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Figure 3. Chrebp O-glycosylation, protein stability, and recruitment to the L-PK prc ter are incr d in Fox0O1 knockout liver. (A
and B) The liver samples isolated from L-FoxO1-KO and the control mice at the points of 24 hr fasted or 3 hr refed after 24 hr starvation were
subjected 1o immunoprecipitation with anti-Chrebp antibody followed by blotting with anti-O-GlcNAc, anti-OGT (A) or anti-ubiquitin antibody (B).
Input indicates the expression levels of Chrebp, FoxO1 or tubulin. Quantitative analyses were performed by assessment of O-glycosylation (A) or
ubiquitination (B) levels compared with the protein level of Chrebp using densitometry, showing as a bar graph below the results of blotting. (C) The
liver extracts were also subjected to chromatin immunoprecipitation assay using anti-Chrebp antibody and primers for the L-PK promoter.
Quantitative analyses were performed using densitometry. Input indicates extracted DNA prior to immunoprecipitation. Experiments were repeated
at least three times. Data represent mean & SEM. *P<0.05. (D) Hematoxylin-and-eosin (H-E} staining of the liver sections from 24 hr fasted L-FoxO1-
KO and the control mice. Magnification, x100. (E) Hepatic triglyceride (TG} contents in 24 hr fasted or 3 hr refed (after 24 hr starvation) L-FoxO1-KO
and the control mice (n=6 for each group). Data represent mean + SEM.

doi:10.1371/journal.pone.0047231.g003

promoter was enhanced in the liver of L-FoxO1-KO mice contents should be increased in L-FoxO1-KO mice. However,
compared with controls (Fig. 3C), consistent with our previous histological analysis using the liver sections showed no morpho-
results showing that Lpk mRNA was increased in liver-specific logical difference between L-FoxO1-KO and control mice
FoxO1 knockout mice [11}. (Figure 3D). Furthermore, hepatic triglyceride conients were

We next investigated the physiological consequences of FoxO1 unchanged in L-FoxOl-KO mice in both fasted and refed
ablation in the liver. Because we showed FoxO1l ablation in the conditions (Figure 3E).

liver enhanced Chrebp protein stability and Chrebp recruttment
to its target gene promoter, we predicted that hepatic lipid

w
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Discussion

Our studies identify a direct molecular link between insulin
signaling pathways regulating hepatic glucose production and
those regulating glycolysis and lipogenesis. In addition to Chrebp,
another critical transcription factor for lipogenesis is sterol
regulatory element-binding protein lc (Srebp-1c) [20]. Although
the transcriptional activity of Srebp-1c is mainly regulated by the
cleavage of its NHy-terminal domain and nuclear translocation
[21], it is also known that Srebp-Ic is regulated by insulin at the
transcriptional level via liver X receptor (LXR) [22]. Recently, it
has been shown that Chrebp, like Srebp-lc, is a direct target of
LXR [23], indicating that Chrebp may be also regulated at the
transcriptional level by insulin. Our data demonstrate a different
mechanism of regulation, as we show that protein, but not mRINA
levels of Chrebp are regulated by various metabolic conditions in
primary hepatocytes and mouse liver. We also show that Chrebp is
O-glycosylated by high glucose (in hepatocytes) and re-feeding (in
liver), leading to increased protein level of Chrebp, owing to
decreased ubiquitination.

Glucose taken into hepatocytes is mainly converted to pyruvate
or glycogen to produce or store energy. However, excess glucose
enters into hexosamine biosynthetic pathway (HBP), leading to the
production of UDP-N-acetylglucosamine (UDP-GlcNAc).
using UDP-GlcNAc as the donor substrate, O-GlcNAc transferase
(OGT) catalyzes O-glycosylation modification of proteins on Ser/
Thr residues. Although only ~2-3% of intracellular glucose enters
the HBP [24], it is known that hyperglycemia increases glucose
flux into HBP and subsequent O-glycosylation of various proteins
[25]. Furthermore, transgenic mice overexpressing OGT show
diabetic phenotype due to insulin resistance [26]. Taken together,
these data suggest that the increase in O-glycosylation is associated
with the pathophysiology of diabetes. Recently, three key
transcription factors for glucose metabolism, FoxO1, Pge-1a and
Torc2 (Crtc2) have been reported to be regulated by O-
glycosylation modification . [27-30]. Furthermore, Guinez et al.
reported that Chrebp is also regulated by O-glycosylation, leading
to the increase in Chrebp protein level and its wanscriptional
activity [19].

FoxO1 is a member of the forkhead box contaming protein of
the O subfamily, which regulates metabolism as well as cellular
proliferation, apoptosis, differentiation and stress resistance [4].
FoxO1 transcriptional activity is regulated by insulin through
phosphorylation by Akt and followmg nuclear exclusion [31-33].
We previously reported that FoxOl plays a central role in
regulating glucose production in liver through the regulation of
gluconeogenic genes, such as glucose-6-phosphatase (G6Pase) and
phosphoenolpyruvate-carboxykinase (PEPCK) [34] [12]. We also
prewously reported that hepatic FoxO1 ablation leads to slight
increases in Fasn and Lpk, two critical Chrebp targets, without
affecting Chrebp mRINA levels [11]. Thus, in addition to the
function of FoxO1 to increase gluconcogenesis, we propose here
that FoxO1 also decreases glucose utilization and lipid synthesis by
reducing Chrebp activity. Because insulin essentially inhibits
FoxO1 transcriptional activity through nuclear exclusion, insulin
increases glucose utilization and lipid synthesis as well as decreases
glucose production (Fig. 4).

In this study, we showed FoxO1 ablation in the liver enhanced
Chrebp protein stability and Chrebp recruitment to its target gene
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promoter. Therefore we predicted that hepatic lipid synthesis
should be increased in L-FoxO1-KO mice. However, hepatic lipid
contents were unchanged in these mice (Fig. 3D and 3E). One
possible explanation for this phenotype was that because
hyperglycemia-induced oxidative stress leads to FoxO1 activation
by acetylation-dependent mechanism as we previously reported
[13], the effect of FoxOl on lipid metabolism might only become
apparent in hyperglycemic conditions. Another explanation was
that because not only Chrebp but also Srebplc or LXR contribute
to the regulation of hepatic lipid metabolism, the effect of FoxO1
ablation might be compensated by the other factors in vivo.

Considering that different amino acid residues are targeted by
O-glycosylation (Ser/Thr) us. ubiquitination (Lys), it remains
unclear how increased O-glycosylation is associated with de-
creased ubiquitination of Chrebp. However, one possible mech-
anism is that O-glycosylation may change protein structure,
affecting the susceptibility of ubiquitination and subsequent
protein degradation [35]. In future studies, it will be of importance
to unveil the mechanism by which FoxOl inhibits Chrebp O-
glycosylation.
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Abstract

AIM: To darify the efficiency of the criterion of meta-
bolic syndrome to detecting non-alcoholic fatty liver
disease (NAFLD).

METHODS: Authors performed a cross-sectional study
involving participants of a medical health checkup pro-
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gram including abdominal ultrasonography. This study
involved 11 714 apparently healthy Japanese men and
women, 18 to 83 years of age. NAFLD was defined by
abdominal ultrasonography without an alcohol intake of
more than 20 g/d, known liver disease, or current use
of medication. The revised criteria of the National Cho-
lesterol Education Program Adult Treatment Panel 11
were used to characterize the metabolic syndrome.

RESULTS: NAFLD was detected in 32.2% (95% CI:
31.0%-33.5%) of men (7 = 1874 of 5811) and in 8.7%
(95% CI: 8.0%-9.5%) of women (n = 514 of 5903).
Among obese people, the prevalence of NAFLD was as
high as 67.3% (95% CI: 64.8%-69.7%) in men and
45.8% (95% CI: 41.7%-50.0%) in women. Although
NAFLD was thought of as being the liver phenotype of
metabolic syndrome, the prevalence of the metabolic
syndrome among subjects with NAFLD was low both in
men and women. 66.8% of men and 70.4% of women
with NAFLD were not diagnosed with the metabolic
syndrome. 48.2% of men with NAFLD and 49.8% of
women with NAFLD weren’t overweight [body mass
index (BMI) = 25 kg/m’]. In the same way, 68.6% of
men with NAFLD and 37.9% of women with NAFLD
weren'’t satisfied with abdominal classification (= 90
cm for men and = 80 cm for women). Next, authors
defined it as positive at screening for NAFLD when
participants satisfied at least one criterion of metabolic
syndrome. The sensitivity of the definition “at least 1
criterion” was as good as 84.8% in men and 86.6% in
women. Separating subjects by BMI, the sensitivity was
higher in obese men and women than in non-obese
men and women (92.3% vs 76.8% in men, 96.1% vs
77.0% in women, respectively).

CONCLUSION: Authors could determine NAFLD effec-
tively in epidemiological study by madifying the usage
of the criteria for metabolic syndrome.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Nonalcoholic fatty liver disease (INAFLD) is a common
clinical condition with histological features that resemble
those of alcohol-induced liver injury, but occurs in pa-
tients who do not drink an excessive amount of alcohol
(ethanol > 20 g/d)™?. This discase is often associated
with obesitym, type 2 diabetes mellitus™”, dyslipidemia’(’{
and hypertensionm, Fach of these abnormalities carries
a cardiovascular disease risk, and together they are often
categorized as the insulin resistance syndrome or the
metabolic syndrome™'™.

