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transcription factor SREBP1 and promotes its proteolytic
activation by rhomboid protease RHBDL4
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Valosin-containing protein (VCP) is a member of AAA-
ATPase superfamily involved in various cellular functions. To
investigate the pathophysiological role of VCP in metabolic
disorders, we generated knock-in mice bearing an A232E mu-
tation in VCP, a known human VCP pathogenic variant. When
heterozygous mutant mice (A232E/+) were fed a high-fat diet,
we observed that fatty liver was ameliorated and the proteolytic
processing of the transcription factor sterol regulatory
element-binding protein 1 (SREBP1) was impaired. Further co-
immunoprecipitation analysis in wildtype mice revealed in-
teractions of VCP with SREBP1 and a rhomboid protease,
RHBDLY, in the liver, and these interactions were attenuated in
A232E/+ mice. Consistent with these results, we show that
knockdown or chemical inhibition of VCP or RHBDL4 in hu-
man hepatocytes impaired the proteolytic processing of
SREBP1. Finally, we found that knockdown of E3 ligases such
as glycoprotein 78 and HMG-CoA reductase degradation pro-
tein 1 disrupted the interaction of VCP with SREBP1 and
impaired the proteolytic processing of SREBP1. These results
suggest that VCP recognizes ubiquitinylated SREBP1 and re-
cruits it to RHBDL4 to promote its proteolytic processing. The
present study reveals a novel proteolytic processing pathway of
SREBP1 and may lead to development of new therapeutic
strategies to treat fatty liver diseases.

Nonalcoholic fatty liver disease (NAFLD) is characterized by
excessive accumulation of hepatic triglycerides (TGs) and
hyperglycemia due to insulin resistance and is a hepatic
component of metabolic syndrome (1). It can progress to liver
cirrhosis, and sometimes to hepatocellular carcinoma (2). The
prevalence rate is estimated to be approximately 25% of adults
globally and is increasing worldwide (3, 4). Although many
drugs have been investigated to date, there is no established
therapy for NAFLD. Therefore, development of new treat-
ments for NAFLD is the issue to be solved. Increased fatty acid
synthesis in the liver is one of the major causes of NAFLD (5).
Expressions of genes related to fatty acid synthesis are
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positively regulated by sterol regulatory element-binding pro-
tein 1 (SREBP1), especially SREBP1c in the liver (6). So,
SREBP1c can be a target of novel treatments for NAFLD.
Indeed, polyunsaturated fatty acids have been shown to
improve dyslipidemia by targetting SREBP1 (7).

The SREBP family is composed of two SREBP1 splice
variants, SREBP1a and SREBP1c, and SREBP2 (8). SREBP1
mainly increases transcription of genes involved in fatty acid
and TG synthesis, while SREBP2 primarily targets genes in
the cholesterol biosynthetic pathway (8). SREBPs bind to
SREBP cleavage-activating protein (SCAP) in the endo-
plasmic reticulum (ER) and are transported to the Golgi
apparatus to be cleaved by site-1 protease (S1P) and site-2
protease (S2P) (8). It is well known that SREBPI is regu-
lated by fatty acids and insulin through feedforward control,
whereas SREBP2 is controlled by sterols that regulate the
binding between SCAP and insulin-induced gene (INSIG)
through negative feedback (9). However, there are still many
unknowns about the activation mechanism of SREBPs.
Interestingly, in drosophila which is completely lacking dscap,
dSREBP still can be cleaved (10). This suggests the existence
of the other SREBP activation mechanism in which SCAP is
not involved.

Valosin-containing protein (VCP) is a hexameric protein
belonging to the AAA (ATPase associated with various cellular
activities) ATPase family (11). VCP is involved in many cellular
functions, such as ER-associated degradation (ERAD),
proteasome-mediated protein degradation, and lysosomal
protein degradation (12). Gain-of-function mutations in VCP
have been reported to cause inclusion body myopathy asso-
ciated with Paget’s disease of bone and frontotemporal de-
mentia or multisystem proteinopathy (11, 13). ER stress
associates with various diseases. Inhibition of ATPase activity
of VCP without affecting other cellular functions of VCP leads
to elicit neuroprotective effects in mouse models of glaucoma,
retinitis pigmentosa, and Parkinson’s disease and car-
dioprotective effects in a murine myocardial infarction model
(12, 14—16). It is also well known that ER stress is involved in
metabolic diseases such as diabetes mellitus and obesity
(17-20). However, pathophysiological significance of VCP in
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these metabolic disorders is unclear. Therefore, in order to
investigate it, we generated VCP A232E knock-in mice using a
CRISPR/Cas9 system. A232E is one of human VCP pathogenic
mutations that have been shown to cause multisystem pro-
teinopathy (11, 21).

Since homozygous A232E (A232E/A232E) mice died within
a few days after birth, we analyzed using heterozygous A232E
(A232E/+) mice in the present study. When mice were fed
high-fat diet (HFD), diet-induced fatty liver was ameliorated,
but intra-abdominal fat mass was enlarged in A232E/+ mice.
We also found that the processing of SREBP1 in the liver was
impaired. Since no decrease in ATP concentration or no
change in ER stress was observed in the liver of young A232E/
+ mice used in the present study, it was suggested that the
alteration in ATPase activity of VCP did not affect the pro-
cessing of SREBP1.

