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Hepatocyte-specific deletion of BAP31 promotes
SREBP1C activation, promotes hepatic lipid
accumulation, and worsens IR in mice®
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Abstract Conditional knockout mice with targeted disrup-
tion of B-cell associated protein (BAP)31 in adult mouse liver
were generated and challenged with a high-fat diet (HFD) for
36 or 96 days and markers of obesity, diabetes, and hepatic
steatosis were determined. Mutant mice were indistinguish-
able from WT littermates, but exhibited increased HFD-
induced obesity. BAP31-deletion in hepatocytes increased the
expression of SREBP1C and the target genes, including
acetyl-CoA carboxylase 1 and stearoyl-CoA desaturase-1, and
increased hepatic lipid accumulation and HFD-induced liver
steatosis. Immunoprecipitation assay showed that BAP31 in-
teracts with SREBP1C and insulin-induced gene 1 (INSIG1),
and BAP31-deletion reduces INSIG1 expression, suggesting
that BAP31 may regulate SREBP1C activity by modulating
INSIG1 protein levels. Additionally, BAP31-deletion induced
glucose and insulin intolerance, decreased Akt and glycogen
synthase kinase 33 phosphorylation, and enhanced hepatic
glucose production in mice. Expression of endoplasmic
reticulum (ER) stress markers was significantly induced in
BAP31-mutant mice. HFD-induced inflammation was aggra-
vated in mutant mice, along with increased c-Jun N-terminal
kinase and nuclear factor-kB activation.ll These findings
demonstrate that BAP31-deletion induces SREBP activation
and promotes hepatic lipid accumulation, reduces insulin sig-
naling, impairs glucose/insulin tolerance, and increases ER
stress and hepatic inflammation, explaining the protective
roles of BAP31 in the development of liver steatosis and insu-
lin resistance in HFD-induced obesity in animal models.—
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Nonalcoholic fatty liver disease (NAFLD), one of the
most common chronic liver disorders, affects up to one-
third of adults in the USA (1). NAFLD begins with lipid
deposition in the liver (liver steatosis) and may progress to
become nonalcoholic steatohepatitis (NASH), a state in
which steatosis is combined with inflammation and fibro-
sis, with approximately 20% of patients developing cirrho-
sis, terminal liver failure, or hepatocellular carcinoma (2).
NAFLD is highly associated with the features of metabolic
syndrome, including obesity, T2D, and dyslipidemia, and
promotes the development of insulin resistance (IR), char-
acterized by fasting hyperglycemia and enhanced hepatic
glucose production (3).

SREBPs, which belong to the basic helix-loop-helix-
leucine zipper family of transcription factors, contain three
isoforms, namely, SREBP1A, SREBP1C, and SREBP2, and
are key regulators of NAFLD (4). Newly synthesized
SREBPs, or precursor SREBPs (pSREBPs), are anchored in
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the endoplasmic reticulum (ER) membranes and form a
tight complex with SREBP cleavage-activating protein
(SCAP). In sterol-depleted cells, the SREBP/SCAP com-
plex is incorporated into COPII-coated vesicles. Subse-
quently, the vesicles migrate from the ER and escort
SREBPs to the Golgi apparatus, where they are cleaved by
two proteases. This process liberates the transcription fac-
tor portion into the cytosol, where it translocates into the
nucleus [i.e., nuclear (n)SREBP] and activates the tran-
scription of multiple genes involved in FA and cholesterol
(Chol) synthesis, including FAS, acetyl-CoA carboxylase 1
(ACCI), stearoyl-CoA desaturase-1 (SCD1), HMG-CoA syn-
thase (HMG-CoA Syn), and HMG-CoA reductase (HMG-CoA
Red), thus leading to enhanced hepatic lipid accumulation
(5, 6). Sterols promote the binding of insulin-induced
gene 1 (INSIG1) to SCAP, causing the retention of the
SREBP/SCAP complex in the ER, thereby limiting the
transcription of SREBP target genes (7). When sterol is
scarce, the SREBP/SCAP complex dissociates from INSIG1
and the dissociated INSIG1 is then degraded via the ubiquitin-
proteasome system, thereby promoting SREBP proteolytic
processing and inducing downstream signal transduction
(8). Additionally, hypotonic or ER stress induces SREBP
activation, which is highly associated with the degradation
of INSIG1 (9), and deletion of INSIGI results in constitu-
tive activation of SREBP (10). In contrast, overexpression
of INSIGI in the liver inhibits SREBP processing and re-
duces insulin-induced lipogenesis, supporting a possible
mechanism(s) of regulating nSREBP expression and sig-
naling pathway activation by modulating the cellular pro-
tein levels of INSIG1 (11).