NAFLD 1s now considered to be the hepatic repre-
sentation of the metabolic syadrome!* .

Conventional radiology studies used in the diagnosis
of fatty hiver include ultrasound (US), computed tomog-
raphy, and magnetic resonance (MR) imaging. Othet than
these radiological studies, we have no sensitive and low
invasive screening method for NAFLD. Alanine amino-
transferase (ALT) > 30 JU/L was usually used as the cut
off level of screening NAFLD"*'. This threshold had a
sensitivity of 0.92 for detecting the fatty-fibrotic pattern
proven by ultrasound among obese children™. However,
ALT was within normal levels in 69% of those who had
increased liver fat"”. Similarly, in the Dallas Heart Study,
79% of the subjects with a fatty liver (liver fat content
> 5.6%) had normal serum ALT®" This implies that a
normal ALT does not exclude steatosis. Aspartate amino-
transferase (AST) and gamma glutamyltransferase (GGT)
also correlate with liver fat content independent of obe-
sitym, but are even less sensitive than serum ALT.

It was well known that NAFLD was associated with
the metabolic syndrome and patients with NAFLD tend
to be accompanied with the abnormal component of the
metabolic syndrome. However, the efficiency of the co-
terion of metabolic syndrome for detecting NAFLD has
not yet been clarfied. We aimed to clatify the efficiency
and petform a cross sectional study among apparent

healthy Japanese.

MATERIALS AND METHODS
Study design

We performed a cross-sectional study involving partici-

(44
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pants of a medical health checkup program including
abdominal ultrasonography. The progtam was conducted
in the Medical Health Checkup Center at Murakami Me-
motal Hospital, Gifu, Japan. The purposc of the meds-
cal health checkup program is to promote public health
through eatly detecdon of chronic diseases and the evalu-
ation of their underlying risk factors. Known as a “human
dock”, medical services of this kind are very popular in

Japan.

Study population

All the subjects participating in such health checkup pro-
grams at Murakami Memorial Hospital between January
2004 and December 2008 wete invited to join this study.
The study was approved by the ethics committee of Mu-
rakami Memonal Hospital.

Data collection and exclusion criteria were described
previously™”. In short, we collected the data from urinaly-
sis, blood cell counts, blood chemistry and abdominal
ultrasonogtaphy. The medical history and lifestyle factors
were collected by using a self-administered questionnaire.
Exclusion critetia were an alcohol intake of more than
20 g/d, known liver disease, ot current use of medica-
tion which could influence the metabolic syndrome
such as anti-diabetic drugs, anti-hypertensive drugs, anti-
dyslipidemic drugs, anti-gout drugs, and/or anti-obesity
drugs™”.

According to the revised National Cholesterol Edu-
cation Program Adult Treatment Panel I (NCEP-ATP
)™ or the new International Diabetes Federation (IDF)
definition””, subjects who had three or more of the fol-
lowing critena were diagnosed as having the metabolic
syndrome. Fatty liver was defined on the basis of ultraso-
nographic findings™. Of 4 known criterda (hepatorenal
echo contrast, liver brightness, deep attenuation, and
vascular blurning), the participants were required to have
hepatorenal contrast and liver brightness to be given a
diagnosis of fatty liver™”.

During study period, we invited 20 012 participants
in the health checkup program to enroll m the study. Of
those, a total of 17 262 Japanese participants (10 329 men
and 6933 women) were enrolled after giving informed
consent to be included in the study. We excluded 621
participants (420 men and 201 women) who had known
liver disease. In addition, 3330 participants (3042 men and
288 women) who consumed more than 20 g of ethanol
per day and 1579 participants (1056 men and 541 women)
who were currently receiving medication were excluded.
As a result, this study ultimately consisted of 11 714 par-
ticipants (5811 men and 5903 women). The mean * SD
age was 45.5 ¥ 9.4 years (range: 18 years to 83 years) for
men and 44.3 £ 9.3 vears (range: 18 vears to 79 vears) for
women, respectively. The mean body mass mdex (BMI)
was 23.2 + 3.1 kg/m” (range: 14.3 to 41.0 kg/m’) in men
and 21.1 + 3.0 kg/m” (range: 14.0 to 58.3 kg/m”) in wom-
en, respectively. The mean abdominal circumference was
81.2 * 8.1 cm (range: 57.3 cm 1o 127.5 cm) in men and
714 ® 82 cm (range: 49.0 cm to 145.0 cm) in women, re-
spectively.
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Men Total 1 (%) Obese 7 (%) Non-obese » (%)
Number 1441 4370
NAFLD 1874 (32.2) 970 (67.3) 904 (20.7%)
5 criteria of the metabolic syndrome
Increased abdominal circumference 791 (13.6) 703 (48.8) 88 (2)
‘ astinig glucose level 1967 (33.8) 704 (48.9) 1263 (28.9)
Elevated blood pressure 1294 (22.3) 575 (39.9) 719 (16.5)
Decreased HDL cholesterol level 1736 (29.9) 654 (45.4) 1082 (24.8)
Elevated triglyceride level 1063 (18.3) 484 (33.6) 579 (13.2)
3 1269 (21.8) 670 (46.5) 599 (13.7)
873 (15) 578 (401) 295(6.8)
479(8.2) 443(30.7) 36 (0.8)
3680 (63.3) 91 (89, 2389 (547)
1955 (33.6) 998/(22.8)
3885 (66.9) 1337.(92.8) 2548 (58.3)
5903 563 5340
514 (8.7) 258, (45.8) 256 (4.8)
878 (14.9) 430 (76.4) 448 (8.4)
679 (11.5) 176 (31.3) 503 (9.4)
578:9.8) 185 (32.9) 393 (74)
1320 (22.4) 265 (47.1) 1055.(19.8)
195 (3.3) 73 (13) 122(23)
200 (34) 78 (13.9) 122 (22
300 (5:1) 174 (30.9) 126 (04
definec : 254 (4.3) 162 (28.8) 92(1.7)
Atleast 1 criterion 2374 (40.2) 511 (90:8) 1863 (34.9)
At least 2 criteria 8§53 (14.5) 355 (63.1) 498 (9.3)
Atleast 1 criterion or elevated ALT 2430 (41.2) 515 (91.5) 1915 (35.9)

NAFLD: Nonalcoholic fatty liver disease; US: Abdominal ultrasonography; BMI: Body mass index; HDL: High density lipoprotein; MS: Metabolic
syndrome; rNCEP-ATPII: Revised National Cholesterol Education Program Adult Treatment Panel I definition; IDF: International diabetes federation

definition; ALT: Alanine aminotransferase.

Statistical analysis

The R version 2.9.0 (available from http:/ /wwwr-project.
otg/) was used for statistical analyses. Two groups of
subjects were compared by using the unpaired ~test and
the chi-square test, and a P < 0.05 was accepted as a sig-
nificant level.

RESULTS

Basic characteristics of study population

The metabolic syndrome defined by revised NCEP-ATPI
defmition was detected m 15.0% (95% CI: 14.1%-16.0%))
of men (7= 873 of 5811) and mn 5.1% (95% CI: 4.5%0-5.7%)
of women (7 = 300 of 5903). The metabolic syndrome
defined by IDF definition was detected in 8.2% {95% CI:
7.5%-9.0%) of men (n = 479 of 5811) and in 4.3% (95%
CI: 3.8%-4.8%) of women (# = 254 of 5903) (Table 1).
Among obese people, the metabolic syndrome defined by
revised NCEP-ATPII definition was detected in 40.1%
(95% CI: 37.6%-42.7%) of men and in 30.9% (95%
CI: 27.1%-34.9%) of women, and the metabolic syn-
drome defined by IDF definition was detected in 30.7%
(95% CI: 28.4%-33.2%) of men and in 28.8% (95% CI:
25.1%-32.7%) of women, respectively (Table 1).

%
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Association of NAFLD with gender difference, or body
fat accumulation
NAFLD was detected in 32.2% (95% CI: 31.0%-33.5%)
of men (7 = 1874 of 3811) and in 8.7% (95% CI:
8.0%-9.5%) of women (# = 514 of 5903). The preva-
lence of NAFLD in men was four timmes higher than
those in women (Table 1). Among obese people, the
prevalence of NAFLD was as high as 67.3% (95% CL:
64.8%0-69.7%) in men and 45.8% (95% CI. 41.7%-50.0%)
in women (Table 1). NAFLD was associated with body
fat accumulation strongly both in men and women.
When we sepatated by quattile the subjects accord-
ing to their BMI or abdominal circumference, half of
NAFLD men and three quarters of NAFLD women
were classified in the superior quartile. The prevalence
of NAFLD was increased according to the increase of
BMI or abdominal circumference (Figure 1A). The role
of BMI for NAFLD was equal to that of abdominal
citcumference both in men and women. The ratio of
NAFLD in the superior quartile/total NAFLD was high-
er in women than in men. The prevalence of mdividuals
who met two or mote of the MS criteria other than waist
circumference was increased according to the mcrease of
BMTI ot abdominal circumference (Figure 1B).
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A 100% - Men BMI (kg/m%) 50% r Women BMI (kg/m?)
80% ~ 40% +
60% ~ 30% +
40% - 20%
20% - 10% -
0% BB . 0% | e E_ :
< 21,175 | = 21.175 | = 23.028| = 24.975 < 19.101 | = 19.101 | = 20.699 | = 22.653
NonNAFLD 1380 1159 921 477 NonNAFLD | 1470 1452 1406 1061
& NAFLD 72 294 531 977 = NAFLD 6 24 69 415
100% r Men Waist circumferences (cm) 50% - Women Waist circumferences (cm)
80% 40% -
60% + 30% ~
40% - 20% +
20% L 10% L
0% . B l 0% [ .
< 75.6 = 75.6 > 81 = 86.2 < 65.5 = 65.5 = 70.2 = 76.3
NonNAFLD 1386 1122 938 491 NonNAFLD 1444 1482 1373 1090
s NAFLD 66 266 574 968 mNAFLD 3 18 | 102 391
B 100% Men BMI (kg/m?) 50% Women BMI (kg/m*)
80% |- 40% -
60% L 30% -
40% L 20% -
20% L 10% o
0% ____- 0% | === .
< 21.175 | = 21,175 | = 23.028 | = 24,975 < 18.101 | = 18.101 | = 20.699| = 22.653
1328 1130 944 665 1451 1418 1369 1125
B2 MS criterial 124 323 508 789 m2 MS criteria 25 58 06 351
100% r Men Waist circumferences (cm) 50% r Women Waist circumferences (cm)
80% - 40% ~
60% - 30% -
40% - 20% -
20% L 10% L
0% [l I 0% e BEE G
<756 = 75.6 = 81 = 86.2 < 65.5 = 65.5 = 70.2 = 76.3
1347 1095 944 681 1426 1455 1352 1130
w2 MS criteria 105 293 568 778 @2 MS criteria 21 45 123 351

