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Fig. 3. Current hypothesis regarding
hepatic hepatic hepatic hepato- the association between adipocytokines
steatosis | |inflammation | | fibrosis | | carcinogenesis | i llver dseases Arows stmulatory
accumulation, a state of chronic low-grade inflamma- 7. Hotamisligil GS, Spiegelman BM. Tumor necrosis factor o a key

tion. The inflammatory changes in obese adipose tissue
induce adipocytokine dysregulation: an increase in
offensive adipocytokines, TNF-¢, IL-6. and resistin, and
a decrease in the defensive adipocytokine adiponectin.
Increased serum levels of TNF-«, resistin, and leptin,
which are usually observed in obese subjects, may
enhance steatosis, inflammation, fibrogenesis, or
hepatocarcinogenesis in the liver. In addition, hypo-
adiponectinemia seems to enhance hepatic steatosis,
inflammation, and fibrosis, as well as hepatocarcinogen-
esis (Fig. 3). Attenuation of proinflammatory adipocy-
tokines or augmentation of the function of adiponectin
might be an effective therapy for metabolic syndrome,
Further clinical and experimental research should elu-
cidate the relationship between adipocytokines and
liver diseases.
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Mutations in the small heterodimer partner gene (NROB2; alias SHP) are associated with
high birth weight and mild obesity in Japanese children. SHP mutations may also be
associated with later obesity and insulin resistance syndrome that induces diabetes. To
investigate this possibility, the prevalence of SHP mutations in Japanese with and without
type 2 diabetes mellitus and the functional properties of the mutant proteins were evaluated.
Direct sequencing of two exons and flanking sequences of SHP in 805 diabetic patients and
752 non-diabetic controls identified 15 different mutations in 44 subjects, including 6 novel
mutations. Functional analyses of the mutant proteins revealed significantly reduced activity
of nine of the mutations. Mutations with reduced activity were found in 19 patients (2.4%) in
the diabetic group and in 6 subjects (0.8%) in the control group. The frequency difference
between DM and control subjects adjusted for sex and age was statistically significant
(P=0.029, odds ratio 2.67, 95% CI 1.05 - 6.81, 1-f=0.91). We conclude that SHP mutations
associated with mild obesity in childhood increase susceptibility to type 2 diabetes in later
life in Japanese. © 2008 Wiley-Liss, Inc.
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INTRODUCTION

Type 2 diabetes mellitus is characterized by defects of insulin secretion in pancreatic b-cells and insulin action
in peripheral tissues. Failure of pancreatic f-cells to compensate for insulin resistance by increasing insulin
secretion is thought 1o underlie the development of type 2 diabetes (Reaven, 1988, Polonsky, 2000).

We have previously shown that mutations in the gene encoding small heterodimer partner (NR0B2, alias SHP,
MIM# 604630), an orphan nuclear receptor that interacts with a number of other receptors (Seol et al., 1996,
Masuda et al., 1997, Seol et al., 1998, Johansson et al., 1999), are associated with high birth weight and mild
obesity in Japanese children, although the molecular mechanisms by which the SHP mutations cause these
disorders are unknown (Nishigori et al., 2001).

Nuclear receptors such as SHP and peroxisome proliferator-activated receptor (PPAR) « that regulate lipid
metabolism in liver are potential contributors to fatty liver. It should be noted that the storage of lipids in liver can
trigger inter-organ crosstalk systems that affect insulin sensitivity in muscle. Farnesoid X receptor (FXR)-null
mice, with reduced levels of SHP, develop severe fatty liver and elevated circulating FFAs, which is associated
with elevated serum glucose and impaired glucose and insulin tolerance resulting from attenuated inhibition of
hepatic glucose production by insulin and reduced peripheral glucose disposal (Ma et al., 2006). Some patients
with SHP mutations exhibit liver dysfunction due to fatty liver (Nishigori et al., 2001). Accordingly, mutations in
SHP may be associated with insulin resistance due to both later obesity and also to fatty liver in Japanese subjects.