Previous studies in yeast showed that Rbd2, a rhomboid
protease in yeast, is required for SREBP activation; Cdc48, a
yeast homolog of mammalian VCP, binds to Rbd2; and inhi-
bition of this binding impairs SREBP processing (22-24).
Moreover, in yeast, defective for SREBP cleavage (Dsc) E3
ubiquitin ligase acts on SREBP prior to the cleavage by Rbd2
(23). Cdc48 acts to recruit ubiquitinylated substrates (23).
Since it has been demonstrated that RHBDL4, a mammalian
rhomboid protease, interacts with VCP during ERAD (25), we
hypothesized that VCP facilitates the cleavage of SREBP1 by
recruiting RHBDL4 to SREBP1 in murine liver.

A232E

The present study revealed a novel proteolytic processing
pathway of SREBP1 in which VCP plays an essential role in
murine liver and human hepatocytes. Elucidation of novel
mechanism of SREBP1 activation may lead to the development
of new therapeutic methods for fatty liver.

Results
Generation of A232E/+ mice and their growth curve

VCP is composed of four domains: the N-terminal domain,
two ATPase domains (D1 and D2) with the linker regions on
their N-terminal sides (L1 and L2), and the C-terminal domain
(26). VCP is 100% identical at the amino acid level between
mouse and human (27). The pathogenic A232E missense
mutation is located in the D1 ATPase domain (Fig. 14). We
generated a Vep®**** missense mouse model using the
CRISPR/Cas9 system. The Vcp?*** allele carries the desired
missense mutation that results in an A-to-E conversion, a Dra
I restriction enzyme cut site, and an additional silent mutation
to prevent Cas9 activity in the repaired allele (Fig. 1B).
Transmission of the mutant allele was verified by PCR
amplification and sequencing to confirm the presence of both
the Vep®?*?F mutation and Dra 1 site at the appropriate lo-
cations (Fig. 1C). Routine genotyping of animals took advan-
tage of the Dra [ site to distinguish between wildtype (WT),
heterozygous, and homozygous mutant animals (Fig. 1D).
Restriction digestion of the 775-bp PCR product of the mutant
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Figure 1. Generation of A232E mouse using CRISPR/Cas9. A, schematic domain organization of mouse and human VCP protelns those are 100% identical

at the amino acid level. A232E mutation is located in the D1 ATPase domain. B, nucleotide sequences of Vcp* and Vep”?®
allele contains the base pair changes introducing the A-to-E mutation and the Dra | cut site. Two additional

mutation. CRISPR target is underlined. Vcp*?3%f

£ alleles around the A232E

silent mutations were added to prevent recutting by Cas9 following homology directed repair. All edited nucleotides are shown in red letters. C, DNA
sequence of a heterozygous (A232E/+) mouse showing missense A-to-E mutation and other silent mutations including the Dra | cut site. D, a representatlve
agarose gel shows PCR-amplified DNA bands dlgested with Dra | which distinguishes between mice homozygous for the mutant allele, Vcp®?*%€ (473 bp and
302 bp), WT mice homozygous for the WT allele, Vcp* (775 bp), and heterozygous A232E/+ mice carrying one copy each of WT (775 bp) and mutant (473
and 302 bp) alleles. E, body weight changes of WT (circles) and A232E/+ (squares) mice under SD (filled symbols) or HFD (open symbols). HFD was started at
the age of 8 weeks. Values are means + SEM (n = 5-8 per group). t or *p < 0.05, **p < 0.01 as determined by 2-way ANOVA for comparing groups (E). HFD,
high-fat diet; SD, standard diet; VCP, valosin-containing protein.
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allele by Dra I produced 473-bp and 302-bp products, while
the WT allele 775-bp product was not digested. Although
breeding of heterozygous A232E/+ mice yielded in the gen-
eration of live mice homozygous for the Vep”?**f mutation,
they died within a few days after birth. Thus, A232E/+ mice
were used for analyses in the present study.

There was no difference in appearance between WT and
A232E/+ mice fed standard diet (SD) (Fig. S1). Body weight
was slightly but significantly decreased in A232E/+ mice
compared with WT from birth (Fig. 1E). We fed mice HFD
from the age of 8 weeks. Although the mean body weight in
A232E/+ mice was always lower than that in WT mice under
HFD, the significant difference disappeared over time
(Fig. 1E).
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Phenotypic analyses of the liver and white adipose tissue in
A232E/+ mice fed SD or HFD

Under SD, no macroscopic difference in abdominal con-
tents, including the liver and epididymal white adipose tissue
(eWAT) between WT and A232E/+ mice, was detected
(Fig. 2A). In fact, there was no difference in liver and eWAT
weights, liver histology, and liver TG content between WT and
A232E/+ mice under SD (Fig. 2, B-E). HFD feeding apparently
increased liver size and intra-abdominal fat mass in WT mice
(Fig. 2A). However, this enlargement of the liver was amelio-
rated in A232E/+ mice when compared to WT mice (Fig. 24).
HFD-induced increases in liver weight and liver TG content
were also attenuated in A232E/+ mice (Fig. 2, B and E). His-
tological examination by hematoxylin-eosin (H&E) or Oil Red
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Figure 2. Phenotypes of the liver and eWAT in WT and A232E/+ mice fed SD or HFD. A, macroscopic images of the abdominal cavity (top), liver (middle),
and eWAT (bottom) in 30-week-old male mice. B and C, tissue weights of the liver and eWAT in mice fed SD (B, n = 8-9 per group) or HFD (C, n = 18-22 per
group). D, histological images of the liver stained with H&E (top) or Oil Red O (bottom). The original magnification is x200. E, liver TG contents (SD, n = 5-6
per group; HFD, n = 8-11 per group). F, histological images of the eWAT stained with H&E in mice fed HFD. Original magnifications are x100 (top) and x400
(bottom). G and H, adipocyte size distribution (G) and mean cross-sectional area of adipocytes (H) in the eWAT from mice fed HFD. Values are means + SEM.
*p < 0.05, **p < 0.01, ***p < 0.005 as determined by 2-tailed Student’s t test for comparing two groups (B, C, E and H). eWAT, epididymal white adipose