B-cell associated protein (BAP)31, which is one of the most
abundant ER-associated proteins (12, 13), plays an integral
role in the recognition of misfolded protein by triggering
ER-associated degradation (ERAD) (14). Our previous study
reported that BAP31 promoted the retrotranslocation of
CFTRAF508 into the cytosol and maintained the cellular
protein-folding homeostasis (15). However, the function of
BAP31 in glucose and lipid metabolism is uncertain. Patients
with BAP31 and ABCDI1 deletion presented with infantile
death and liver dysfunction of intracanalicular and ductal
cholestasis (16). In addition, patients exhibited hepatomeg-
aly, mild to moderate fibrosis, vacuoles in hepatocytes (indi-
cating excess hepatic lipid accumulation), and an increase of
serum alanine transaminase (ALT) and aspartate amino-
transferase (AST) levels, suggesting that the contiguous
mutation in BAP31 and ABCD1 may result in fatty liver (17).
The contiguous deletion of BAP31 and solute carrier family
6 member 8 (SLC6AS8) also leads to liver dysfunction (18).
However, Cacciagli et al. (19) reported that mutations in
BAP31 caused deafness, dystonia, and disturbances of ER me-
tabolism, but they failed to detect liver dysfunction, suggest-
ing that BAP31-deletion would not induce liver disease, or
even fatty liver. This inconsistency may be due to the cases
that had reported the contiguous mutation of BAP31 with
the adjacent genes of ABCD1 and SLLC6AS, and not the sin-
gle gene mutation of BAP31, which may explain the conflict-
ing clinical presentation and complicate the interpretation
of the data.
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In this study, conditional knockout mice with targeted
disruption of BAP31 in the adult mouse liver were gener-
ated. The mice were fed a high-fat diet (HFD) for 36 or 96
days and markers of obesity, liver steatosis, ER stress, and
hepatic inflammation were determined. We demonstrate
that BAP31-deletion in hepatocytes induces SREBP activa-
tion and increases lipogenic gene expression and hepatic
lipid accumulation. Additionally, BAP31-deletion in hepa-
tocytes impairs insulin signaling, increases hepatic gluco-
neogenesis, aggravates ER stress and hepatic inflammation,
and eventually worsens IR in mice.

MATERIALS AND METHODS

Generation of mice for hepatocyte-specific deletion of
BAP31

Details on targeting construct and targeting procedure can be
found in the sup})lemental materials. Mice having the BAP31"™*
allele (BAP31"7) on the C57BL/6 background were mated
with the transgenic mice expressing Cre recombinase under the
control of rat albumin promoter (Alb-Cre mice) to obtain hemizy-
gous Alb-Cre;BAP31"~ offspring, which were then crossed with
BAP31"¥1% (5 obtain the hemizygous Alb-Cre;BAP?)lﬂox/ ~ of
BAP31™* allele with Alb-Cre recombinase combined (MT) and
their BAP31"™ allele littermates (WT). Age-matched male WT
and MT mice were used. Mice were housed in light- and humidity-
controlled rooms with a 12 h light/dark cycle. All animal proce-
dures were approved by the institutional review board of
Northeastern University in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals.

HFD-induced obesity

Male WT and MT mice (4-6 weeks old) were fed a standard
chow diet (SD) (LM 485, 10 kcal% fat; Harlan Teklad) or HFD
(Research Diets 12492, 60 kcal% fat) for a short-term (36 days) or
a long-term (96 days). Then the liver, heart, kidneys, and white
adipose tissue (WAT) were collected and weighed.

Food intake measurement

Male mice of the four experimental groups were housed indi-
vidually. Food intake for each mouse was measured every day for
at least 1 week.

Glucose tolerance test, insulin tolerance test, and pyruvate
tolerance test

Male WT and MT mice fasted 16, 5, or 16 h were injected (in-
traperitoneally) with glucose (2 g/kg), insulin (0.75 U/kg), or
sodium pyruvate (2 g/kg) for glucose tolerance test, insulin toler-
ance test, and pyruvate tolerance test, respectively. Blood glucose
was determined by measuring tail blood at 0, 15, 30, 60, and
120 min post glucose, insulin, or pyruvate solution administration.

Acute insulin treatment in vivo

Male WT and MT mice (8-10 weeks old) fasted overnight were
anesthetized (ketamine, 150 mg/kg; xylazine, 5 mg/kg) and a
maximal bolus of insulin (5 U/kg) was administered via the portal
vein for 5 min. Then the liver tissues and gastrocnemius were col-
lected and snap-frozen in liquid nitrogen for the next steps.

Fasting/refeeding treatment

Male WT and MT mice (16-18 weeks old) fasted 24 h were
refed with the SD for 1 h or 6 h. Then mice were euthanized



under anesthesia and the liver tissues were collected and snap-
frozen in liquid nitrogen for the next steps.

Cell culture and primary hepatocyte glucose production

shRNA lentivirus was obtained from Novobio Scientific (Shang-
hai, China). HepG2 cells were infected with shRNA targeting BAP31
and the scrambled nontarget negative control based on the manu-
facturer’s instructions. Primary hepatocytes isolated from male WT
and MT mice using two-step collagenase perfusion (Thermo Fisher
Scientific) were seeded on collagen-coated 6-well plates, as de-
scribed before (20). Hepatocytes were cultured in serum-free Wil-
liam’s E medium containing 1% ITS supplement (Thermo Fisher
Scientific) and 100 nM dexamethasone (Sigma-Aldrich) for 16 h,
then washed with sterile PBS and the glucose production was deter-
mined after an 8 h incubation in glucose-free William’s E medium
containing lactate/sodium pyruvate (10:1 mM) and 100 nM dexa-
methasone alone or with 8-Br-cAMP (100 pM) (Sigma-Aldrich)
(21).

Measurement of serum metabolites and liver extracts

Serum insulin and TNFa were measured using a mouse insulin
and TNFa ELISA kit (RayBiotech, Norcross, GA; eBioscience, San
Diego, CA). Interleukin (IL)-1B in liver extracts was determined by
ELISA kit from R&D Systems (Minneapolis, MN) and was normal-
ized with protein content. Triglycerides (TGs), FFA, and Chol
were determined with reagent kits (Pointe Scientific, Canton,
MI; Wako Chemicals USA, North Chesterfield, VA). Glucose,
B-hydroxybutyrate, HDL-Chol, LDL-Chol, AST, ALT, and total bile
acid were determined with reagent kits from Nanjing Jiancheng Bio-
medical Company (Nanjing, China). Tissues (50 mg) or feces (100
mg) were homogenized with PBS and the lipids were extracted with
a mixture of chloroform-methanol (2:1; v/v), as described before
(22). The lipid content was normalized with tissue or feces weight.