Figure 1 We separated the subjects by quartile according to their body mass index or abdominal circumference. A: The bar indicated the prevalence (%) of
individuals with NAFLD; B: Individuals who meet two or more of the MS criteria other than waist circumference according to BMI or waist circumference quartiles. 2
MS criteria means individuals who meets two or more of the MS criteria other than waist circumference. NAFLD: Nonalcoholic fatty liver disease; BMI: Body mass
index; MS: Metabolic syndrome.
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Men BMI (kg/m®)
BMI = 25 kg/m* but nonNAFLD
8.1%
//‘
o BMI = 25 kg/m’ and NAFLD
’ 16.7%
e s
e -
/
)/
/
i
é
1\
\
\\
N \
N\ .
AN

BMI < 25 kg/m* and NAFLD
15.6%

BMI < 25 kg/m?® and nonNAFLD
59.6%

Men Waist circumferences (cm)
Waist = 90 cm and NAFLD

10.1%

—

Waist 2 90 cm but nonNAFLD /

i

."

S~

Waist < 90 cm and NAFLD
22.1%

Waist < 90 cm and nonNAFLD
64.3%

Women BMI (kg/m?)

BMI = 25 kg/m? but nonNAFLD

5.2% Bl - BMI > 25 kg/m* and NAFLD
\ / 4.4%

\\MBMI < 25 kg/m* and NAFLD

4.3%

BMI < 25 ka/m? and nonNAFLD
86.1%

Women Waist circumferences (cm)
Waist 2 80 cm but nonNAFLD Waist 2 80 cm and NAFLD
9.5% /- 5.4%

Waist < 80 cm and NAFLD
\ 3.3%

Waist < 80 cm and nonNAFLD
81.8%

Figure 2 This figure indicates the prevalence of non-alcoholic fatty liver disease and alcoholic fatty liver disease with or without patients being overweight
(BMI = 25 kgim®) or having elevated abdominal circumferences (= 90 cm for men and = 80 cm for women). Data was. expressed as prevalence (%). NAFLD
accompanied with being overweight occurred in 51.8% of NAFLD men (870/1874) and 50.2% of NAFLD women (258/514). NAFLD accompanied by elevated abdomi-
nal circumference occurred in 31.4% of NAFLD men (588/1874) and 62.1% of women (319/514). NAFLD: Non-alcoholic fatty liver disease; BMI: Body mass index.

Role of the criteria of the metabolic syndrome in
detecting or diagnosing NAFLD in obese or non-obese
population
Although NAFLD was associated with obesity ot body
fat accumulation strongly, the population that was nei-
ther overweight (BMI = 25 kg/m”) nor had elevated
abdominal circumference was not small (Figure 2). Actu-
ally, 48.2% of men with NAFLD and 49.8% of women
with NAFLD were not overweight (BMI = 25 kg/m?).
Similarly, 68.6% of men with NAFLD and 37.9% of
women with NAFLD did not satisfy increased abdoni-
nal circumference classification. Half of the NAFLD
group was classified as non-obese, but the prevalence of
NAFLD among the non-cbese population was lower.
These facts means an effective method is needed to de-
tect NAFLD among the non-obese population. Then,
we separated the subjects into two groups, obese group
or non-obese group, and investigated the efficacy of the
criterta of metabolic syndrome for detecting NAFLD in
each group.

Among the crtenia for metabolic syndrome, the c-
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terion of abdominal circumferences (= 80 cm) had high
sensitivity (87.6%) for detecting NAFLD in women who
wete overweight (BMI = 25 kg/m”) (Table 2). Tn other
wotds, abdominal circumference was effective for detect-
ing NAFLD in obese women. However, the crterion of
abdominal circumference had low sensitivity (36.3%) in
non-obese women. The sensitivity of abdominal circum-
ference (= 90 cm) was very low (5.8%) 1n non-obese
men. Even in obese men the sensitivity was not high
55.3%). Other cdteria for metabolic syndrome had high-
er sensitivity in obese men and women than in the non-
obese population but sensitivity never exceeded 60%.

As a screening tool for NAFLD, the sensitivity of el-
evated ALT (ALT > 30 TU/L) was 49.7% in men, which
exceeded the sensitivity of the criteria of metabolic syn-
drome, but it was 17.7% in women, which was lower than
all metabolic syndrome criteria were. On the other hand,
the specificity of elevated ALT was as high as 90.6% in
men and 98.0% in women, but the ctiteria of metabolic
syndrome had equally high specificity.

Next, we defined it as positive at screeming for NAFLD
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Men Women
Total %  Obese % Non-obese % P valie Total %  Obese % Non-obese % P value
5 cntena of ‘the metabolic syndrome

Increased abdommal circumference 31.40 55.30 5.80 <0.001 62.10 87.60 36.30 <0.001
g glucose level 49.10 52.10 45.90 0.008 36:80 42.20 31.30 0:013
4 blood pressire 3470 4410 24,60 <0.001 3190 4150 2230 <0.001
Decreased HDL cholesterol level 4410 49.10 38.80 <0.001 50.40 56.60 4410 0.006

Elevated triglyceride level 35.20 41,00 28.90 < 0.001 17.90 20.50 15.20 0.15
Elevated ALT (ALT > 30 IU/1) 47.90 59.20 35.80 <0.001 17.70 24,00 11.30 <0.001
defined by INCEP-ATP Il 33.20 1860 16.80 <0.001 32.50 45.00 19.90 <0.001
) 21.00 3810 270 )01 29.60 4540 15.60 <0.001
8480 3 76.80 86.60 96.10 77.00 <0.001
61.00 46,90 61.10 77.50 44550 <0:001
90.40 84.20 87.40 96.90 79.70 <0.001
94.80 99.00 89,60 33.10 93.00 <0001
75.40 75.50 90.90 78:00 91.70 <0.001
83.60 9230 7440 93.40 <0001
76.90 78.90 80,30 61.00 81.50 <0.001
89.70 90.80 .00 98.10 93.40 98.40 <0:001
90.60 9210 .00 98.00 9480 98.20 <0:001
93.60 95.90 <0001 97.50 81.00 98:50 <0.001
97.80 9970 <0.001 98.10 83.60 99.00 <0.001
46.90 5110 <0.001 64:20 13.¢ 67.20 <0.001
st2 criter 79.40 8340 <0001 90.00 92:40 <0.001
Atleast 1 criterion or elevated ALT 44.30 48.40 <0.001 63.20 13.10 65.40 <0.001

NAFLD: Nonalcoholic fatty liver disease; US: Abdominal ultrasonography; BMI: Body mass index; HDL: High dense lipoprotein; MS: Metabolic syndrome;
INCEP-ATPI: Revised National Cholesterol Education Program Adult Treatment Panel 1 definition; IDF: International Diabetes Federation definition;
ALT: Alanine aminotransferase.

when participants satisfied at least one or two components
of metabolic syndrome. The sensitivity of the definition
“at least 1 criterion” was 84.8% in men and 86.6% in
women. Separating subjects with BMI, the sensitivity was
higher in obese men and women than in non-obese men
and women (92.3% vr 76.8% 1 men, 96.1% »s 77.0% in
women, respectively).

The prevalence of subjects with NAFLD who also
had the metabolic syndrome is indicated in Figure 3.
Although NAFLD was thought of as being the liver
phenotype of metabolic syndrome, the prevalence of the
metabolic syndrome among subjects with NAFLD was
low both i men and women. Among men with NAFLD,
66.8% were not diagnosed with the metabolic syndrome
defined by revised NCEP-ATPII definition, and 79.0%
were not diagnosed with the metabolic syndrome as de-
fined by revised IDF definition. Even in women, 70.4%
and 67.5%, respectively, were not diagnosed withmeta-
bolic syndtome by revised NCEP-ATPII definition and
revised IDF definition. These results mean that a large
number of participants diagnosed with the metabolic syn-
drome have NAFLD, but a large number of participants
with NAFLD were not diagnosed with the metabolic syn-
drome, whether we used revised NECP-ATPII criteria or
IDF criteria.