tissue; HFD, high-fat diet; SD, standard diet; TG, triglyceride.
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Figure 3. Glucose and lipid metabolisms in WT and A232E/+ mice fed HFD. A and B, ad libitum plasma glucose and insulin concentrations (n = 5-8 per
group). C and D, plasma glucose concentrations during IPGTT and IPITT (n = 5-6 per group). E-G, ad libitum plasma TG, total cholesterol, and NEFA
concentrations (n = 12-16 per group). Values are means + SEM. *p < 0.05, **p < 0.01, ***p < 0.005 as determined by 2-tailed Student's t test for comparing
two groups. HFD, high-fat diet; IPGTT, intraperitoneal glucose tolerance test; IPITT, intraperitoneal insulin tolerance test; NEFA, nonesterified fatty acid;

TG, triglyceride.

O staining showed a large number of lipid droplets of various
sizes in the liver in WT mice fed HFD (Fig. 2D). Both the
number and size of lipid droplets in the liver were also
decreased in A232E/+ mice (Fig. 2D). In contrast, after HFD
feeding, intra-abdominal fat mass of A232E/+ mice was further
increased compared to WT mice (Fig. 24). eWAT weight in
A232E/+ mice was significantly heavier than that in WT mice
(Fig. 2C). Microscopic examination of eWAT showed the
enlargement of adipocytes in A232E/+ mice (Fig. 2F). The
adipocyte size distribution deviated to the right, and the mean
cross-sectional adipocyte area was significantly increased in
A232E/+ mice compared to WT mice (Fig. 2, G and H). On the
other hand, no significant difference in weights of tissues other
than the liver and WAT was detected between A232E/+ and
WT mice fed HFD (Fig. S2).

Glucose and lipid metabolisms in A232E/+ mice fed HFD

Since the liver and WAT, two major insulin target tissues,
were affected, we examined glucose and lipid metabolisms in
A232E/+ mice fed HFD. There was no significant difference in
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both plasma glucose and insulin concentrations between WT
and A232E/+ mice fed HFD (Fig. 3, A and B). Glucose toler-
ance examined by intraperitoneal glucose tolerance test
(IPGTT) was also unchanged between WT and A232E/+ mice
(Fig. 3C). However, insulin sensitivity examined by intraperi-
toneal insulin tolerance test (IPITT) was significantly
improved in A232E/+ mice compared to WT mice (Fig. 3D).
As to lipid metabolism, plasma TG concentration was slightly
but significantly increased in A232E/+ mice compared to WT
mice (Fig. 3E), while plasma nonesterified fatty acid (NEFA)
and total cholesterol concentrations were unchanged (Fig. 3,
F and G).

ATP concentration and expressions of VCP and ER stress
markers in the liver in A232E/+ mice fed HFD

A232E is a gain-of-function mutation that enhances ATPase
activity of VCP (11, 21). We examined whether A232E mu-
tation causes excessive consumption of ATP and leads to a
cellular lack of ATP and ER stress. There was no change of
ATP concentration and expressions of ER stress markers in
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Figure 4. mRNA expressions of various genes related to TG metabolism in the liver and eWAT of WT and A232E/+ mice fed HFD. A, mRNA ex-

pressions of genes related to TG metabolism in the liver (FAS-SREBP1c, n =1
SREBP1c target genes to SREBP1c gene in the liver (n = 12-16 per group).

2-16 per group; LXRa-MTP, n = 5-8 per group). B, relative mRNA expressions of
C, mRNA expressions of SREBP2 and its target genes in the liver (n = 7-8 per

group). D, relative mRNA expressions of SREBP2 target genes to SREBP2 gene in the liver (n = 7-8 per group). E, mMRNA expressions of genes related to TG
metabolism in the eWAT (n = 5-6 per group). mRNA expression levels were normalized by GAPDH. The fold change is relative to WT mice. Values are
means + SEM. *p < 0.05, **p < 0.01, ***p < 0.005 as determined by 2-tailed Student's t test for comparing two groups. ACC1, acetyl-CoA carboxylase 1; FAS,

fatty acid synthase; ACOX1, acyl-CoA oxidase 1; CPT1a, carnitine palmitoyltra

nsferase 1a; eWAT, epididymal white adipose tissue; HFD, high-fat diet; HMGCR,

3-hydroxy-3-methylglutaryl-CoA reductase; HMGCS, 3-hydroxy-3-methylglutaryl-CoA synthase; LDLR, low-density lipoprotein receptor; LXRq, liver X receptor
a; MTP, microsomal triglyceride transfer protein; PCSK9, proprotein convertase subtilisin/kexin type 9; PPARa, peroxisome proliferator-activated receptor
alpha; SCD1, stearoyl-CoA desaturase 1; SQS, squalene synthase; SREBP1, sterol regulatory element-binding protein 1; TG, triglyceride.

the liver in at least 20-week-old A232E/+ mice compared to
WT control mice under HED feeding (Fig. S3, A—C). At this
time, we also confirmed no change of VCP expressions in the
liver (Fig. S3, B and C). Thus, it is unlikely that the change of
ATPase activity in VCP induced by A232E mutation affected
the lipid accumulation in the liver.