Nonalcoholic fatty liver disease (NAFLD) is a polygenic disease caused by a combination of environmental and
genetic factors, Potential candidate genes contributing to NAFLD, a condition comprising a spectrum of
pathological liver conditions ranging from steatosis alone to non-alcoholic steatohepatitis (NASH), include those
involved in fat deposition, insulin sensitivity, and hepatic lipid oxidation, synthesis, storage, and export. NASH is
believed to be a hepatic expression of metabolic syndrome (Ono and Saibara, 2006). In this regard, genetic
abnormalities manifested in obesity and fatty liver might well act in concert to induce diabetes.

To evaluate the influence of SHP mutations on risk of later development of type 2 diabetes, we examined the
frequencies of these mutations in Japanese subjects with and without type 2 diabetes mellitus as well as in patients
with NASH.

MATERIALS AND METHODS

Patient populations

The ADA definitions of type 2 diabetes were used. Obesity is defined in these studies as BMI of =25 kg/m’, in
accord with the criteria of the Japan Society for the Study of Obesity (Japanese Society for the Study of Obesity,
2000) and the report by WHO (Western Pacific Region) and IASO/IOTF (International Association for the Study
of Obesity/International Obesity Task Force) (WHO and IASO/IOTF, 2000). We evaluated the prevalence of SHP
mutations in 805 Japanese patients with type 2 diabetes (male/female, 432/373: age, 603+ 11.8 yr.; BMI, 24.1 ©
4.0 kg/m®) and 752 non-diabetic controls (male/female, 418/334; age, 59.7+13.3 yr.: BMI, 22929 kg/m’).
Informed consent was obtained from all of the diabetic subjects and volunteer controls. NASH patients with
nonalcoholic fatty liver disease underwent liver biopsy after signed informed consent and thorough clinical
evaluation. Liver biopsy was analyzed by a pathologist (H.E.) and the diagnosis of NASH was based on Brunt’s
criteria (Brunt et al., 1999). Laboratory blood tests and BMI were analyzed in 93 biopsy-proved NASH patients
(48 males and 45 females, age: 29.2 + 5.4 years old, BMI: 29.2 + 5.4 kg/m2, ALT: 102.6 * 66.6 IU/L, T Chol:
5.25 + 1.05 mmol/L, TG: 1.74 £ 0.88 mmol/L, HDL-C: 1.24 * 0.35 mmol/L, HbAlc: 5.6 = 1.0 %, FPG: 6.03
£ 1.79 mmol/L).
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Mutation analysis

The two exons and flanking regions of the SHP gene were screened for mutations by direct DNA sequencing of
the amplified polymerase chain reaction (PCR) products, using specific primer pairs and an ABI PRISM BigDye
Terminator Cycle Sequencing FS ready Reaction Kit (Applied Biosystems, Foster City, CA). Primer pairs and
PCR conditions used for screening of the SHP gene are as follows. Exonl: $'-CATGACTTCTGGAGTCAAGG-3"
and 5"-GTCCCTTTCAGGCAGGCATA-3",

S-CATCCTTCTGGCAGCTGCCT-3" and 5'-TTAGAAGCTACCTTCCCTGGCT

GG-3" Exon2: 5-CAGATCTTGGGCCAGTCTTG-3" and 5"-CTCCAGGAGCATTG GGTCAC-3". Genomic
DNA extracted from diabetic and control subjects was initially denatured at 95° C for | min, followed by 35
cycles of denaturation at 947 C for 30 sec, annealing at 60° C or 62° C for 30 sec, extension at 72° C for 30 sec,
and a final extension step of 7 min. The sequencing reactions were analyzed by automatic DNA sequencers
(Applied Biosystems models 3100 and 3700).

Mutation Nomenclature

The cDNA NM_021969.1 and protein NP_068804.1 sequences were used for mutation nomenclature, with DNA
+1 corresponding to the A of the ATG translation initiation codon. Descriptions of all sequence variants were
checked using the Mutalyzer program (http://www.LOVD.nl/mutalyzer/).