DISCUSSION

In this study, we clarified the impact of the criteria of the
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metabolic syndrome for diagnosing NAFLD 1n a healthy
population. The metabolic syndrome was associated with
abdominal obesity and its criterda include waist circumfer-

[22,.23,25.26]

ence , and NAFLD was reported to be associated
with abdornjnal obesity. However, our results indicated
thetre was no significant difference between BMI and waist
citcumfetences as the strength of association with NAFLD
ot the accumulation of metabolic syndrome csiteria.

The presence of multiple metabolic disorders such as
diabetes mellitus, obesity, dyslipidaemia and hypertension
is associated with a potentially progressive, severe liver dis-
case™?" Previous reports demonstrated that prevalence of
NAFLD mcreased to 10%-80% in individuals with obe-
sity 35%0-90% in individuals with type 2 diabetes mellitus,

/0-56% in individuals with hvpertcnsmn and 26%-58%
in mdivxduals with dyslipidemia”***". Another study in a
TJapanese population showed that prevalence of NAFLD
increased to 43% in individuals with irnpaired fasting
glucose and 62% in individuals with type 2 diabetes mel-
litus™. Some studies estimate the prevalence of NAFLD
be up to 15%-30% of the general population™"** and
the prevalence of metabolic syndrome xxas estitnated to be
up to 25% of the general populatton . In those patients
with the metabolic syndrome, liver fat content is signifi-
cantly increased up o 4 fold highet than those without the
metabolic svndrome , and the incidence of NAFLD has
been shown to be increased 4-fold in men and 11-fold in
women with the metabolic sy ndrome'.

Out data clearly indicated that 21% to 33% of sub-
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The MS was defined by revised NCEP-ATPII definition

B NAFLD with the MS
[J NAFLD without the MS -

/

//
/
‘\

66.8%

Men
33.2%
/
\\
N Xl/

Among subjects with NAFLD, 33.2% was
diagnosed as MS, and 66.8% was not
diagnosed as MS

The MS was defined by IDF definition

Men
B NAFLD with the MS

] NAFLD without the MS

Among subjects with NAFLD, 21.0% was
diagnosed as MS, and 79.0% was not
diagnosed as MS

Women
B NAFLD with the MS
[J NAFLD without the MS -

Among subjects Mth NAFLD, 29.6% was
diagnosed as MS, and 70.4% was not
diagnosed as MS

Women

/

B NAFLD with the MS
] NAFLD without the MS

\
67.5% \

~

Among subjects with NAFLD, 32.5% was
diagnosed as MS, and 67.5% was not
diagnosed as MS

Figure 3 The prevalence of subjects with or without the metabolic syndrome among 1874 men and 514 women with non-alcoholic fatty liver disease, Data
was expressed as prevalence (%). The metabolic syndrome (MS) was diagnosed using revised IDF. Amaong men with NAFLD, 66.8% and 79.0% were not diagnosed
with the MS defined by revised NCEP-ATPTI definition and revised IDF definition, respectively. In women, 70.4% and 67.5%, respectively, were not diagnosed with
the MS by revised NCEP-ATPIIT definition and revised IDF definition. IDF: International Diabetes Federation; NCEP-ATPTI: National Cholesterol Education Program

Adult Treatment Panel 1I; NAFLD: Non-alcoholic fatty liver disease.

jects with NAFLD, depending on gender and the criteria
used, were diagnosed with the metabolic syndrome. Sev-
eral previous studies reported how many subjects with
NAFLD were diagnosed with the metabolic syndrome,
but almost all previous studies were hospital studies.
Three population based studies mentioned the prevalence
of subjects with NAFLD who were diagnosed with the
metabolic syndrome among the general population™”?%,
In these studies, the prevalence of the metabolic syn-
drome among subjects with NAFLD was 17% to 36%
depending on gender and the critetia used. The reported
prevalence was similar to ours.

There has been no report regarding the sensitivity
and specificity of the metabolic syndrome for detecting
NAFLD. Among the crteria for metabolic syndrome, the
crterion of abdominal circumference had high sensitivity
in obese women. However, it had low sensitivity (36.3%)
in non-obese women and was very low (5.8%) in non-
obese men and low (55.3% in obese men. Other than
the crterion of abdominal circumference, none of the
sensifivities exceeded 60%. In our study, the specificity
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of elevated ALT (ALT > 30 TU/L) was 90.6% in men
and 98.0% in women. However, the sensitivity was as low
as 47.9% in men and 17.7% in women. The specificity
of elevated ALT was significantly higher among obese
subjects than among non-obese subjects, and sensttivity
was higher amnong obese subjects than among non-obese
subjects.

When we investigated the predictability of each com-
ponent of metabolic syndrome such as abdominal cir-
cumference, fasting blood sugar, serum lipid, and blood
pressute, each component had high specificity but low
sensitivity, similar to elevated ALT. Therefore, we defined
it as screening positive for NAFLID), when subjects satis-
fied at least one criterion of metabolic syndrome; the
sensitivity was 84.8% in men and 86.6% in women. Ad-
ditionally, we defined it as positive when subjects satisfied
at least one critetion of metabolic syndrome or elevated
ALT. The sensitivity of “at least 1 criterion or elevated
ALT” was 90.4% in men and 87.4% in women. However,
the specificity of “at least 1 critedon or elevated ALT”
was lower -44%0-63%.
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The result of our study means that we could identify
NAFLD effectively in epidemiological study by modify-
mg the usage of the criteria for metabolic syndrome. Tt
is clinically critical evidence that a large part of patients
with NAFLD were not diagnosed with the metabolic syn-
drome, when we used today’s definition for the metabolic
syndrome. However, our subject population consisted
only of Japanese, thus, the generalizability of our study
to non-Japanese populations is uncertain. It is one of our
study limitations that we used abdominal ultrasonography
for diagnosing NAFLD, although the validation ultraso-
nograg}]ly had a sensitivity of 91.7% and a specificity of
100%™,
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Background: Target genes of HNF4« in B-cells are largely unknown.
Results: Expression of Anks4b is decreased in the BHNF4« KO islets. HNF4« activates Anks4b promoter activity. Anks4b binds

to GRP78 and regulates sensitivity to ER stress.

Conclusion: HNF4« novel target gene, Anks4b, regulates the susceptibility of B-cells to ER stress.

Significance: Anks4b is a novel molecule involved in ER stress.

Mutations of the HNF4A gene cause a form of maturity-
onset diabetes of the young (MODY1) thatis characterized by
impairment of pancreatic B-cell function. HNF4« is a tran-
scription factor belonging to the nuclear receptor superfam-
ily (NR2A1), but its target genes in pancreatic B-cells are
largely unknown. Here, we report that ankyrin repeat and
sterile & motif domain containing 4b (Anks4b) is a target of
HNF4« in pancreatic f3-cells. Expression of Anks4b was
decreased in both BHNF4«a KO islets and HNF4a knockdown
MING6 B-cells, and HNF4« activated Anks4b promoter activ-
ity. Anks4b bound to glucose-regulated protein 78 (GRP78), a
major endoplasmic reticulum (ER) chaperone protein, and
overexpression of Anks4b enhanced the ER stress response
and ER stress-associated apoptosis of MING cells. Conversely,
suppression of Anks4b reduced $-cell susceptibility to ER
stress-induced apoptosis. These results indicate that Anks4b
is a HNF4« target gene that regulates ER stress in 3-cells by
interacting with GRP78, thus suggesting that HNF4« is
involved in maintenance of the ER.
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Hepatocyte nuclear factor (HNF)* 4q, a transcription factor
belonging to the nuclear receptor superfamily (NR2A1), is
expressed in the liver, pancreas, kidney, and intestine (1, 2).
HNF4«a has multiple functional domains, including the N-ter-
minal A/B domain associated with the transactivation domain
(AF-1), a DNA binding C domain, a functionally complex E
domain that forms a ligand binding domain, a dimerization
interface and transactivation domain (AF-2), and an F domain
with a negative regulatory function (3, 4). HNF4« predomi-
nantly binds to a 6-bp repeat (AGGTCA) with a 1-bp spacer
(mainly A) called direct repeat (DR1).

Maturity-onset diabetes of the young (MODY) is a geneti-
cally heterogeneous monogenic disorder that accounts for
2-5% of type 2 diabetes (5). We discovered that mutations of
the human HNF4A gene cause a particular form of MODY
known as MODY1 (6). The primary pathogenesis of MODY1
involves dysfunction of pancreatic 3-cells (5). In addition, it has
been shown that targeted disruption of HNF4« in pancreatic
B-cells leads to defective insulin secretion in mice (7, 8). These
findings have demonstrated that HNF4« has an important role
in [3-cells.