MRNA expressions of genes related to TG metabolism in the
liver and eWAT in A232E/+ mice

To investigate the mechanism by which the heterozygous
Vep*#*?F mutation ameliorated fatty liver and further
increased WAT weight in mice fed HFD, we examined mRNA

SASBMB

expressions of genes related to TG metabolism in the liver and
eWAT in A232E/+ mice fed HFD (Fig. 4). In the liver, mRNA
expression of fatty acid synthase (FAS), a lipogenic gene
positively regulated by SREBPlc (28), was significantly
decreased in A232E/+ mice compared to WT mice (Fig. 4A).
However, mRNA expressions of SREBPlc and its positive
regulators, liver X receptor o and P, were statistically un-
changed. Although mRNA expressions of other lipogenic
genes positively regulated by SREBPlc such as acetyl-CoA
carboxylase 1 and stearoyl-CoA desaturase 1 (SCD1) were
statistically unchanged, relative mRNA expressions of these
genes to that of SREBPlc were significantly decreased in
A232E/+ mice compared to WT mice (Fig. 4B). As to genes
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Figure 5. Protein expressions of precursor (p) and nuclear (n) forms of SREBP1 and co-immunoprecipitation assays for interactions of VCP with
S1P, RHBDL4, or SREBP1 using liver lysates of WT and A232E/+ mice. A, representative images of Western blot analyses for pSREBP1, pSREBP2, and
B-actin protein levels in the plasma membrane fraction of the liver tissue. B and C, ratio of signal intensities of pSREBP1 (B) and pSREBP2 (C) to B-actin in
Western blot analyses. D, representative images of Western blot analyses for nSREBP1, nSREBP2, ChREBP, and TBP protein levels in the nuclear fraction of
the liver tissue. E-G, ratio of signal intensities of nSREBP1 (E), nSREBP2 (F), and ChREBP (G) to TBP in Western blot analyses. H, immunoblots for S1P and VCP
using proteins immunoprecipitated with anti-S1P antibody. /, immunoblots for RHBDL4 and VCP using proteins immunoprecipitated with anti-RHBDL4
antibody. J, immunoblots for SREBP1 and VCP using proteins immunoprecipitated with anti-SREBP1 antibody. Liver lysates of mice fed HFD were used
for co-immunoprecipitation assays. Input indicates liver lysates without immunoprecipitation. IgG indicates control proteins immunoprecipitated with
isotype antibody. Spliced-together lanes were run on the same gel but were noncontiguous. B, C, E-G, values are means + SEM (SD, n = 5 per group; HFD,
n = 12-13 per group). Fold change is relative to WT mice fed SD. *p < 0.05, **p < 0.01, ***p < 0.005 as determined by 2-tailed Student’s t test for comparing
two groups. ChREBP, carbohydrate-responsive element-binding protein; HFD, high-fat diet; SD, standard diet; S1P, site-1 protease; SREBP1, sterol regulatory
element-binding protein 1; TBP, TATA box-binding protein; TG, triglyceride; VCP, valosin-containing protein.

results indicate that the amelioration of fatty liver in A232E/+
mice is due to the downregulation of lipogenic gene expres-
sions in the liver, which is contrary to that of SREBP1c.

related to [P-oxidation such as peroxisome proliferator—
activated receptor alpha and carnitine palmitoyltransferase
la and acyl-CoA oxidase 1 and gene related to lipoprotein
assembly and secretion such as microsomal triglyceride
transfer protein, no significant difference was observed in their
mRNA expressions (Fig. 44). We next examined mRNA ex-
pressions of SREBP2 and its target genes in the liver, but none

Protein expressions of precursor and nuclear forms of SREBP1
in the liver of A232E/+ mice fed SD or HFD

of them were significantly changed in A232E/+ mice compared
to WT mice (Fig. 4C). Relative mRNA expressions of SREBP2
target genes to that of SREBP2 were also unchanged (Fig. 4D).
In eWAT, there was no significant difference in mRNA ex-
pressions of genes related to lipogenesis, fatty acid p-oxidation,
and lipolysis between A232E/+ and WT mice (Fig. 4E). These

6 . Biol. Chem. (2022) 298(6) 101936

SREBP1 is a membrane-bound transcription factor that can
activate the expressions of its target genes upon proteolytic
processing (9). Namely, proteolytic cleavage of precursor (p)
form of SREBP1 releases nuclear (n) form of SREBP1 into the
cytoplasm. Then, nSREBP1 migrates to the nucleus and acti-
vates the promoters of the target genes. Thus, we investigated
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Western blot analyses for VCP, pSREBP1, nSREBP1, full-length ATF6, cleaved ATF6, and (-actin protein levels in HepG2 cells with or without VCP siRNA (A),
NMS-873, an allosteric VCP inhibitor, (B) or RHBDL4 siRNA (C). D-F, mRNA expressions of FAS and SCD1 in HepG2 cells with or without VCP siRNA (D), NMS-
873 (E), or RHBDL4 siRNA (F) (n = 3). mRNA expression levels were normalized by GAPDH. The fold change is relative to HepG2 cells transfected with control
siRNA (D and F) or HepG2 cells treated with DMSO (E). Values are means + SEM. *p < 0.05, **p < 0.01, ***p < 0.005 as determined by 2-tailed Student’s t test
for comparing two groups. ATF6, activating transcription factor 6; FAS, fatty acid synthase; SCD1, stearoyl-CoA desaturase 1; SREBP1, sterol regulatory

element-binding protein 1; VCP, valosin-containing protein.