Functional analysis of SHP mutant proteins

Analysis of the functional properties of mutant and wild-type proteins was performed as described previously
(Nishigori et al., 2001). Briefly, the SHP mutations newly identified in this study were generated by PCR-based
site-directed mutagenesis and cloned in the expression pCMV-6b vector. The sequences for wild-type and mutant
SHP proteins, and HNF-4a were cloned in pCMV-6b and pcDNA3.1 (Invitrogen, Groningen, The Netherlands),
respectively. For luciferase reporter assays, the promoter region of the human HNF-la gene was inserted into the
pGL3-Basic Reporter vector (Promega, Madison, WI).

HepG2 cells (1x10%) were grown in 6-well plates containing Dulbecco's modified Eagle's medium (DMEM)
supplemented with 15% fetal calf serum. The cells were transfected with ExGen 500 solution (6.6 ml) (Fermentas,
Ontario, Canada), 333 ng of HNF-1a-promoter/reporter construct, 100 ng of HNF-4a-expression plasmid, 0-125
ng of test DNA, and 17 ng of pRL (Renilla luciferase)-TK. Luciferase reporter activity was measured using a
Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer’s instructions. Renilla luciferase
activity was used to normalize transfection efficiencies among experiments,

Statistical analyses

Statistical difference in frequencies of S/H/P mutations between the diabetic and control groups was analyzed by
logistic regression analysis, using a package of STATVIEW 5.0 (SAS Institute Inc., Cary, NC). Data obtained by
luciferase reporter assay were analyzed by the Student’s r-test.

RESULTS

Eight hundred five Japanese patients with adult-onset type 2 diabetes (T2DM), 752 non-diabetic controls, and
93 patients with NASH were examined. Screening of the SHP gene (NROB2) by direct sequencing resulted in the
identification of fifteen different mutations (c.100C>T [p.Arg3d4X], c.112C>T [p.Arg38Cys], ¢.134G=>C
|p.Argd5Pro], ¢.157 166del [p.His53AlafsX50], ¢.160C>T [p.ArgS4Cys], c.169C>T [p.Arg57Trp],
€.292 300delinsAC  [p.Leu98ThyfsX6], ¢314T>G [p.Vall05Gly], ¢.512G>C [p.Glyl71Ala], ¢.532G>A
[p.Aspl78Asn], ¢.566G>A [p.Glyl89Glu], ¢.583G>T [p.Alal95Ser], ¢.618G=A [p.Trp206X], c.637C>T
[p.Arg213Cys], and ¢.647G>A [p.Arg216His]) including six novel mutations in type 2 diabetic patients (Table 1),
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eight of which were previously identified in obese children (Nishigori et al., 2001) and one of which, p.Gly171Ala,
was reported as a polymorphism in a study of Caucasians (Hung et al., 2003, Echwald et al., 2004, Mitchell et al.,
2003). In NASH patients, only one mutation, p.Arg45Pro, was identified. We could not find any variants in
flanking sequences.

Table 1: Mutations identified in the human SHP gene (VROB2).

Exon  Codon  Nucleotide Designation Patients  Controls
change (n=805) (n=752)
Mutations with reduced activity
1 34 c.100C>T p.Arg34X PNk 2 0
1 53 ¢.157_166del p.HisS3AlafsX50 Vo> 2 0
1 54 c.160C>T p.-ArgS4Cys* 0 |
1 57 €.169C>T p.Arg57Trp | 0
1 98 €292 300 p-Leu98ThyfsX6 <! 6 1
delinsAC
1 103 c34T>G p.Vall05Gly* 1 0
2 189 €.566G>A p.Gly189Glu ™ 3 0
2 195 ¢.583G>T p.Alal95Ser *<M*) 1 3
2 206 c.618G>A p.Trp206X* 2 |
2 213 c.637C>T p.Arg213Cys **¢*) 1 0
sum 19 6

Mutations with normal activity

1 38 ¢.112C>T p.Arg38Cys* 1 0
1 45 c.134G=>C p.Arg45Pro* 1 0
1 171 ¢512G>C p.Gly171Ala 0 1
1-2 178 ¢.532G>A p.Aspl78Asn* 1 0
2 216 ¢.647G>A p.Arg216His 6 9
sum 5 10

(1.1%) (1.3%)

* indicates six novel variants identified in the present study.