In the liver, HNF4« plays a critical role in nutrient transport
and metabolism by regulating numerous target genes, includ-
ing phosphoenolpyruvate carboxykinase (PCKI), glucose-6-
phosphatase (G6PC), apolipoprotein AIl (APOAZ), and micro-
somal triglyceride transfer protein (M7T7TP) (9, 10). In contrast,
we have little information about the target genes of HNF4« in
pancreatic 3-cells. Previous iz vitro studies have suggested that

“The abbreviations used are: HNF, hepatocyte nuclear factor; MODY, Maturi-
ty-onset diabetes of the young; ER, endoplasmic reticulum; Anks4b,
ankyrin repeat and sterile & motif domain containing 4b; TG, thapsigargin;
CHOP, C/EBP homologous protein; C/EBP, CCAAT-enhancer-binding pro-
tein; BiP, binding immunoglobulin protein; ESI-Q-TOF, electrospray mass
ionization-quadrupole-time-of-flight; KD, knockdown; FL, full-length;
MUT, mutant.
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HNF4oa regulates the expression of pancreatic [3-cell genes
involved in glucose metabolism, such as insulin (INS), solute
carrier family 2 (SLC2A2), and HNFIA (11). However, the
expression of these genes was unchanged in the islets of 3-cell-
specific HNF4a knock-out (BHNF4« KO) mice (7, 8), indicat-
ing that such genes are not targets of HNF4w in vivo, at least in
B-cells.

In the present study, we investigated the mRNA expression
profile of BHNF4« KO mice and found that ankyrin repeat and
sterile @ motif domain containing 4b/harmonin-interacting,
ankyrin repeat-containing protein (Anks4b/Harp) is a target of
HNF4« in B-cells. We also demonstrated that Anks4b interacts
with glucose-regulated protein 78 (GRP78), a major chaperone
protein that protects cells from endoplasmic reticulum (ER)
stress in vitro and in vivo. Gain- and loss-of-function studies of
Anks4b revealed that it regulates sensitivity to thapsigargin
(TG)-induced ER stress and apoptosis in MING6 B-cell line. Our
results suggest that HNF4« plays an important role in the reg-
ulation of ER stress and apoptosis in pancreatic 3-cells.

EXPERIMENTAL PROCEDURES

Microarray Expression Profiling and HNF4a Motif Scan—
Mice were maintained on a 12-h light/12-h dark cycle and
allowed free access to food and water. All animal experiments
were conducted according to the guidelines of the Institutional
Animal Committee of Kumamoto University. Pancreatic islets
were isolated from 45-week-old female BHNF4« KO mice (n =
5) and control flox/flox mice (n = 5) by collagenase digestion
(12). Total RNA was prepared from the isolated islets with an
RNeasy micro kit (Qiagen) according to the manufacturer’s
instructions, and its quality was confirmed by using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). DNA
microarray analysis was performed by the Kurabo GeneChip
custom analysis service with GeneChip mouse genome 430 2.0
array (Affymetrix Inc., Santa Clara, CA). For identification of
potential HNF4« binding sites, 5 kb of the promoter sequence
upstream of the transcriptional start site was retrieved from the
University of California Santa Cruz Genome Browser, and the
sequence was analyzed by using the Transcription Element
Search System (TESS) and the HNF4 Motif Finder generated by
Sladek and colleagues (38).

Quantitative RT-PCR—Total RNA was extracted using an
RNeasy micro kit (catalog number 74004, Qiagen, Valencia,
CA) or Sepasol-RNA I super reagent (Nacalai Tesque, Kyoto,
Japan). Then 1 ug of total RNA was used to synthesize first-
strand ¢cDNA with a PrimeScript RT reagent kit and gDNA
Eraser (RR047A, TaKaRa Bio Inc., Shiga, Japan) according to
the manufacturer’s instructions. Quantitative real-time PCR
was performed using SYBR Premix Ex Tag II (RR820A,
TaKaRa) in an ABI 7300 thermal cycler (Applied Biosystems,
Foster City, CA). The specific primers employed are shown in
supplemental Table 1. Relative expression of each gene was
normalized to that of TATA-binding protein.

Cell Lines and Culture— The MING6 pancreatic 3-cell line was
cultured in Dulbecco’s modified Eagle’'s medium (DMEM) con-
taining 25 mm glucose, 15% fetal bovine serum, 0.1% penicillin/
streptomycin, and 50 M 2-mercaptoethanol at 37 °C under 5%
CO,, 95% air (13). HEK293, Hela, and COS-7 cells were pur-
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chased from the American Type Culture Collection (ATCC)
and were cultured in DMEM containing 2.5 mMm glucose, 10%
fetal bovine serum, and 0.02% penicillin/streptomycin.

Western Blotting—Cells were lysed in radioimmunoprecipi-
tation assay buffer (50 mm Tris-HCl (pH 8.0), 150 mm NaCl,
0.1% SDS, 1% Nonidet P-40, 5 mm EDTA, 0.5% sodium deoxy-
cholate, 20 ug/ml Na;VO,, 10 mMm NaF, 1 mm PMSF, 2 mm
DTT, and protease inhibitor mixture (1/100)) from Nacalai
Tesque. Total protein was separated by SDS-polyacrylamide
gel electrophoresis, transferred to a polyvinylidene fluoride
(PVDF) membrane (Immobilon-P; Millipore, Bedford, MA),
and probed with primary antibodies. After incubation with the
secondary antibodies, the proteins were visualized using
Chemi-Lumi One Super (Nacalai Tesque) and a LAS-1000
imaging system (Fuji Film, Tokyo, Japan). The primary antibod-
ies used in this study were as follows: anti-HNF4« (1:1000)
(H1415; Perseus Proteomics, Tokyo, Japan), anti-B-actin
(1:2000) (A5441; Sigma-Aldrich), anti-harmonin (SAB250188;
Sigma-Aldrich) (1:1000), anti-cleaved caspase-3 (Asp-175)
(1:1000) (antibody 9661, Cell Signaling), and anti-GRP78
(1:1000) (sc-1051, Santa Cruz Biotechnology or antibody 4332,
Cell Signaling).

Anti-Anks4b antiserum was generated by using a peptide
that formed the central region of mouse Anks4b protein (amino
acid residues 147-344). The nucleotide sequence of the peptide
was amplified by PCR using a pair of primers (5'-CGGATC-
CCCATGAAAGAGTGCGAACGGCTT-3' and 5'-CGGATC-
CCCTTACCATTCTACTTCTTCTTC-3'), and then it was

‘subcloned into the pET28C+ vector. After expression in Esch-

erichia coli BL21 (DE3), the His-tagged peptide was purified
with His binding resin (Novagen) according to the manufactur-
er’s instructions and dialyzed in a buffer containing 20 mum Tris-
HCl (pH 8.0) and 500 mM NaCl. Subsequently, this peptide was
used to inoculate rabbits for the production of anti-Anks4b
antiserum.

Transient Transfection and Luciferase Reporter Assay—The
mouse Anks4b promoter containing a putative HNF4« binding
site was amplified by PCR using a pair of primers (5-AGTGG-
TCATTGCCATGGTTGGT-3" and 5'-AGGTAGGAGTCTT-
TGTCTAGGC-3"), and then it was subcloned into the pGL3
basic reporter (Promega). Transcription binding sites were
altered by PCR-based mutagenesis to produce an HNF4« bind-
ing site mutant (GAACGGGGGCC) and an HNFla binding
site mutant (CTGACCGGCCAG). CD1b-HNF4« is a domi-
nant negative mutant of HNF4« lacking the AF-2 activation
domain (3). As described previously (14), the CD1b muta-
tion was introduced by PCR into pcDNA3-HNF4a7 (kindly
provided by Dr. Toshiya Tanaka, Tokyo University).
The pcDNA3.1-wild-type (WT)-HNFlo and pcDNA3.1-
P291fsinsC-HNF1la expression plasmids have been described
previously (15). MING cells or HEK293 cells (3 X 10° cells each)
were seeded into 24-well plates at 18 h before transfection.
Transient transfection was performed using Lipofectamine
2000 (Invitrogen) or X-treme GENE (Roche Applied Science)
according to the manufacturer’s instructions. At 24 h after
transfection, luciferase activity was measured by using a Dual-
Luciferase reporter assay system (Promega).
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EMSA—A nuclear extract of MING6 cells was prepared as
described previously (16). Then 5 ug of the nuclear extract was
incubated with **P-radiolabeled oligonucleotides containing
the HNF4« or HNF1e binding sequence in a mixture contain-
ing 10 mm Tris-HCI (pH 7.5), 1% Ficoll, 70 mm KCl, 30 mg/ml
BSA, 4.8% glycerol, and 100 pg/ml poly(dl-dC). Next, the
DNA-protein complexes were resolved on 4% polyacrylamide
gel in 0.5X Tris-borate-EDTA buffer at 120 V for 2 h, after
which the dried gel was exposed to a phosphorimaging screen
and analyzed with a BAS 2000 (Fuji Film). The oligonucleotide
sequences were as follows: wild-type HNF4« binding site (5'-
GGCCGGAGTGAACTTTGGCCTGGGGTGATA-3'); mu-
tant HNF4« binding site (5'-GGCCGGAGTGAATGGGAGC-
CTGGGGTGATA-3"); wild-type HNFla binding site (5'-
CCCCGTCACTGATTAACCAGCCCTGTTGGA-3'); and
mutant HNF1a binding site (5'-CCCCGTCACTGACCGGC-
CAGCCCTGTTGGA-3'). An anti-HNF1 antibody (H205,
sc-8986) was used for the supershift assay.