Histopathology

Sections (5 pm) of paraffin-embedded livers were cut and
stained with hematoxylin and eosin before histopathologic analy-
sis. For Oil Red O staining, frozen sections were fixed and incu-
bated with Oil Red O solution (six parts Oil Red O stock solution
and four parts water; Oil Red O stock solution is 0.5% Oil Red O
in 100% isopropanol) for 15 min, then counterstained with hema-
toxylin and mounted in glycerin jelly.

RNA isolation and real-time PCR

Total RNA was isolated using TRIzol reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Two mi-
crograms of total RNA were converted to cDNA and the relative
mRNA levels were quantified using a CFX96 Touch™ real-time
PCR detection system (Bio-Rad Laboratories). SYBR green chem-
istry was used. The sequences of primers used are listed in supple-
mental Table S1.

Immunoblot analysis

Nuclear proteins from liver tissues or HepG2 cells were isolated
with an NE-PER kit following the manufacturer’s instructions
(Pierce, Rockford, IL). Homogenates or nuclear extracts were re-
solved by SDS-PAGE and then transferred to PVDF membrane.
The membrane was blocked with 5% nonfat dry milk in TBST
followed by incubation with primary antibodies overnight. Bands
were visualized with a Bio-Rad ChemiDoc™ imaging system using
an ECL detection kit. The sources and dilutions of antibodies are
listed in supplemental Table S2.

Immunoprecipitation

Liver extracts [50 mM HEPES buffer (pH 7.6), 100 mM NaCl,
1.5 mM MgCly, 1% (w/v) CHAPS, and protease inhibitors] were

incubated with a specific antibody against BAP31 at 4°C over-
night. Protein G Sepharose beads were added next, followed by
incubation for 4 h at 4°C. After washing three times with lysis buf-
fer, the immune complexes were resolved on SDS-PAGE. Blots
were incubated with anti-SREBP1, anti-INSIG1, or anti-SCAP
antibodies.

Statistical analysis

Quantitative data are presented as mean + SEM. Statistical dif-
ferences were determined by a two-way ANOVA followed by Stu-
dent-Newman-Keuls comparisons using SPSS 13.0 or by a two-tailed
Student’s ttest for two independent samples. All statistical tests
with P< 0.05 were considered to be significant.

RESULTS

BAP31-deletion in hepatocytes increases HFD-induced
obesity

A conditional knockout mouse model containing a ge-
netically engineered BAP31"" allele in which exon 3 is
flanked by loxP sites was generated. Detailed information
about the construct design and the generation of BAP31
floxed allele mice can be found in the supplemental mate-
rials (supplemental Fig. S1) and the breeding strategy is
described in the Materials and Methods. The offspring
were born with Mendelian frequency (Fig. 1A, the fre-
quency of female mice has not been shown). As the BAP31
gene is X-chromosome linked, one allele deletion results
in 93% mRNA ablation in male hemizygous mice (MT)
and 79% mRNA ablation in female heterozygous mice
(HT) (Fig. 1B, left). BAP29, the homolog of BAP31, forming
the complex of BAP29/BAP31 with BAP31, and is prefer-
entially interacted with membrane protein of immuno-
globulin D (12); and the mRNA levels were similar among
these three types of mice, suggesting that BAP31-deletion
in hepatocytes did not alter the homolog family expression
of BAP29 (Fig. 1B, right). Immunoblot analysis confirmed
that BAP31 was appropriately ablated and that the gene
deletion was specifically targeted to the liver, with no dele-
tion observed in the heart and kidney tissues (Fig. 1C).

In order to evaluate the function of BAP31 in lipid me-
tabolism, WT and MT mice were subjected to HFD-feeding
for multiple time-courses: 36 days of feeding for the short-
term duration and 96 days for the long-term duration. No
difference of body weight between the WT and MT mice
over time on the SD was observed (Fig. 1D). MT mice were
10% heavier than WT littermates at the end of the treat-
ment (Fig. 1E, Table 1). Liver, heart, and kidney weights
were similar. Higher food intake may have contributed
partly to the higher body weight in MT mice (Fig. 1F). Fe-
cal TG and Chol were higher in MT mice than in WT mice
(Fig. 1G, H). No difference in serum glucose, insulin, TG,
B-hydroxybutyrate, Chol, HDL-Chol, or LDL-Chol was ob-
served between WT and MT mice, except for serum FFA,
which was increased in MT mice fed SD or HFD (P = 0.09)
(Table 1). MT mice that were fed a HFD for 36 days had
increased body weight gain compared to WT mice. Liver
weight was increased by 13% in MT mice fed HFD for
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36 days. No difference was observed in heart and kidney
weights of these mice (supplemental Fig. S2).

BAP31-deletion in hepatocytes increases hepatic lipid
accumulation and HFD-induced liver steatosis

There were higher neutral TG and lipid staining in MT
mice than in WT mice fed HFD (Fig. 2A). Compared with
WT mice, hepatic TG, FFA, and Chol were increased by
16% (P=0.077),19% (P=0.080), and 8% in MT mice fed
SD, respectively, and were increased by 52, 31, and 20% in
MT mice fed HFD, respectively (Fig. 2B-D). Additionally,
hepatic TG was increased in MT mice fed HFD for 36 days;
however, no difference was observed in hepatic FFA and
Chol (supplemental Fig. S3). Serum ALT was increased by
110% in MT mice fed HFD compared to WT mice (Fig. 2E).
AST was increased by 27% in MT compared with WT mice

HFD

fed SD, and increased by 40% compared with those fed HFD
(Fig. 2F). Total bile acid was increased by 31% in MT mice
compared with WT mice, and increased by 20% compared
with those fed HFD (Fig. 2G).