To determine if the mutations alter the function of the SHP protein, the effect of the wild-type and mutant proteins on HNF-4a-
mediated transactivation of HNF-la gene transcription in HepG2 cells was examined by luciferase reporter assay (Fig. | and
Nishigori et al., 2001). a) early-onset obesity, b) high birth weight, ¢) diabetes, d) fatty liver, ¢) decreased insulin sensitivity
(Nishigori et al., 2001) Mutations were numbered according to GenBank NM_021969.1 and NP_068804.1, Nucleotide +1 is A
of the ATG initiation codon.

Functional analyses of the novel mutant proteins showed significantly reduced activity of transcriptional
regulation of HNF-4a, except in the case of p.Arg38Cys, p.Argd5Pro, and p.Aspl 78Asn. The results of functional
analyses of the mutations newly identified in this study are shown in Fig. |. The mutations with reduced activity
were found in nineteen subjects (2.4%) in the diabetic group, six (0.8%) in the control group, and none in the
NASH group (Table 1). The frequency difference between DM and control groups was statistically significant by
logistic regression analysis considering gender and age (P=0.029; 1-p =0.91) with odds ratio of 2.67 [95% CI,
1.05-6.81]. This frequency difference between DM and control groups came to be not statistically significant by
logistic regression analysis when considering gender, age, and BMI (P=0.078), with odds ratio of 2.26 [95% CI,
0.87-5.86]. Furthermore, subjects with mutations of reduced activity showed significantly higher BMI1 than
subjects without the mutations (25.6 4.6 vs 23.5+3.6, P=0.0039 in combined subjects, and 24.0 + 4.0 vs. 26.5
5.0, P=0.012 in diabetic patients). In control subjects, those with mutations of reduced activity showed similar
BMI to those without mutations (22.9 + 2.9 vs, 23.1 £ 2.7, P=0.87).
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Figure 1: Inhibition of transactivation activity of HNF-4a by wild-type and mutant SHP proteins. It has been shown previously
that expression of wild-type SHP significantly decreases HNF-4a transactivation of the HNF-1a gene prompter in HepG2 cells,
indicating that SHP is a negative regulator of HNF-4a (Nishigori et al,, 2001, Lee et al., 2000). Transcriptional regulation of the
novel six mutations of p.Arg38Cys, p.Argd5Pro, p.ArgS4Cys, p.Vall05Gly, p.Aspl178Asn and p. Trp206X was exaimined by
luciferase reporter assay (n=3 in each experiment). Functional properties of the other mutations identified have been examined
previously (Nishigori et al., 2001, Echwald et al., 2004), The relative luciferase activity (firefly/Renilla) of each construct at 0
ng, 25 ng, and 125 ng of wild-type and mutant SHP proteins was measured in Hep(2 cells. Percent activity in relation to basic
HNF-4 & activity is shown as mean £ SD, * P<0.05.

DISCUSSION

Mutations in the SHP gene have been shown to be associated with high birth weight and early-onset mild
obesity in Japanese. Although the molecular mechanism by which these mutations increase body weight is
unknown at present, one possibility is suggested by the fact that pancreatic [} cells express SHP mRNAs at high
levels. Since SHP inhibits HNF-4¢ (MODY 1 protein) (Nishigori et al., 2001,Lee et al., 2000), functional defects
of SHP might well increase the activity of HNF-4 and other downstream components of glycolytic signal
transduction (Dukes et al., 1998), resulting in increased insulin secretory response to glucose (Wang et al., 2006).
In addition, since insulin is a key hormone in fetal growth, high levels of fetal insulin may well be associated with
high birth weight and postnatal obesity.

As adult-onset type 2 diabetes is a polygenic disorder requiring interaction of multiple genetic and
environmental factors, and Japanese patients exhibit a lesser insulin secretory capacity due to pancreatic B-cell
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dysfunction (Kosaka et al., 1977, Kosaka and Akanuma, 1980, Yoshinaga and Kosaka, 1999), the increased insulin
secretory demand associated with SHP mutations might increase susceptibility to type 2 diabetes in this
population. Since other nuclear receptors that interact with SHP in peripheral tissues (Seol et al., 1996, Masuda et
al., 1997, Seol et al., 1998, Johansson et al., 1999) may be involved in the pathogenesis of insulin resistance due to
obesity or fatty liver, the secondary demand for compensatory insulin secretion might also promote the
development of overt diabetes.