Chromatin Immunoprecipitation—MING cells were fixed in
DMEM containing 1% formaldehyde for 10 min at room tem-
perature, and then cross-linking was quenched by placing the
cells in 200 mM glycine for 5 min at room temperature. The cells
were incubated in Nonidet P-40 buffer (10 mm Tris-HCI (pH
8.0), 10 mMm NaCl, 0.5% Nonidet P-40) for 5 min at room tem-
perature and then lysed in SDS lysis buffer (50 mm Tris-HCl
(pH 8.0), 1% SDS, 10 mm EDTA) followed by 5-fold dilution in
ChIP dilution buffer (50 mm Tris-HCI (pH 8.0), 167 mm NaCl,
1.1% Triton X-100, and 0.11% sodium deoxycholate). Sonica-
tion was performed with a Sonifier 150 (Branson). Soluble
sheared chromatin (20 ug) was incubated overnight at 4 °C with
magnetic beads (Invitrogen Dynabeads protein G) bound to 2
pg of anti-HNF4a antibody (Santa Cruz Biotechnology
sc-6556), anti-RNA polymerase Il monoclonal antibody (Active
Motif), or control IgG (Cell Signaling Technology antibody
2729) followed by sequential washing with low salt radioimmu-
noprecipitation assay buffer (50 mm Tris-HCI (pH 8.0), 150 mm
NaCl, 1 mMm EDTA, 0.1% SDS, 1% Triton X-100, and 0.1%
sodium deoxycholate), high salt radioimmunoprecipitation
assay buffer (50 mm Tris-HCI (pH 8.0), 500 mm NaCl, 1 mm
EDTA, 0.1% SDS, 1% Triton X-100, and 0.1% sodium deoxy-
cholate), wash buffer (50 mm Hepes-KOH (pH 7.5), 500 mm
LiCL 1 mm EDTA, 1% Nonidet P-40, and 0.7% sodium deoxy-
cholate), and Tris-EDTA. Then immune complexes were
eluted from the magnetic beads by incubation with ChIP direct
elution buffer (50 mm Tris-HC] (pH 8.0), 10 mmM EDTA, and 1%
SDS) for 20 min at 65 °C. For reverse cross-linking, the eluate
was incubated overnight at 65 °C, and then DNA fragments
were purified by using a PCR purification kit (Qiagen). PCR was
performed to identify Anksdb promoter fragments in the
immunoprecipitated DNA using a pair of primers (5'-TTCAC-
CACACTCATGACACACC-3" and 5'-AGGTAGGAGT-
CTTTGTCTAGGC-3').

GST Pulldown Assay—Mouse Anks4b cDNA was amplified
by PCR using a pair of primers (5'-CGGATCCCCATGTC-
TACCCGCTATCACCAA-3" and 5 -CGGATCCTTAGAG-
GCTGGTGTCAACCAACT-3") and was subcloned into the
pGEXA4T2 vector (GE Healthcare). Anks4b deletion mutants
(N-Anks4b (amino acid residues 1-126), M-Anks4b (amino
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acid residues 127-345), and C-Anks4b (amino acid residues
346 —423)) were also generated by PCR and subcloned into the
pGEX4TS3 vector (GE Healthcare). GST-Anks4b proteins were
expressed in E. coli BL21 (DE3) and purified with glutathione-
Sepharose 4B beads (GE Healthcare). GST or GST fusion pro-
teins (20 ug) immobilized on glutathione-Sepharose beads
were incubated with 500 ug of mouse liver lysate. After binding
overnight at 4 °C, the beads were washed with lysis buffer con-
taining 10 mmM Tris-HCl (pH 7.4), 150 mm NaCl, 1% Nonidet
P-40, 1 mm EDTA, 10 mm NaF, 10 mm Na,P,0,, 1 mm PMSE,
and protease inhibitor mixture (Nacalai Tesque). Then the
bound proteins were separated by SDS-PAGE.

Proteomic Ildentification of Anks4b-interacting Proteins—Sil-
ver-stained gels were subjected to in-gel digestion followed by
extraction of peptides and proteomic analysis by LC-MS/MS.
Gel digestion and peptide extraction were performed as
reported previously (17). The peptide samples thus obtained
were analyzed in an ESI-Q-TOF tandem mass spectrometer
(6510; Agilent) with an HPLC chip-MS system, consisting of a
nano pump (G2226; Agilent) with a four-channel microvacuum
degasser (G1379B; Agilent), a microfluidic chip cube (G4240;
Agilent), a capillary pump (G1376A; Agilent) with degasser
(G1379B; Agilent), and an autosampler with thermostat
(G1377A; Agilent). All modules were controlled by Mass-
Hunter software (version B.02.00; Agilent). A microfluidic
reverse-phase-HPLC chip (Zorbax 300SB-C18; 5-wm particle
size, 75-mm inner diameter, and 43 mm in length) was used for
separation of peptides. The nano pump was employed to gen-
erate gradient nano flow at 600 nl/min, with the mobile phase
being 0.1% formic acid in MS-grade water (solvent A) and 0.1%
formic acid in acetonitrile (solvent B). The gradient was 5-75%
solvent B over 9 min. A capillary pump was used to load samples
with a mobile phase of 0.1% formic acid at 4 pul/min. The Agi-
lent ESI-Q-TOF was operated in the positive ionization mode
(ESI+), with an ionization voltage of 1,850 V and a fragmentor
voltage of 175V at 300 °C. Fragmentation of protonated molec-
ular ions was conducted in the auto-MS/MS mode, starting
with a collision energy voltage of 3 V that was increased by 3.7 V
per 100 Da. The selected m/z ranges were 300 -2,400 Da in the
MS mode and 59-3,000 Da in the MS/MS mode. The data
output consisted of one full mass spectrum (with three frag-
mentation patterns per spectrum) every 250 ms. The three
highest peaks of each MS spectrum were selected for fragmen-
tation. Mass lists were created in the form of Mascot generic
files and were used as the input for Mascot MS/MS ion searches
of the National Center for Biotechnology Information nonre-
dundant (NCBI nr) database using the Matrix Science Web
server Mascot version 2.2. Default search parameters were as
follows: enzyme, trypsin; maximum missed cleavage, 1; variable
modifications, carbamidomethyl (Cys); peptide tolerance, =
1.2 Da; MS/MS tolerance, * 0.6 Da; peptide charge, 2+ and 3+;
instrument, ESI-Q-TOF. For positive identification, the result
of (—10 X log (p)) could not exceed the significance threshold
(p < 0.05).

Immunoprecipitation—Mouse Anksdb ¢cDNA was amplified
by PCR using a pair of primers (5'-CGGATCCCCATGTC-
TACCCGCTATCACCAA-3" and 5-CGGATCCTTAGAG-
GCTGGTGTCAACCAACT-3") and was subcloned in-frame
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into the pcDNA3-HA and pcDNA3-FLAG expression vectors.
The GRP78 expression vector (pCMV-BiP-Myc-KDEL-wt) was
a gift from Dr. Ron Prywes (Addgene plasmid 27164). After
transfection into COS-7 cells, the cells were lysed in immuno-
precipitation buffer (20 mm Tris-HCI (pH 7.4), 175 mm NaCl,
2.5 mm MgCl,, 0.05% Nonidet P-40, 1 mm PMSF, and protease
inhibitor mixture (Nacalai Tesque)) and incubated on ice for 30
min. Then 700 pg of cell lysate and FLAG tag antibody beads
(Wako) were mixed and stirred at 4 °C for 18 h. After washing
with immunoprecipitation buffer, proteins were eluted by
using DYKDDDDK peptide (Wako). A sample of the eluate and
2% of the cell lysate (from before processing) were subjected to
Western blotting analysis.

Immunocytochemistry—Both the pcDNA3-HA-Anks4b and
the pCMV-BiP-Myc-KDEL-wt vectors were transfected into
Hela, COS-7, and MING6 cells with X-treme GENE (Roche
Diagnostics) for 24 h. Then the cells were fixed in 10% neutral-
ized formalin and permeabilized with 0.1% Triton X-100, 3%
BSA/PBS. Monoclonal rat anti-HA antibody (1:400) (clone

3F10, Roche Applied Science) and mouse anti-c-Myc antibody

(1:400) (Wako) were used as the primary antibodies, whereas
Alexa Fluor 568 goat anti-rat IgG (Invitrogen) and Alexa Fluor
488 goat anti-mouse IgG (Invitrogen) were used as the second-
ary antibodies. Immunofluorescence was detected under a laser
scanning confocal microscope (FV-1000, Olympus, Tokyo,
Japan).

Retrovirus Infection—Mouse Anks4b and human HNF4«7
cDNAs were subcloned into the pMXs-puro retrovirus vector
for overexpression (18). Specific sShRNA sequences for mouse
HNF4a (5'-CCAAGAGCTGCAGATTGAT-3') and Anksdb
(5"-GAAGAAGACTCATTTCCAA-3") were designed using
the Clontech RNAI target sequence selector. Oligonucleotides
encoding shRNA were synthesized and cloned into the pSI-
REN-RetroQ retroviral ShRNA expression vector (Clontech).
Then the pMXs-Anksdb, pMXs-HNF4a7, and empty pMXs
vectors were transfected into Plat-E cells using FuGENE6
(Roche Applied Science, Mannheim, Germany). For knock-
down experiments, transfection was done with pSIREN-Ret-
roQ-Anks4b, pSIREN-RetroQ-HNF4¢, and the negative con-
trol pSIREN-RetroQ vector. MING6 cells were infected with the
retroviruses and selected by incubation with puromycin (5
pmg/ml) (12).