BAP31-deletion in hepatocytes induces lipogenic gene
expression in mouse livers

BAP31 was ablated in MT mice. SREBP1C and the target
genes, including glucose-6-phosphate dehydrogenase
(G6PD), glucokinase (GCK), malic enzyme (ME), ACCI,
and SCD1, were significantly induced in MT mice fed SD or
HFD. SREBP2 and the target genes of HMG-CoA Syn and
LDL receptor (LDLR) were also induced. Diacylglycerol acyl-
transferases (DGATs) (DGAT1 and DGAT?), which catalyze
the formation of TG from diacylglycerol and acyl-CoA,
considered as the terminal and only committed step in TG

TABLE 1. Metabolic parameters of serum measured in WT and MT mice fed the SD or HFD
SD HFD

Parameters Unit WT MT WT MT
Body weight g 30.63 £ 0.61 29.85 + 0.41 34.15 + 0.96 37.40 + 1.40
Liver weight g 1.58 £ 0.04 1.59 +0.04 1.65 +0.08 1.78 +0.07
Heart weight g 0.13 +0.01 0.12 £ 0.01 0.14 = 0.01 0.14 £ 0.01
Kidney weight g 0.37 £0.01 0.36 £ 0.01 0.43 £ 0.02 0.43 £ 0.02
Glucose mg/dl 179.52 + 6.14 169.46 + 18.69 168.92 = 10.51 170.43 + 10.66
Insulin uwU/ml 24.36 + 3.25 25.11 £ 0.58 38.44 + 7.87 33.88+2.78
TGs mg/dl 94.32 + 7.10 101.47 £ 10.32 117.23 + 14.89 106.39 +7.76
FFA mEq/1 0.61 £ 0.05 0.71 +0.05 0.66 £ 0.08 0.84 £ 0.08
B-Hydroxybutyrate mmol/1 0.15+0.01 0.16 = 0.02 0.14 = 0.01 0.14 £ 0.01
Chol mg/dl n.d. n.d. 169.93 + 18.02 174.09 + 8.93
HDL-Chol mg/dl 12.72 +0.43 12,98 +0.51 32.39 + 2.82 32.81+1.86
LDL-Chol mg/dl 16.98 +1.29 15.06 + 1.18 72.80 £ 12.68 89.81 £ 3.59

Body weight, liver weight, heart weight, kidney weight, serum glucose, insulin, TGs, FFA, B-hydroxybutyrate,
Chol, HDL-Chol, LDL-Chol were measured from WT and MT mice fed the SD or HFD for 96 days. Data are shown

as mean + SEM (n = 6-7 per group). n.d., not detected.
“P<0.05, MT compared with WT mice fed HFD.
’P<0.05, MT compared with WT mice fed the SD.
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synthesis (23), were also increased in MT mice. No change in
FA translocase [cluster of differentiation 36 (CD36)] expres-
sion was determined. FA transport proteins (FATPs) (FATP2
and FATP5) were increased in MT mice fed HFD (Fig. 3A,
B). Total ACCI protein levels were increased and the phos-
phorylation levels (p-ACC1) were decreased in MT mice.
PPARY was elevated in MT mice (Fig. 3C). In the 36 day HFD-
feeding, PPARy, ACC1, and FAS were increased, but no
change in CD36, DGAT1, and DGAT?2 expression between
WT and MT mice was observed (supplemental Fig. S4).

BAP31-deletion in hepatocytes promotes SREBP signaling
activation and increases the response to fasting/refeeding
treatment

SREBPs function as the master regulators of FA and Chol
biosynthesis (24). The mature form of nSREBP1C was more
abundant in MT mice, indicating that BAP31-deletion may
enhance SREBP1C proteolytic cleavage (Fig.4A). The mRNA
and the precursor form of SREBP1C were also robustly in-
duced, suggesting that the enhanced proteolytic cleavage of
the precursor is compensated for by the induced SREBP1C
transcription, which may be due to a feed-forward mecha-
nism, as the SREBP1C promoter is the target of mature
SREBPI1C itself (Fig. 3A, B). HepG2 cells stably infected with
lentivirus targeting BAP31 exhibited enhanced nSREBP1C
and pSREBP1C expression (Fig. 4B), and overexpression of
BAP31 reduced nSREBP1C and pSREBP1C expression (Fig.
4C). INSIG1, which mediates the export of the SREBP /SCAP
complex from the ER to the Golgi apparatus, was significantly
reduced in MT mice, thereby facilitating the export of

SREBP1C to the Golgi apparatus and inducing the activation
of downstream genes (Fig. 4D). Data from the immunopre-
cipitation assay further demonstrated that BAP31 interacted
with SREBP1C and INSIG1. However, no interaction between
BAP31 and SCAP was observed, suggesting that BAP31 may
form a complex with SREBP1C and INSIG1, and that modu-
late SREBP1C activation by modulating INSIG1 cellular con-
tent in mouse livers (Fig. 4E).

It has been widely recognized that SREBP1C plays key
roles in response to fasting and refeeding treatment, and is
involved in nutrition induction of lipogenic enzyme genes
(25). In order to confirm that BAP31-deletion in hepatocytes
induced SREBP1C activation in the liver, WT and MT mice
were fasted for 24 h and then refed with the SD for 1 or 6 h.
The hepatic lipid accumulation did not change much be-
tween these two genotypes of mice following the 1 h refeed-
ing, but was increased significantly in MT mice upon the 6 h
refeeding (Fig. 4F). A quantitative real-time PCR assay dem-
onstrated that BAP31-deletion in hepatocytes increased the
induction of lipogenic genes, including ACCI, FAS, and
SCD1, as well as other genes, such as ME, GCK, G6PD, and
LDLR in mouse livers, suggesting that there is an increase of
SREBP1C activation in MT mice following fasting/refeeding
treatment (Fig. 4G). It was noted that HFD-treatment for 96
days reduced BAP31 protein levels in mouse livers (Fig. 4H).