FXR-null mice, which show reduced levels of SHP, exhibit elevated plasma cholesterol and triglyceride levels
and excessive accumulation of fat in the liver (Ma et al,, 2006). Fatty liver also was observed in some early-onset
obesity patients with SHP mutations (Nishigori et al., 2001). In addition, increased insulin secretion derived from
SHP mutations accelerates fat accumulation in the liver. Accordingly, we examined 93 NASH patients, and found
one mutation. However, none of the mutations associated with reduced activity was found in the NASH group,
suggesting that the effect of SHP on the accumulation of fat in the liver may be of little clinical importance.

While we cannot link the etiology of NASH o mutation of SHP, the finding that SHP mutations increase
morbidity risk for type 2 diabetes due to mild obesity in later life in Japanese suggests a genetic link between
obesity and type 2 diabetes in human. To clarify the complex relationship of type 2 diabetes with SHP deficiency,
further genetic analysis and characterization of the diabetogenic factors involved is required.

According to previous epidemiological studies, low birth weight and fetal thinness are associated with insulin
resistance syndrome and were therefore thought to be related to later risk of type 2 diabetes (Hales et al., 1991,
Eriksson et al., 2003). In contrast, we demonstrate here an increased morbidity risk of type 2 diabetes due to SHP
mutations associated with high birth weight and mild obesity in Japanese children. Further analysis of the
functional properties of mutant SHP proteins in energy expenditure should provide new insight into the
relationship between birth weight and the development of type 2 diabetes.
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LDL cholesterol (mg/dl) 1151%310 1293+ 385 013
triglycerides (mg/dl) 1707+ 823 1726+985 094
iron (ng/mi) 116.1 469 110.1 £402 059
ferritin (ng/ml) 146.6 £96.1 2642+ 2454 0.05
hyaluronic acid (ng/dl) 273262 512522 005
type IV col7s (ng/di) 421+093 467+123 012

(* means+SD. JCHE1 X%

498-14202
—353 —



1. MuAwE 179

B. fiOFF&EBIRADILOOMBRE _

Y, YA NAMFEROBRNAD®IZ HBs R & HCV ikt flE L, BCREBFEED
RMATEST S0, I bar P THELBR&EXNEST S, 7L, NAFLD T
HEHGREEIFEET A L0, BRERREOMRIZGEEILETH L. HFHOTEKER
PHERE Eh L, EROFABEESEDLAIHEICE, truTFAI Y, RYE, o« TV
FIIVTVy, PR VEBHIELEEZNLIZHROLEELZTT) (H5-1).

W © BT
o]
(LRI FTIE (AST ALT, y-GTPLEH)

l

AL ZHERT 4 | HBSHER, HCViLEE
BORAMEFER : iR, i b2 FUTHE
FOM  EEMAMEFERT Y

1877,
(x4 /=)W 1B820g9kl L)
I

FIa—LEHER NAFLD

DA I ZEMERTRR S &

[ I

NASH Bt RERA AT

EEP NASH/NAFLD DM

C. NAFLD 8&UNASH ORIEICBIRT DIBRE
1. 1220 &t
PIREAE R K I NAFLD %8 & LTHEETH ), FhIES 1 2R YiEHHEIE NASH O
ERLLLMBTHS. 1 R YEHBOFMEEIV (29550, RERLISHAENTVS
®ix, HOMA-IR (homeostasis model assessment insulin resistance index) T, 1 EH®#RM T
FMiTzaZ oA ENT: S, HOMA-IR I3 ZEM R MM (mg/dl) x ZEEES > A1) >~

(pU/ml) 405 OFMXTRDO SRS —#IZ, HOMA-IR 252 Ri@OBSIZIER, 2L LA
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