the protein expressions of pSREBP1 and nSREBP1 in the liver
separately. The protein expression of pSREBP1 in the plasma
membrane fraction was significantly increased in A232E/+
mice compared to WT mice under SD and tended to be
increased under HFD (Fig. 5, A and B). In contrast, the protein
expression of nSREBP1 in the nuclear fraction tended to be
decreased under SD and was significantly decreased under
HED in A232E/+ mice compared to WT mice (Fig. 5, D and E).
These results indicate that the proteolytic processing of
SREBP1 is impaired in A232E/+ mice. We also investigated
protein expressions of pSREBP2 and nSREBP2 in the liver, but
both of them were not significantly altered in A232E/+ mice
compared to WT mice (Fig. 5, A, C, D and F). Protein
expression of carbohydrate-responsive element—binding pro-
tein, another important transcription factor that positively
regulates lipogenic genes (9), was not decreased in A232E/+
mice irrespective of diet (Fig. 5, D and G).

Interactions of VCP with S1P, RHBDL4, or SREBP1 in the liver
of A232E/+ mice fed HFD

SCAP, S1P, and S2P participate in the proteolytic processing
of SREBPs (9). However, co-immunoprecipitation assay
showed no binding of S1P to VCP in the liver of both WT and
A232E/+ mice (Fig. 5H). In fission yeast, Rbd2, a rhomboid
protease, is necessary for proteolytic processing of SREBP (22).
This Rbd2 binds to cdc48, the yeast homolog of VCP, and
inhibition of the binding between them impairs the proteolytic
processing of SREBP (23). In mammals, RHBDL4, a
mammalian homolog of rhomboid protease, binds to VCP at
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the site of ER-associated degradation (25). In addition, it was
recently reported that RHBDL4 directly cleaves SREBP1 (29).
Thus, we next examined the interactions among VCP,
SREBP1, and RHBDL4 in the liver. Co-immunoprecipitation
assay showed binding between VCP and RHBDL4 in WT
mice, but not in A232E/+ mice (Fig. 5I). In addition, binding
between VCP and SREBP1 was detected in WT mice and was
attenuated in A232E/+ mice (Fig. 5/). These results indicate
that the A232E mutation disrupts the ability of VCP to interact
with RHBDL4 and SREBP1.

Effect of knockdown of VCP or RHBDL4 or inhibition of VCP on
the processing of SREBP1 in HepG2 cells

To investigate the roles of VCP and RHBDL4 in the pro-
teolytic cleavage of SREBP1 in mammalian hepatocytes, we
performed siRNA knockdown experiments of VCP and
RHBDL4 and inhibition experiment of VCP by an allosteric
inhibitor in HepG2 cells. VCP siRNA effectively decreased the
protein expression of VCP in HepG2 cells (Fig. 6A4). At this
time, nSREBP1 protein level was apparently decreased while
pSREBP1 protein level was unchanged (Fig. 64). NMS-873,
an allosteric VCP inhibitor, did not affect the protein ex-
pressions of VCP and pSREBP1 but decreased nSREBP1
protein level in HepG2 cells (Fig. 6B). RHBDL4 siRNA also
effectively decreased the protein levels of RHBDL4 and
nSREBP1, while pSREBP1 protein level was unchanged in
HepG2 cells (Fig. 6C). These results indicate that both VCP
and RHBDL4 are involved in the proteolytic processing of
SREBP1 in hepatocytes. Activating transcription factor 6
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containing protein.

(ATEF6), an ER stress-regulated transmembrane transcription
factor, is known to be cleaved by S1P and S2P as well as
SREBP1 (30). Consistent with the result indicating no binding
of VCP with S1P (Fig. 5H), neither knockdown nor inhibition
of VCP reduced the level of cleaved ATF6 protein (Fig. 6, A
and B). In addition, the knockdown of RHBDL4 did not affect
the cleaved ATF6 protein level, indicating that RHBDL4 is
not participated in the proteolytic processing of ATF6
(Fig. 6C).

We also examined the effect of knockdown of VCP or
RHBDL4, or inhibition of VCP on mRNA expressions of
SREBP1 target genes, including FAS and SCD1, in HepG2
cells. All these procedures significantly decreased mRNA ex-
pressions of both FAS and SCDI, consistent with the
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reduction of nSREBP1, the transcriptionally active form of
SREBP1 (Fig. 6, D-F).

Effect of knockdown of gp78 or HMG-CoA reductase
degradation protein 1 on the processing of SREBP1 in HepG2
cells