BAP31-deletion in hepatocytes impairs glucose and insulin
tolerance in mice

MT mice exhibited glucose and insulin intolerance com-
pared with WT mice fed SD (Fig. 5A, B) and continuously
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exhibited glucose intolerance following HFD-feeding, both
short-and long-term (Fig. 5C, E), but did not feature more
insulin intolerance (Fig. 5D, F). The relative protein levels
of p-Akt (Ser473) and p-Akt (Thr308) were decreased
in MT mice, with no change in Akt expression. The phos-
phorylation levels of the target gene of glycogen synthase
kinase 3B (Gsk3B) [phosphorylated Gsk3B (p-Gsk3p3)]
were also decreased in WT mice, suggesting that BAP31-
deletion in hepatocytes reduces Akt activation, thus result-
ing in glucose and insulin intolerance. BAP31-deletion in
hepatocytes increased insulin receptor substrate 1 (IRS1)
phosphorylation at serine (307) in mouse livers, when fed
either SD or HFD (Fig. 5G, H). BAP31-deletion in the liver
did not change p-Akt or p-Gsk3f3 levels in WAT, which had
normal expression levels of BAP31 (supplemental Fig. S5),
indicating that the reduced Akt activation in MT mice was
due specifically to BAP31-deletion in hepatocytes.

BAP31-deletion in hepatocytes impairs insulin signal
transduction in vivo and in vitro

To confirm BAP31 effects on insulin signal transduction,
mice fasted overnight were perfused with insulin for 5 min,
and then the phosphorylation levels of Akt were deter-
mined. Insulin administration induced IRS1 expression
and increased p-Akt (Ser473 and Thr308) and p-Gsk3(3
levels in WT mice, but the induction was dampened in
MT mice (Fig. 6A). Primary hepatocytes were isolated and
the insulin response ability was evaluated in vitro. Insulin
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significantly induced IRS1 expression and promoted p-Akt
(Ser473), p-Akt (Thr308), and p-Gsk3p levels in WT hepa-
tocytes, but these effects were completely blocked in MT
hepatocytes via a dosage-dependent mechanism (Fig. 6B).
Hepatocytes exhibited the peak of the phosphorylation lev-
els of Akt (Ser473 and Thr308) at 5 min post insulin ad-
ministration and then decreased at the 30 min time point.
This induction was significantly reduced in MT hepatocytes
in a time-course treatment (Fig. 6C), demonstrating that
BAP31-deletion impairs insulin signal transduction in he-
patocytes, which is consistent with the in vivo observations.
In skeletal muscles, there was no difference in p-Akt and
p-Gsk3B levels in response to insulin administration be-
tween WT and MT mice, which exhibited similar BAP31
expression, further suggesting that the impairment of insu-
lin signal transduction is liver specific (Fig. 6D).

BAP31-deletion in hepatocytes enhances glucose
production and increases ER stress and HFD-induced
inflammation

Patients with diabetes exhibit fasting hyperglycemia,
which may be due to the failure of insulin-induced suppres-
sion of gluconeogenesis (26). During prolonged fasting,
gluconeogenesis is stimulated to maintain glucose homeo-
stasis. The mitochondrial matrix is thought to be the ma-
jority of gluconeogenic carbon flux and pyruvate is the
possible major substrate (27). The change of blood glucose
in response to a bolus of pyruvate is a reflection of hepatic
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Fig. 4. BAP3l-deletion in hepatocytes promotes SREBP signaling activation and increases the response to fasting/refeeding treatment. A:
Immunoblot analysis of SREBP1C precursor and nuclear form in WT and MT mice fed the SD or HFD for 96 days. *P < 0.05, MT compared
with WT mice fed SD. *P< 0.05, MT compared with WT mice fed HFD. B, C: Immunoblot analysis of SREBP1C precursor and nuclear form in
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WT and MT mice fed the SD. Statistical differences were determined by a two-tailed Student’s ttest. *P < 0.05, MT compared with WT mice
fed SD. E: Liver lysates (SD and HFD mouse livers) were subjected to immunoprecipitation assay with polyclonal anti-BAP31 antibody. Immu-
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gluconeogenesis (28). It is simplified, as pyruvate is also
able to be utilized by many tissues and can possibly affect
glucose levels by competition oxidative processes in extra-
hepatic tissues, including skeletal muscles. MT mice (16—
18 weeks old) exhibited elevated basal levels of blood
glucose and continuously exhibited elevated blood glucose
for the remaining time points (Fig. 7A). Phosphoenolpyru-
vate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6Pase), the two rate-limited enzymes catalyzing gluco-

neogenesis, were increased by 140% and 190% in MT mice,
respectively. PPARy coactivator-la (PGCla) activation,
which is required for fasting induction (29), was also sig-
nificantly increased in MT mice compared to WT mice (by
80%) (Fig. 7B). The effects of BAP31 on gluconeogenesis
were also evaluated in primary hepatocytes. BAP31-dele-
tion increased the cumulative glucose production in pri-
maryhepatocytes stimulated with cAMP analog (8-Br-cAMP)
or without (Fig. 7C), and increased the mRNA levels of the
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key gluconeogenic enzyme genes (PEPCK and G6Pase),
which is consistent with the in vivo findings (Fig. 7D).