Flow Cytometric Analysis—An annexin V-FITC apoptosis
detection kit (BioVision Research Products, Mountain View,
CA) was used for the apoptosis assay according to the manu-
facturer’s instructions. MING cells were cultured in DMEM for
30 h with or without 1 um thapsigargin (Nacalai Tesque). After
incubation in trypsin/EDTA for 10 min at 37 °C, cells were
centrifuged at 6,000 rpm for 10 min. The pellet was resus-
pended in 1 Xresuspension buffer, and the cells were stained
with annexin V-FITC antibody. After incubation for 5 min at
room temperature in the dark, stained cells were analyzed
using a FACSCalibur (BD Biosciences) and FlowJo software
(Tomy Digital Biology, Tokyo, Japan).

Statistical Analysis—Statistical analyses were performed
using Statview J-5.0 software (SAS Institute, Cary, NC). The
significance of differences was assessed with the unpaired # test,
and p < 0.05 was considered to indicate statistical significance.
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RESULTS

Anksdb Is a Novel Target of HNF4a—To identify target genes
of HNF4« in pancreatic 8-cells, DNA microarray analysis was
performed using islets from BHNF4a KO mice and control
mice. Body weight and blood glucose levels were similar for
these two strains of mice (body weight was 32.7 £ 1.7 g (n = 5)
versus 34.1 = 1.9 g (n = 5) and random blood glucose was 128 =
27 mg/dl (n = 5) versus 114 = 24 mg/dl (n = 5) for BHNF4a KO
versus control mice). Microarray analysis identified 56 up-reg-
ulated genes (signal log ratio =2) and 100 down-regulated
genes (signal log ratio =—1.5) in BHNF4« KO islets (supple-
mental Table 2). Expression of the majority of the genes known
to be involved in glucose metabolism was unchanged. To vali-
date these results, expression of mRNA for genes randomly
chosen from both the down-regulated and the up-regulated
groups was assessed by quantitative real-time PCR in an inde-
pendent group of 12-week-old male mice. As a result, differen-
tial expression of most genes was confirmed (Fig. 1A and sup-
plemental Fig. 1). Gupta et al (19) reported that ST5, a
regulator of ERK activation, is a direct target of HNF4« in
B-cells. Expression of ST5 mRNA was reduced by 24.6% in
BHNF4« KO islets (supplemental Fig. 2).

Next, we performed a computational scan of the HNF4«
binding motif in the down-regulated genes. This identified 22
high affinity HNF4« binding sequences in the mouse promoter.
In 3 out of 22 genes, the HNF4 motif was also conserved in the
corresponding human genome. These three genes encoded
Anks4b, guanylate cyclase 2¢ (Gucy2c), and peroxisome prolif-
erator-activated receptor vy coactivator-1o (Ppargcla). Quanti-
tative real-time PCR analysis confirmed a significant decrease
of Anks4b expression in the islets of 12-week-old BHNF4« KO
mice (17.3% of the control level, p < 0.01) (Fig. 1B). In contrast,
the reduction of Gucy2c mRNA expression was marginal
(21.7% of the control level, p = 0.06), and Ppargcla mRNA
levels were unchanged. The difference of sex and age of mice or
different detection systems might have contributed to the dif-
ferent results. To elucidate the direct effect of HNF4«a on the
expression of these three genes, we established MIN6 f3-cells
that stably expressed HNF4a-specific shRNA (HNF4«
KD-MING6) by retroviral infection. Suppression of endogenous
HNF4o was confirmed at both the mRNA and the protein levels
(Fig. 1C). Decreased expression of Anks4b, Gucy2e, and
Ppargcia was found in HNF4a KD-MING6 cells (Fig. 1D).
Because Anks4b gene expression was most markedly decreased
in both BHNF4« KO islets and HNF4a KD-MING6 cells (35.2%
of the control level, p < 0.001), we focused on Anks4b for fur-
ther investigation.

Screening of the promoter region of the mouse Anks4b gene
by using a genomic databank revealed an HNF4« binding site
(nucleotides —108 to —120 relative to the translation start
codon when A is designated as +1). We cloned a 190-bp pro-
moter region upsiream of a luciferase reporter gene and co-ex-
pressed it with the HNF4« expression vector in HEK293 cells.
Induction of HNF4«7 (an isoform expressed in pancreatic
B-cells (4)) increased Anks4b promoter activity in a concentra-
tion-dependent manner (Fig. 24), whereas overexpression of
the HNF4a mutant lacking AF-2 had no effect (Fig. 2B). When
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FIGURE 1. Gene expression in the islets of BHNF4a KO mice and HNF4a
knockdown MING cells. A, quantitative RT-PCR analysis of genes randomly
chosen from those in supplemental Table 1 using flox/flox control (white bar)
and BHNF4« KO islets (black bar, male, 12 week, n = 4). Expression of each
gene was normalized for that of TATA-binding protein (TBP). B, expression of
Anks4b, Gucy2c, and Ppargcla in BHNF4a KO islets. Decreased expression of
Anks4b was confirmed by quantitative RT-PCR. C, HNF4a mRNA (left) and
HNF4a protein (right) in control (Ctrl, white bar) and HNF4a knockdown MING
cells (KD, black bar) were evaluated by quantitative PCR (n = 4) and Western
blotting, respectively. B-Actin was used as the loading control. D, expression
of Anks4b, Gucy2c, and Ppargcia was significantly decreased in HNF4a KD-
MING cells. The mean = S.D. for each group is shown (¥, p < 0.05, **, p < 0.01,
#x < 0.001).

the putative HNF4« binding site in the Anks4b promoter was
subjected to mutation (H4m), transcriptional activation by
HNF4a7 was significantly reduced by 64.0% (p < 0.001) (Fig.
2B). Disruption of the HNF4« binding site was also associated
with a 48.5% reduction of promoter activity in MING6 cells (p <
0.001) (Fig. 2C). To assess the binding of HNF4« to the Anks4b
promoter, a chromatin immunoprecipitation (ChIP) assay was
performed using MING6 cells. This assay revealed binding of
HNF4a to the Anksdb promoter of MING cells (Fig. 2D). Spe-
cific binding of HNF4« to the putative binding site was also
demonstrated by the electrophoretic mobility shift assay
(EMSA) (supplemental Fig. 3). Thus, both in vivo and in vitro
data indicated that Anks4b is a direct target of HNF4a in
B-cells.
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FIGURE 2. Transcriptional regulation of Anks4b by HNF4«. A, HEK293 cells
were cotransfected with the pcDNA3-HNF4a7 expression vector (0-75 ng),
as well as 50 ng of pGL3 basic or pGL3-Anks4b reporter and 25 ng of pRL-TK.
B, HEK293 cells were cotransfected with 50 ng of pcDNA3-wild-type-HNF4a7
(WT) or pcDNA3-mutant (MUT) HNF4a7, as well as 50 ng of pGL3-Anks4b
reporter (WT and MUT) and 25 ng of pRL-TK. C, MING6 cells were transfected
with pGL3-Anks4b reporter (WT and MUT) and 25 ng of pRL-TK. The mean =
S.D. for each group (n = 3) is shown (***, p < 0.001). N.S., not significant. D,
chromatin immunoprecipitation assay with MING6 cells. Interaction of HNF4«
with the promoter of Anks4b was observed. aPol I, RNA polymerase I
antibody.

HNF4a and HNFI1a Synergistically Activate Transcription of
Anksdb—HNFla is a homeodomain-containing transcription
factor that is also expressed in the liver, kidney, intestine, and
pancreas (20). Mutation of the INFIA gene causes another
type of MODY known as MODY3 (21). In addition to the bind-
ing site for HNF4.«, we also found an HNFla binding consensus
sequence in the Anks4b promoter (Fig. 3A). Therefore, we
examined the role of HNFlo in Anks4b gene transcription.
First, binding of HNF1« to the Anksdb gene was examined by
EMSA with MING6 nuclear extracts and a probe corresponding
to the HNF1a binding site (Fig. 3B). The probe shifted after the
addition of nuclear extracts (lane 2), and its binding was
blocked by the addition of a 30-fold excess of unlabeled oligo-
nucleotide {lane 3). Specificity of HNF1a binding was assessed
by supershifting the DNA-HNF1la complex using HNFla anti-
body (lane 5), indicating that HNF1la also binds directly to the
Anksdb promoter. To examine the influence of HNFla on
Anks4b gene expression, we next performed a reporter gene
assay. WT-HNFla caused a dose-dependent increase of
Anks4b promoter activity (Fig. 3C). Interestingly, Anks4b
mRNA expression was decreased in HNFla KO islets accord-
ing to the results of DNA microarray analysis (22). Taken
together, these results suggested that Anks4db is a target of
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FIGURE 3. Synergistic activation of Anks4b transcription by HNF4a and HNF1 . A, DNA sequences of the promoter region of the mouse and human Anks4b
genes. The putative HNF4e and HNF1a binding sites are shown. B, EMSA analysis of the HNF 1« binding site in the Anks4b gene. DNA binding was tested using
nuclear extracts from MING6 cells. C, HEK293 cells were cotransfected with the pcDNA3.1-HNF1« expression vector (0-75 ng), as well as 50 ng of pGL3 basic or
pGL3-Anks4b reporter and 25 ng of pRL-TK. D, HEK293 cells were cotransfected with 10 ng of pcDNA3.1-HNF1a (WT or MUT) and 10 ng of pcDNA3-HNF4a7 (WT
or MUT), as well as 50 ng of pGL3-Anks4b reporter and 5 ng of pRL-TK. £, HEK293 cells were cotransfected with pcDNA3.1-HNF1 o and pcDNA3-HNF4a7 as well
as 50 ng of pGL3-Anks4b reporter (WT or MUT). H4m, mutation of the HNF4a binding site; H7m, mutation of the HNF1« binding site. H4m+H1m, mutation of

both binding sites. The mean = S.D. for each group (n = 3) is shown (¥, p < 0.01, **¥, p < 0.001). N.S., not significant.