In yeast, it has been demonstrated that Dsc E3 ubiquitin
ligase ubiquitinylates SREBP prior to cleavage by Rbd2, sug-
gesting that Cdc48 recognizes and recruits ubiquitinylated
SREBP to Rbd2 (23). On the other hand, it has been reported
that liver-specific knockout of glycoprotein 78 (gp78) or
HMG-CoA reductase degradation protein 1 (HRD1), both of
which are E3 ligase and resemble Dsc E3 ligase in their sub-
units and organization, ameliorates fatty liver in mice (31-33).
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Co-immunoprecipitation assays showed that both of gp78 and
HRD1 bound to SREBP1 in mouse liver in spite of the pres-
ence or absence of A232E mutation (Fig. S4). Thus, we next
performed knockdown experiments of gp78 and HRD1 with
siRNA in HepG2 cells to investigate the roles of gp78 and
HRD1 in the proteolytic cleavage of SREBP1 in mammalian
hepatocytes. gp78 siRNA effectively decreased protein
expression of gp78 in HepG2 cells (Fig. 7A). At this time,
nSREBP1 protein level was decreased while pSREBP1 protein
level was unchanged (Fig. 74). HRD1 siRNA also effectively
decreased protein levels of HRD1 and nSREBPI1, while
pSREBP1 protein level was unchanged (Fig. 7B). We also
examined the effect of knockdown of gp78 or HRD1 on mRNA
expressions of SREBP1 target genes in HepG2 cells. Each
knockdown significantly decreased mRNA expressions of FAS
and SCD1, consistent with the reduction of nSREBP1 (Fig. 7, C
and D). Lastly, we examined the effect of knockdown of gp78
or HRD1 on the interactions between VCP and SREBP1 and
between RHBDL4 and SREBP1 in HepG2 cells. Co-
immunoprecipitation assays showed that both interactions
between VCP and SREBP1 and between RHBDL4 and SREBP1
detected in control cells were attenuated by knockdown of
gp78 and HRD1, respectively (Fig. 7, E and F). At this time,
ubiquitinylated SREBP1 level was also attenuated by knock-
down of gp78 and HRDI, respectively (Fig. 7, E and F). These
results suggest that VCP recognizes SREBP1 ubiquitinylated by
E3 ligases such as gp78 and HRD1 and recruits it to RHBDL4
for its proteolytic activation in mammals.

Discussion

In the present study, we investigated the pathophysiolog-
ical role of VCP in the lipid accumulation in the liver to
clarify the mechanism underlying the amelioration of HFD-
induced fatty liver in A232E/+ mice. We examined mRNA
expressions of genes related to lipid metabolism in the liver
and found that those of SREBP1 target genes such as FAS,
acetyl-CoA carboxylase 1, and SCD1 were decreased rela-
tively to that of SREBPlc, suggesting the impairment of
translation or post-translational modification of SREBPlc
(Fig. 4). SREBP1 is synthesized as a membrane protein
located in the ER (9). Following cleavage, the mature protein
translocates to the nucleus and activates the transcription of
lipogenic genes (9). In the liver of A232E/+ mice, although
full-length SREBP1 in the membrane fraction was not
decreased, mature SREBP1 in the nuclear extract was obvi-
ously decreased (Fig. 5). These results indicate that A232E
mutation in VCP impairs the proteolytic processing of
SREBP1. While HFD-induced fatty liver was ameliorated in
A232E/+ mice compared to WT mice, there was no signif-
icant difference in liver TG content between them under SD
feeding (Fig. 2). This might be due to the increased role of
SREBP1 in accordance with the increased TG synthesis in
the liver by HED feeding.

Some previous reports suggest the role of VCP in the acti-
vation of SREBP1. Rbd2, a yeast homolog of rhomboid pro-
teases, is required for the activation of SREBP in yeast (22).
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Cdc438, the yeast homolog of VCP, binds to Rbd2, and inhi-
bition of this binding impairs SREBP processing in yeast
(23, 24). Moreover, it was demonstrated that RHBDL4, one of
mammalian rhomboid proteases, interacts with VCP during
ERAD (25). Recently, it was reported that RHBDL4 directly
cleaves SREBP1 independently of the SCAP-INSIG system in
mammalian cells (29). In the present study, using co-
immunoprecipitation technique, we observed interactions of
VCP with RHBDL4 and SREBP1 in the liver of WT mice and
these interactions were attenuated in A232E/+ mice (Fig. 5,1
and J). Because the activation of SREBP1 was impaired in
A232E/+ mice in which the interaction of VCP with RHBDL4
was attenuated, the interaction of VCP with RHBDL4 might be
required for the proteolytic cleavage of SREBP1 by RHBDL4 in
mammals. Results of the knockdown experiment using VCP
siRNA and VCP inhibition experiment with an allosteric in-
hibitor in a human hepatocyte cell line support this idea. Both
knockdown and inhibition of VCP impaired the proteolytic
processing of SREBP1 (Fig. 6, A and B).

In yeast, Dsc E3 ubiquitin ligase acts on SREBP prior to
the cleavage by Rbd2 (23). Cdc48 acts to recruit ubiq-
uitinylated substrates (23). Thus, it has been suggested that
Cdc48 recognizes SREBP ubiquitinylated by Dsc E3 ligase
and recruits it to Rbd2 for its proteolytic activation in yeast
(23). Dsc E3 ligase is a complex composed of five subunits,
and its architecture resembles those of gp78 and HRDI,
mammalian E3 ligases. Thus, we investigated the roles of
gp78 and HRD1 in the proteolytic activation of SREBP1 in a
human hepatocyte cell line. Knockdown experiments using
siRNA and co-immunoprecipitation analyses demonstrated
that knockdown of gp78 or HRD1 suppressed the activation
of SREBP1 and the interactions between VCP and SREBP1
and between RHBDL4 and SREBP1 (Fig. 7). These results
indicate that the ubiquitination of SREBP1 by E3 ligases such
as gp78 and HRD1 might be required for the recognition of
SREBP1 by VCP in mammals. Collectively, it is suggested
that VCP recognizes SREBP1 ubiquitinylated by E3 ligases
and recruits it to RHBDL4 for its proteolytic activation in
mammals.