ER stress has been linked with NAFLD and other metabolic
disorders (30). Genes of ER degradation enhancing man-
nosidase-like proteins (EDEMs), Derlin1, valosin-containing
protein (VCP), glucose regulated protein 78 (GRP78),
X-box binding protein 1 (XBP1), spliced XBP1 (XBP1s),
C/EBP homologous protein (CHOP), activating transcrip-
tion factor-6 (ATF6), and inositol-requiring enzyme la
(IREla), related to ER stress, were significantly induced in
MT compared with WT mice, either fed with SD or HFD,
suggesting that BAP31-deletion in hepatocytes increased
ER stress in mouse livers (Fig. 7E).

It has been increasingly recognized that obesity is highly
associated with inflammation (31). BAP31-deletion signifi-
cantly induced inflammatory markers in the livers of SD-
fed mice, including macrophage inflammatory protein lo
(MIPla), C-X-C motif chemokine ligand 10 (CXCL-10),
IL-1B, serum amyloid A (SAA)1, SAA2, SAA3, and mono-
cyte chemoattractant protein-1 (MCP1), with an insignifi-
cant increase for F4/80 expression (Fig. 7F), and
induced MIPla, CXCL-10, F4/80, IL-13, SAA1, and MCP1
expression in mice fed HFD, with an insignificant increase
for SAA2 and SAA3 expression (Fig. 7G). Serum TNFa
(4.68 £0.20 pg/ml vs. 6.06 + 0.38 pg/ml) and hepatic IL-1
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(5.90 + 0.87 pg/mg protein vs. 8.08 + 0.42 pg/mg protein)
were both significantly induced, suggesting that enhanced
hepatic inflammation occurred in MT mice (Fig. 7H).
cJun N-terminal kinase (JNK) and nuclear factorkB (NF-kB)
pathways have been reported playing key roles in the meta-
bolic response to obesity and liver steatosis (32, 33). BAP31-
deletion in hepatocytes increased the protein levels of
¢-Jun and p-JNK in livers of HFD-fed mice, but no differ-
ences were observed in the livers of mice fed SD. Nuclear
translocation of transcription factor NF-kB was increased
in MT mice, when fed either SD or HFD (Fig. 7I).
Abdominal and overall adiposity are closely associated
with NAFLD (34). WAT mass was increased slightly in mice
fed SD and was increased significantly following the HFD
feeding (supplemental Fig. S6, S7). Compared with WT
mice, WAT TG and FFA were increased by 140% and 74%
in MT mice fed SD, respectively, and were increased by
18% and 25% in MT mice fed HFD, respectively (supple-
mental Fig. 7). CD36 and LPL, associated with FA trans-
port to WAT (35), were increased in MT mice. Adipose TG
lipase (ATGL), associated with lipolysis in WAT (36), was
reduced in the mice fed HFD. PPARy, ACCI1, FAS, and
DGAT1 were reduced in MT mice fed HFD, which may be
regulated by a negative feedback mechanism due to the
high lipid accumulation in WAT (supplemental Fig. S8).
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DISCUSSION to demonstrate whether BAP31 plays the same roles in the

In the current study, conditional knockout mice with tar-
geted disruption of BAP31 in adult mouse liver were gener-
ated and challenged with a Western diet and the effects of
BAP31 on glucose and lipid metabolism were evaluated. In
normal physiological conditions, it is possible that BAP31
forms a complex with INSIG1 and SREBP1C proteins. Hepa-
tocyte-depletion of BAP31 may destroy the integrity of the
complex, and induced the degradation of INSIG1, which re-
duced INSIG1 expression and led to SREBP1C activation,
thus increased lipogenic gene expression and hepatic lipid
accumulation. Also, BAP31-deletion in hepatocytes impaired
glucose and insulin tolerance, reduced Akt phosphorylation
and insulin signal transduction, and increased hepatic glu-
cose production. In addition, BAP31-deletion increased ER
stress and enhanced JNK and NF-«B signaling pathway activa-
tion, thus promoting hepatic inflammation. Therefore, we
propose here that BAP31-deletion in hepatocytes induces
SREBP signaling activation and promotes hepatic lipid accu-
mulation and HFD-induced liver steatosis. Additionally, we
propose that BAP31-deletion induces hyperglycemia and glu-
cose/insulin intolerance, increases ER stress and hepatic in-
flammation, and eventually induces IR in a mouse model of
HFD-induced obesity (summarized in Fig. 8). To the best of
our knowledge, this is the first report elucidating BAP31
function in glucose and lipid metabolism in HFD-induced
obesity in animal models, pointing to the potential roles of
BAP31 against obesity and diabetes mellitus.

HFD-induced fatty liver is a gradual process. We used
multiple durations of HFD-feeding with the mice, aiming

