-
nium bicarbonate pH 10 over 45 min into 32 fractions. Then, the
peptides were combined into six fractions and dried by vacuum
centrifuging.

LC-MS/MS analysis
The peptides were resolved in 0.1% formic acid and were analyzed

using an ultra-performance LC-MS/MS platform. The LC separation
was performed on an Ultimate 3000 (Thermo Fisher Scientific, San
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Jose, CA, USA) with an in-house packed capillary column (150 pm
I.D. x 12 cm) with 1.9 um C18 reverse-phase fused-silica (Michrom
Bioresources, Inc., Auburn, CA, USA). The sample was eluted with
a 90-min nonlinear gradient ramped from 6 to 40% mobile phase B
(phase A: 0.1% formic acid in water, phase B: 0.08% formic acid
in 80% acetonitrile) at a 0.6 pl/min flow rate. Eluted peptides were
analyzed using an Q-Exactive HF orbitrap mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA). The MS1 was
analyzed over a mass range of 300-1,400 Da with a resolution of
120,000 at m/z 200. The isolation width was 1.6 m/z for precursor
ion selection. The automatic gain control (AGC) was set to
3 x 106, and the maximum injection time (MIT) was 80 ms. The
normalized collision energy was 27 ev. Top 20 MS2 spectra were
acquired with a resolution of 15,000 at m/z 200, the AGC was set
at 2 x 104, and the MIT was 19 ms. The dynamic exclusion was
setat 12 s.

The proteins with more than one unique peptides were kept for
further analysis. Differential expressed proteins were analyzed by
using R package, ProstaR and DAPAR. The missing values of
protein intensity were replaced with minimum value of each repli-
cate. Then, the data were logarithmic-transformed. Differentially
expressed proteins were detected using a limma-moderated t-test.
P-values were adjusted by Benjamini-Hochberg procedure.
Proteins were regarded as significantly differentially expressed
between two groups with P-value < 0.01 and log2 fold change
< —2 or > 2. The functional classification of the differentially
expressed proteins with Gene Ontology was carried out by the
DAVID webtool.

Histological and estrous cycle analysis

H&E staining was performed as described previously (Wei et al,
2014). Briefly, ovary tissues from mice were fixed overnight in 10%
neutral formalin and embedded in paraffin. Paraffin-embedded
tissues were cut into sections and stained with hematoxylin and
eosin. The stage of the estrous cycle was determined by the vaginal
cytology as described (Byers et al, 2012).

Blood chemistry analysis

Secreted mouse FGF21 in serum were determined using commer-
cially available ELISA kits (mf2100, R&D, USA), followed by analy-
sis with Multiskan MK3 (Thermo Scientific). Blood glucose, serum
cholesterol, and TG levels were determined according to the manu-
facturer’s instructions (Abcam, USA).

AAV-mediated gene delivery

shRNA sequences against mouse Crebh encoding the hairpin
shRNA, and control luciferase (GTTGCGCGGAGGAGTTGTG) were
cloned into pAAV8-D(+)-U6-siRNA-CMV-GFP vector via BamHI and
EcoRI restriction sites. AAV was generated from these plasmids at
the Harvard Children’s Hospital Virus Core (Boston, MA) on a fee
for service basis. AAV8 was injected once into 5- to 6-week-old mice
via the tail vein at the dose of 5-10 x 10'' viral genome copies/
mouse. Blood was collected via a small nick in the tail for subse-
quent ELISA analysis of circulating FGF21 levels after 2 or more
weeks postinjection.
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Statistical analyses

Statistical analysis was performed using Student’s t-test, and
P < 0.05 was considered significant. Data are expressed as the
mean + s.d.

Expanded View for this article is available online.
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