The fact that A232E mutation impairs the bindings of VCP
to RHBDL4 and SREBP1 indicates that the alanine residue at
position 232 in the amino acid sequence of VCP is important
not only for ATPase activity but also for the binding to
RHBDL4 and SREBP1. VCP has been shown to recognize
ubiquitinylated protein through Npl4/Ufdl heterodimer, a
major ubiquitin-recruiting cofactor (34). Thus, it is thought
that VCP also binds to ubiquitinylated SREBP1 through
Npl4/Ufd1l heterodimer. Many VCP cofactors including
RHBDL4 and Npl4/Ufdl heterodimer have been shown to
bind to the N-terminal domain of VCP (13). The conformation
of the N-terminal domain is regulated by the D1 domain (35).
Human pathogenic mutations including A232E which occurs
in the D1 domain have been shown to alter the conformation
of the N-terminal domain and affect its cofactor association
(36). Thus, it is possible that A232E mutation alters the
binding affinity of the N-terminal domain to both RHBDL4
and Npl4/Ufd1.
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While HFD-induced fatty liver was ameliorated, adipose
tissue weight was significantly increased in A232E/+ mice
compared to WT mice (Fig. 2). Although A232E/+ mouse is a
global knock-in one, it is unlikely that A232E mutation in
VCP expressed in adipose tissue directly affected the adipose
phenotype since mRNA expressions of genes related to lipid
metabolism including lipogenesis in the adipose tissue were
unchanged in A232E/+ mice. In cases of liver-specific
transgenic mice, fatty liver resistant models show the in-
crease of fatty acid synthesis in adipose tissue (31, 37). These
results suggest that the increase in adipose tissue weight in
A232E/+ mice is a secondary effect of the amelioration of
fatty liver.

It has been reported that RHBDL4 interacts with VCP
during ERAD (25). The present study demonstrates that
A232E mutation disrupts the interaction between VCP and
RHBDL4. Although we analyzed the effect of A232E mutation
on the lipid accumulation in the liver, phenotypes associated
with ERAD in A232E/+ mice have not yet been investigated.
There was no visible difference between A232E/+ and WT
mice at least at the age of up to 20 weeks other than the
amelioration of fatty liver and the increase of adipose tissue
weight. A certain aging may be necessary for the development
of ERAD-associated phenotypes.

In conclusion, the present study revealed the role of VCP in
lipid accumulation in the liver. VCP engages in the proteolytic
processing of SREBP1 through its interaction with RHBDL4,
that is to say, VCP may act as a substrate adapter for RHBDL4.
A232E mutation impairs the proteolytic processing of SREBP1
by RHBDLA4 through disrupting the interaction between VCP
and RHBDL4 and attenuates fatty liver. New treatment tar-
getting VCP or RHBDL4 is expected to be developed in the
future.

Experimental procedures
Animals

Mice were housed under controlled conditions of tem-
perature (23 °C £ 1 °C), humidity (55% + 5%), and lighting
(light phase: 7:30-19:30) and fed ad libitum SD (MF; Ori-
ental Yeast). For HFD loading, mice were fed an ad libitum
HFD containing 20% kcal for kcal (kcal/kcal) protein, 20%
kcal/kcal carbohydrate, and 60% kcal/kcal fat (D12492;
Research Diets) from the ages of 8 weeks Twenty-week-old
male mice were used for analysis unless otherwise
described. All animal experiments were carried out after
receiving approval from the Institutional Animal Experiment
Committee and in accordance with the Institutional Regu-
lation for Animal Experiments at Jichi Medical University.
chA232£/ *-mutant mice (referred to as A232E/+ mice) were
generated by CRISPR/Cas9 and maintained on C57BL/6]
background. Details of the targeting of Vcp are provided in
the following sections.

Generation of A232E/+ mice

CRISPR/Cas9 constructs and reagents were designed to
introduce the human single-base-pair missense mutation

10 J Biol Chem. (2022) 298(6) 101936

resulting in the A232E substitution within exon six of Vcp
(Fig. 1A) by CRISPR/Cas9 in combination with a single-
stranded oligodeoxynucleotide (ssODN) for use in homology-
dependent repair (HDR). The murine and human VCP pro-
teins are 100% identical at the amino acid level (27). A gRNA
was selected to direct Cas9-mediated cutting near the target
nucleotide. The ssODN contained the desired sequence to
introduce the A232E amino acid change, a silent base change to
reduce the likelihood of recutting of the desired allele, and a
silent base change to generate a Dra I site for screening
(5'-AGATAAAGGAGATGGTGGAGCTGCCACTGAGACAT
CCTGCACTGTTTAAAGAGATTGGTGTAAAGGTGAGTA
TCCTAAGGTCTGTGGGGAGTCT-3') (Fig. 1B). Embryos
were collected 0.5 days after fertilization. A ribonucleoprotein
complex of gRNA and Cas9 protein were co-microinjected with
the ssODN donor into embryo pronuclei. Embryos were sur-
gically implanted into the oviducts of 0.5-day pseudopregnant
females. After screening of offspring, a single male with the
desired modifications was used to establish a line of A232E/+
mice on a C57BL/6] background. Genotypes of subsequent
mice were confirmed by PCR amplification of restriction
enzyme digests and Sanger sequencing (Fig. 1, C and D).

Liver histology

Livers were sampled from 20-week-old mice, fixed in 10%
neutrally buffered formalin, and embedded in paraffin. Histo-
logical sections of 5-mm thickness were stained with hema-
toxylin and eosin or Oil Red O and examined by light
microscopy.

Adipose tissue histology and adipocyte size measurement

eWAT were sampled from 20-week-old mice, fixed in 10%
neutrally buffered formalin, and embedded in paraffin. Histo-
logical sections of 5-mm thickness were stained with hema-
toxylin and eosin and examined by light microscopy.
Adipocyte size was evaluated in a mouse from each group and
two random fields (magnification xx100) per mouse. To
measure cross-sectional adipocyte area, micrographs were
taken with a microscope (DP70; Olympus) and analyzed with
Image] software (National Institutes of Health).