development of HFD-induced fatty liver. The current study
demonstrates that BAP3l-deletion increased lipogenic
gene expression and promoted HFD-induced liver steato-
sis, either short- or long-term, indicating the negative role
of BAP31 in the regulation of lipid metabolism. SREBP1C
is one of the key transcription factors in the regulation of
de novo lipogenesis and modulates the transcriptional lev-
els of genes related to lipid synthesis. Forced SREBP1C
expression caused a mild hepatomegaly and a moderate
increase in hepatic TG accumulation, mediated by in-
creased ACCI, FAS, and SCDI1 expression (6). INSIG1
binds to the SREBP/SCAP complex and leads to the ER
retention of SCAP, thereby limiting the delivery of the
complex to the Golgi for proteolytic release. Overexpres-
sion of INSIGI inhibited SREBP processing and reduced
lipogenesis in rodent animal models (11, 37). BAP31-
deletion reduced INSIG1 expression, which may promote
SREBP/SCAP complex export from the ER to the Golgi
apparatus for SREBP proteolytic processing, and then in-
creases SREBP activation and the lipogenesis process, thus
promotes hepatic lipid accumulation and results in liver
steatosis. Immunoprecipitation assays further reported
that BAP31 interacted with the endogenous SREBP1C and
INSIG1 proteins, suggesting that BAP31 may correlate with
SREBP1C/INSIGI physiologically, and forming a complex
of BAP31/SREBP1C/INSIG], thus regulated the downstream
genes of lipogenesis process. However, whether and/or
how BAP31 modulates ER export of SREBP/SCAP com-
plex is still unknown and whether BAP31 regulates INSIG1
expression directly or modulates the cellular protein amount
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Fig. 7. BAP3l-deletion in hepatocytes enhances glucose production and increases ER stress and HFD-induced inflammation. A: Pyruvate
tolerance test (PTT) was performed on WT and MT mice (16-18 weeks old). The blood glucose levels were determined via tail bleeding post
pyruvate administration of 0, 15, 30, 60, and 120 min. AUCs (areas under the curve) were calculated (n = 6 per group). B: BAP31-deletion
in hepatocytes induced PEPCK, G6Pase, and PGCla mRNA levels in mouse livers (n = 6-7 per group). *P < 0.05, MT compared with WT
mice fed SD. C: BAP31-deletion increased glucose production in the primary hepatocytes. The glucose concentrations have been normalized
to cellular proteins. D: At the end of the incubation period, total RNA was extracted by using TRIzol reagent. The relative mRNA levels of
PEPCK and G6Pase were determined by real-time PCR and normalized with 18S rRNA levels. *P < 0.05, MT compared with WT primary
hepatocytes. E: The transcription levels of ER stress markers in WT and MT mice fed with SD or HFD. *P< 0.05, MT compared with WT mice
fed SD. *P < 0.05, MT compared with WT mice fed HFD. F, G: Expression of markers of macrophages and pre-inflammatory genes were
measured by real-time PCR in the livers from mice fed the SD or HFD for 96 days (n = 6-7 per group). H: BAP31-deletion in hepatocytes
increased inflammatory cytokines. Serum TNFa (n = 6 per group) and hepatic IL-13 (n = 6 per group) in liver extracts were determined by
ELISA. I: Immunoblot analysis of c-Jun, p-JNK, [NK, and NF-kB (p65) in the nuclei from the livers of mice fed the SD or HFD for 96 days.
*P<0.05, MT compared with WT mice fed SD. "P< 0.05, MT compared with WT mice fed HFD.

of INSIG1 via modulating the proteasomal degradation sys-  and hepatic IR are highly correlated and increase the risk
tem is uncertain and warrants future studies. of T2D and atherosclerosis (38, 39). Increased hepatic FFA
BAP31-deletion impaired glucose and insulin tolerance, accumulation triggers the activation of serine/threonine ki-

reduced insulin signal transduction, and induced IR. NAFLD nase that directly reduces insulin receptor/insulin receptor
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substrate-dependent signaling cascades, which impairs in-
sulin-stimulated Akt-Gsk3f3 activation (40). Akt is the most
important factor that mediates insulin-induced glucose
and lipid metabolism. Insulin binds to its receptor, which
results in the autophosphorylation of tyrosine residues, al-
lowing PI3K and Akt phosphorylation and activation, deac-
tivates Gsk3 signaling, leading to glycogen synthesis from
glucose and glycogen accumulation. The activation of JNK
signaling induced the phosphorylation levels of IRS1 at
Ser307 and weakened insulin signal transduction (41).
BAP31-deletion increased p-IRS1 (Ser307) levels, resulted
in reduced phosphorylation levels of Akt and Gsk3f3, im-
paired glucose and insulin tolerance, thus induced IR in
BAP31-mutant mice. Kim et al. (42) demonstrated that
BAP31-depletion decreased cyclin D1 and cyclin E expres-
sion, reduced PI3K/Akt signaling, and induced cell death
in human embryonic stem cells, which is consistent with
the current study. However, we failed to determine any dif-
ference of insulin tolerance between WT and BAP31-mu-
tant mice when fed HFD for either a short- or long-term
duration. A possible reason for this observation is that
HFD-feeding have impaired insulin tolerance and induced
IR in these two types of mice already, thereby overwhelmed
the difference observed from the normal chow diet, thus
made no difference of insulin tolerance between WT and
BAP31-mutant mice fed HFD.

Under normal conditions, insulin inhibited glucose pro-
duction from glycogenolysis and gluconeogenesis in the
liver, promoting glucose storage in the form of glycogen
and helping to control postprandial glucose levels. How-
ever, the ability of insulin to shut down glucose production
from the liver is diminished under a state of hepatic IR,
in turn leads to the manifestation of hyperglycemia in

BAP31-deletion aggravates steatosis and insulin resistance

Fig. 8. Model depicts that BAP31 interacts with
SREBP/SCAP complex and INSIG1 protein in normal
physiological conditions. BAP31-deletion in hepato-
cytes linked SREBP activation, increased lipogenesis,
and induced liver steatosis. Additionally, BAP31-dele-
tion in hepatocytes impaired glucose and insulin toler-
ance, increased ER stress and hepatic inflammation,
and eventually induced IR in mouse livers.