HNF1lo as well as HNF4«. Because it has been reported that
HNF4a and HNFla cooperatively activate target genes that
have binding sites for both HNFs in the promoter region (23,
24), we examined the influence on Anks4b gene expression of
interaction between HNF4a and HNFlo. When an Anks4b
reporter construct was cotransfected into HEK293 cells with 10
ng of HNFla or HNF4« expression plasmid, the reporter gene
was activated by 2.2- and 1.7-fold, respectively (Fig. 3D). In
contrast, there was a dramatic increase of promoter activity
(7.9-fold) when both constructs were cotransfected simultane-
ously (Fig. 3D). Mutation of either HNF1a or HNF4a markedly
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suppressed this response (Fig. 3D). Synergistic activation of
Anks4b promoter activity was significantly suppressed by dis-
ruption of either the HNF4« binding site (H4m) or the HNF1«
binding site (H1m), and activation was completely abolished by
both H4m and Him (Fig. 3E). Taken together, these results
indicate that Anks4b promoter activity is synergistically regu-
lated by both HNF4« and HNFlw.

Awnksdb Interacts with GRP78 Both in Vitro and in Vivo—
Anks4b is a scaffold protein with three ankyrin repeats and a
sterile o motif domain that was identified as harmonin-inter-
acting protein (25), although its function is completely
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FIGURE 4. interaction of Anks4b and GRP78 in vitro and in vivo. A, schematic representation of full-length Anks4b (FL) and deletion mutants of Anks4b
(N-Anks4b (N), M-Anksab (M), and C-Anks4b (C)) and expression of GST-Anks4b fusion proteins (Coomassie Brilliant Blue staining). SAM, sterile o motif.
B, purification of proteins interacting with Anks4b. The GST pulldown assay using M-Anks4b was performed with mouse liver lysates. Eiuted proteins were
resolved by SDS-PAGE and then silver-stained. Seven regions (B1-B7) were excised for mass spectrometry. GRP78 residues were detected by mass spectrom-
etry (bold and underlined letters). C and D, intéraction of Anks4b and GRP78 in vitro. After the pulldown assay using mouse liver lysates (C) or MING lysates (D),
binding of GRP78 with FL- and M-Anks4b was detected by Western blotting (IB). £, interaction of Anks4b and GRP78 in vivo. COS-7 cells were transfected with
the pCMV-Bip/GRP78-Myc-KDEL-wt or pCMV-Bip/GRP78-Myc-KDEL-wt and pcDNA3-FLAG-Anks4b expression vectors. Immunoprecipitation (/P) was per-

formed with FLAG resin and 700 ug of COS-7 cell lysate.

unknown. To elucidate the role of Anks4b in [B-cells, we
searched for molecules that interacted with full-length Anks4b
(FL) and with its deletion mutants (N-, M-, and C-Anks4b) (Fig.
4A) by performing a GST pulldown assay of mouse liver lysates
{(Fig. 4B and supplemental Fig. 4). We found a protein of ~75
kDa that specifically precipitated with GST-M-Anks4b (B6),
and it was identified as GRP78/binding immunoglobulin pro-
tein (BiP) by mass spectrometry (Fig. 4B). GRP78 is an ER-lo-
calized chaperone protein that is induced by the unfolded pro-
tein response in response to ER stress (26, 27). Binding of
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GRP78 to GST-FL-Anks4b and GST-M-Anks4b, but not to
GST, GST-N-Anksdb, or C-Anks4b, was confirmed by West-
ern blotting using a specific antibody for GRP78 (Fig. 4C), sug-
gesting that GRP78 bound to the middle region of Anks4b. GST
pulldown experiments using MIN6 cell lysates also demon-
strated binding of GRP78 to Anks4b (Fig. 4D).

Subsequently, we evaluated the interaction between Anks4b
and GRP78 in cultured cells. COS-7 cells were transfected with
the Myc-GRP78 expression plasmid alone or with Myc-GRP78
plus FLAG-tagged wild-type Anks4b expression plasmids, and
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FIGURE 5. Intracellular localization of Anks4b adjacent to the ER mem-
brane. A-/, HelLa (A-C), COS-7 (D~F), and MIN6 (G-/) cells were cotransfected
with the pcDNA3-HA-Anks4b and pCMV-Bip/GRP78-Myc-KDEL-wt expres-
sion vectors. Cells were double-stained with anti-HA antibody (Alexa Fluor
563, red) and anti-Myc antibody (Alexa Fluor 488, green). DAPI (blue) was used
for nuclear staining. Insets represent higher magnifications of the boxed
regions in C{X18), F (X 13), and [ (X8). Scale bar = 10 um.

cell lysates were immunoprecipitated with FLAG resin. As
shown in Fig. 4E, FLAG-Anks4b was able to coimmunoprecipi-
tate GRP78 as well as harmonin, a protein that was previously
found to interact with Anks4b (25). These results indicated that
Anks4b binds to GRP78 in cells.

Anksdb Colocalizes with GRP78 in the Endoplasmic
Reticulum—We next investigated the intracellular localization
of Anks4b. HA-tagged Anks4b and Myc-tagged GRP78 con-
structs were cotransfected into HeLa cells, and an immunoflu-
orescence study was performed. HA staining (Anksdb, red)
revealed a reticular pattern in the cytoplasm, but no signals
were detected in the nucleus (Fig. 54). Double staining for
Anks4b and GRP78 (Myc, green) as a marker for the ER revealed
that both signals were frequently colocalized (Fig. 5, Band C). In
contrast, Anks4b staining did not overlap with MitoTracker, a
specific marker for the mitochondria (supplemental Fig. 5). A
similar staining pattern was also detected in COS-7 cells and
MING cells (Fig. 5, D-I). These findings were further evidence
that Anks4b interacts with GRP78. Notably, Anks4b staining
was detected at the periphery of the ER lumen (Fig. 5, C, F, and
I, inset), suggesting that it was localized adjacent to the ER
membrane.

Anks4b Regulates Apoptosis in Response to ER Stress—GRP78
is a major chaperone protein that protects cells from ER stress,
and overexpression of GRP78 reduces ER stress-mediated apo-
ptosis by attenuating the expression of C/EBP homologous pro-
tein (CHOP) (28, 29). Accordingly, detection of an interaction
between Anks4b and GRP78 prompted us to investigate the
role of Anks4b in both ER stress and apoptosis. TG causes ER
stress by preventing calcium uptake from the cytoplasm into
the ER (30), and treatment of MING6 cells with 1 um TG for 20 h
increased the expression of the ER stress-related genes (ATF4,
spliced XBP1, and CHOP) (data not shown). First, we examined
the effect of Anks4b overexpression on MING cells (supplemen-
tal Fig. 6). Anks4b overexpression did not affect CHOP gene
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FIGURE 6. Regulation of ER stress-mediated apoptosis by Anks4b. Aand B,
MING cells overexpressing Anks4b were cultured in the absence or presence
of 1 um thapsigargin for 20 h, and then quantitative RT-PCR was performed.
TBP, TATA-binding protein. DMSO, dimethyl sulfoxide; Ctrl, control. C, MIN6
cells overexpressing Anks4b were cultured in the absence or presence of 1 jum
thapsigargin for 30 h, and the percentage of annexin V-positive cells was
analyzed by flow cytometry. D, Western blotting of cleaved caspase-3 after
treatment with T um thapsigargin for 20 h. £, Anks4b knockdown MING cells
were cultured for 20 h with 1 um thapsigargin, and then quantitative RT-PCR
was performed. F, annexin V-positive cells were analyzed after treatment of
Anks4b knockdown MING cells with 1 um thapsigargin for 30 h. The mean =
S.D. for each group (n = 4) is shown (¥, p < 0.05, **, p < 0.01, ¥**, p < 0.001).

expression in the absence of TG, but TG-induced CHOP
expression was significantly increased (1.4-fold, p < 0.05) (Fig.
6A). TG-induced ATF4 expression was also significantly aug-
mented in Anks4b-overexpressing MING6 cells (1.3-fold, p <
0.05) (Fig. 6B). Furthermore, the number of annexin V-positive
apoptotic cells was increased by overexpression of Anks4b (1.3-
fold, p << 0.001) (Fig. 6C). Augmentation of apoptosis was also
observed in MING6 cells overexpressing HNF4«7 (supplemental
Fig. 7). Activation of caspase-3 mediates the induction of apo-
ptosis downstream of CHOP (31), and activated (cleaved)
caspase-3 protein expression was increased when Anks4b-
overexpessing MING6 cells were treated with TG (Fig. 6D).
Next, we examined the effect of knockdown of Anks4b in
MING cells (supplemental Fig. 8). Suppression of endogenous
Anks4db mRNA by shRNA in MING6 (reduced to 40.5% of the
control level) did not affect CHOP gene expression in the
absence of TG, but TG-induced CHOP expression was signifi-
cantly reduced by 32.1% (p < 0.05) (Fig. 6E). In addition, flow
cytometric analysis using annexin V revealed that TG-induced
apoptosis was also decreased by suppression of Anks4b (Fig.
6F). Collectively, these findings indicate that Anks4b promotes
the induction of ER stress and apoptosis by TG in MING cells.
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