Biochemical assays

Blood was obtained from the retro-orbital sinus under ad
libitum feeding unless otherwise mentioned. Plasma glucose
concentration was measured using a glucose assay kit (Wako
Pure Chemical Industries). Plasma insulin concentration was
measured using an insulin-ELISA kit (Morinaga Institute of
Biological Science). Plasma TG, NEFA, and total cholesterol
concentrations were measured using enzymatic kits (Tri-
glyceride E-test Wako, NEFA C-test Wako, and Cholesterol
E-test Wako, respectively; Wako Pure Chemical Industries).
To measure liver TG content, we sampled livers from
20-week-old mice and immediately froze them in liquid ni-
trogen. Lipids were extracted with isopropyl alcohol heptane
(1:1 volume for volume). After evaporation of the solvent, we
resuspended lipids in 99.5% volume for volume ethanol, and
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TG content was measured by an enzymatic kit (Triglyceride
E-test Wako).

Glucose and insulin tolerance tests

IPGTT and IPITT were performed after overnight fasting in
20-week-old mice. For the IPGTT, mice received 1.0 g/kg
glucose, and blood was sampled from the tail vein before and
30, 60, 90, and 120 min after the glucose load. For the IPITT,
mice received 0.5 IU/kg insulin (Novolin R; Novo Nordisk
Japan) by intraperitoneal injection. Blood was sampled from
the tail vein before and 30, 60, 90, and 120 min after the insulin
load.

Real-time quantitative RT-PCR

After sampling, tissues were immediately frozen in liquid
nitrogen and stored at —80 °C until use for RNA isolation.
RNA of livers and cultured cells was prepared using Trizol
(Thermo Fisher Scientific) reagent, and RNA of epididymal
WAT was prepared using RNeasy Lipid Tissue Mini Kit
(Qiagen) following the manufacturer’s protocol. The Quality
and the concentrations of the extracted RNA were checked
using the Nano-Drop 2000 (Thermo Fisher Scientific). Single-
stranded cDNA was synthesized from 1 pg of total RNA using
iScript ¢cDNA Synthesis Kit (Bio-Rad Laboratories) for RT-
PCR, according to the manufacturer’s instructions. All quan-
titative real-time PCR analyses were performed with TagMan
(Applied Biosystems) by QuantStudio 3 real-time PCR system
(Applied Biosystems). mRNA expression levels were normal-
ized to that of glyceraldehyde 3-phospate dehydrogenase
(GAPDH). The sequences of primers and probes used in the
present study are shown in Table SI.

Cell culture, cell treatment, and siRNA transfection

HepG2 cells were cultured at 37 °C with 5% CO, in DMEM
medium containing 10% fetal bovine serum and 50,000 units of
antibiotics (penicillin and streptomycin). For VCP inhibition
experiments, cells were treated with 15 uM NMS-873 (Med-
Chem Express) or treated with vehicle. For knockdown ex-
periments, VCP siRNA (s14765; Life Technologies), RHBDL4
siRNA (s38699; Life Technologies), gp78 siRNA (s1324; Life
Technologies), HRD1 siRNA (s39019; Life Technologies), or
negative control siRNA (sc-37007; Santa Cruz Biotechnology)
was transfected at the final concentration of 100 nM using
Opti-MEM (Gibco) and Lipofectamine RNAIMAX (Invi-
trogen). After 48 h of treatment or transfection, cells were
harvested for Western blot analysis or quantitative real-time
PCR analysis.

Western blot analysis

Livers were homogenized and lysed in a solution containing
20 mM Tris (pH 7.5) 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, and
1 mM sodium orthovanadate. Subcellular fractions were ob-
tained using Subcellular Protein Fractionation Kit for Tissues
(Thermo Fisher Scientific). Immunoprecipitation was per-
formed with each antibody using Capturem IP & Co-IP kit
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(Takara). Samples were separated by SDS-PAGE using 4 to
12% Bis-Tris gel (Bio-Rad) and transferred to a polyvinylidene
difluoride membrane (Bio-Rad). Membranes were immuno-
blotted with each antibody. Amersham ECL prime (GE
Healthcare Life Sciences) and ImageQuant LAS 4000mini (GE
Healthcare Life Sciences) were used for the detection and
quantification. Antibodies used in the present study are as
follows: SREBP1 (ab3259; Abcam), VCP (ab11433; Abcam),
S1P (ab140592; Abcam), SREBP2 (ab30682; Abcam), CHOP
(2895; Cell Signaling Technology), BiP (3177; Cell Signaling
Technology), P-actin (3700; Cell Signaling Technology),
RHBDL4 (20869-1-AP; Proteintech), TBP (22006-1-AP; Pro-
teintech), gp78 (16675-1-AP; Proteintech), HRD1 (13473-1-
AP; Proteintech), Ubiquitin (10201-2-AP; Proteintech),
carbohydrate-responsive element—binding protein (NB400-
135; Novus Biologicals), ATF6 (NBP1-40256; Novus Bi-
ologicals), and normal mouse IgG (sc-2025; Santa Cruz
Biotechnology).

Statistics

Data are expressed as means + SEM. Comparison between
or among groups was assessed by Student ¢ test or 2-way
ANOVA. p < 0.05 was considered statistically significant.

Data availability

The data supporting this study are available from the cor-
responding author (kebihara@jichi.ac.jp) upon reasonable
request.
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