diabetic states (43), which due to increased expression of
gluconeogenic genes, including PEPCK and G6Pase (44).
Deletion of BAP31 in hepatocytes induced IR, increased
glucose production, accompanied by increased PEPCK,
Gb6Pase and PGCla expression, pointing to the protective
roles of BAP31 against hyperglycemia or enhanced hepatic
gluconeogenesis. A high level of glucose has been reported
to induce ER stress in various cellular models (45, 46).
Chronic ER stress perturbs the ER homeostasis and pro-
motes the development of NAFLD and diabetes. The pro-
tein levels of BAP31 were decreased in mouse livers after
HFD-feeding, suggesting that excess intake of nutrients
reduces BAP31 expression and, thus, decreases the pro-
tective roles of BAP31 against the adverse effects result-
ing from ER stress. So it is possible that BAP31-deletion
or BAP31-reduction (in HFD-induced obesity) in hepato-
cytes increases hepatic glucose production and hepatic
lipid accumulation, and the increased cellular glucose
and lipid content lead to ER stress occurring, thus aggra-
vating the development of NAFLD and diabetes mellitus,
which reduces BAP31 expression in the liver. Also, the re-
duced BAP31 expression possibly worsens the characters
of NAFLD and diabetes, and increases hepatic glucose and
lipid accumulation more severely, which is in a vicious
circle.

BAP31-deletion promoted HFD-induced inflammation
in the liver and activated NF-kB and JNK signaling path-
ways, indicating that BAP31 may have some roles in pre-
venting the initiation of hepatic inflammation and is
involved in the progression from liver steatosis to NASH.
Sustained activation of JNK and NF-«kB signaling is linked
to the inflammatory pathway, initiates the inflammatory
cascade, and induces the release of various chemokines

45



and cytokines, such as TNFa, IL-6, and IL-18 (47). The
“two hit” hypothesis for the development of steatosis to
NASH has been widely recommended. The “first hit” con-
stitutes the massive accumulation of TGs in the cytoplasm
of hepatocytes. BAP31-deletion increased lipid accumula-
tion in the liver, which may promote the “first hit” and ac-
celerate the development to steatohepatitis. Additional
cellular events, including hepatic inflammation, promote
cell death, apoptosis, and fibrosis, which are the character-
istic features of NASH (48). Activated JNK can also lead to
liver injury and hepatocyte apoptosis, enhancing the pro-
gression from steatosis to NASH (49). We failed to detect
any obvious increase of c-Jun and JNK activation in BAP31-
mutant mice fed SD. One of the possible reasons is that,
under normal conditions, the basal levels of hepatic in-
flammation response are relatively low and the protein lev-
els of c-Jun and p-JNK in the liver are relatively low; thus, it
might be difficult to detect any differences by immunoblot
assay due to the low levels of gene expression. HFD-feeding
facilitates the accumulation of excess lipids in the liver,
which induces oxidative stress and consequently results
in JNK signaling activation (50). Contiguous mutation of
BAP31 and ABCD1 is associated with increased serum ALT
and AST levels (17), which are the enzymes located in he-
patocytes that are leaked into the blood circulation when
the hepatocytes are injured, and have been considered as
the indicators of liver inflammation. The current study re-
ported that BAP31-depletion in the adult mouse liver in-
creased serum ALT and AST content, further indicating
the existence of liver injury and inflammation in the mu-
tant mice.

The ER regulates protein folding and the biosynthesis
of macromolecules, such as steroids, lipids, and carbohy-
drates. Enhanced ER stress has been implicated in the de-
velopment of NAFLD, which was highly associated with IR.
Forced expression of GRP78 reduced ER stress markers
and SREBP1C cleavage, and decreased SREBP1C and the
target genes expression, which prevented hepatic lipid ac-
cumulation in leptin-mutant mice, suggesting the possibil-
ity of that enhanced ER stress increased SREBP1C activation
and induced lipid synthesis (51). BAP31 is largely localized
to the ER and plays key roles in maintaining ER homeosta-
sis (19, 52). Mutation of BAP31 in the liver may destroy this
homeostasis and then induce ER stress, which has been
confirmed in the current study. SREBP1C and the target
genes were significantly induced in BAP31-mutant mice. It
is possible that BAP31-deletion in hepatocytes induced ER
stress and then enhanced SREBP1C cleavage, which in-
creased SREBP signaling activation, leading to increased
expression of lipogenic genes and promotion of lipogene-
sis. It was noted that serum bile acid was increased in
BAP31-mutant mice. Bile acids are derivatives of Chol syn-
thesized in the hepatocytes. After the meal, bile acids are
released into the intestinal tract and facilitate fat digestion
and absorption, and are efficiently reabsorbed in the ileum
and transported back to the liver. Elevated serum bile acid
content hints that there may be a disturbance of bile acid
metabolism in BAP31-mutant mice, and this disturbance
influences lipid digestion and absorption. Also, residual
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TG and Chol were increased in the feces, meaning that
there is a high amount of lipid remaining in the feces,
further suggesting that lipid absorption was impaired in
BAP31-mutant mice. Maybe this is the reason why we found
higher food intake in BAP31-mutant mice fed with HFD,
but failed to find any pronounced body weight change be-
tween the two types of mice, suggesting that there is an en-
ergy imbalance in the defective mice. All of these factors
will affect the glucose and lipid metabolism integrally, thus
inducing IR in animal models.

In summary, we report the novel roles of BAP31 in regu-
lating glucose and lipid metabolism. Specific deletion of
the BAP31 gene in hepatocytes increased SREBP1C activa-
tion and excessively enhanced lipogenesis and hepatic
lipid accumulation. BAP31-deletion in hepatocytes im-
paired insulin signaling, increased ER stress and liver in-
flammation, and eventually induced IR in mice. This study
raises the possibility that the pharmacological activation of
BAP31 could provide a useful therapeutic approach for
combating the effects of the disturbance of glucose or lipid
metabolism in the process of diabetes and metabolic syn-
drome Bl
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