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P < 0.05, respectively). These increases were significantly
inhibited in the diet/ESE group (P <0.05 and P <0.05,
respectively).

Effect of ESE on diet-related fatty liver

H&E stained liver sections are shown in Figure 1. The
normal group showed normal hepatic histology. The diet
group showed characteristics of NASH, namely macrovesi-
cular steatosis and hepatocellular ballooning. Slight fat
deposition was seen in the diet/ESE group.

Effect of ESE on oxidative stress in liver tissue

Activities of SOD, GPx and catalase and levels of GSH and
LPO in liver tissue are shown in Table 2. SOD, GPx and
catalase activities were significantly lower in the diet group
than in the normal group (P < 0.05, P <0.01 and P < 0.01,
respectively). SOD and GPx activities were significantly higher
in the diet/ESE group than in the diet group (P < 0.05 and
P < 0.05, respectively). There was no marked difference in
catalase activity between the two groups.

The level of GSH in the liver tissue was significantly lower
in the diet group than in the normal group (P < 0.05) but was
significantly higher in the diet/ESE group than in the diet group
(P < 0.05). The level of LPO in liver tissue was significantly
higher in the diet group than in the normal group (P < 0.01) but
was significantly lower in the diet/ESE than in the diet group
(P <0.01).

Effect of ESE on 8-OHdG and 4-HNE expression

Immunohistochemical staining of liver tissue is shown
in Figure 2. Immunohistochemical staining of 8-OHdG
(Figure 2a) is used as an index of oxidative DNA damage;
4-HNE (Figure 2b) is a secondary oxidation product of high-
level unsaturated fatty acids. Neither 8-OHdG nor 4-HNE was
detected in the normal group. Both 8-OHdG and 4-HNE were
detected in the diet group but expression of both was inhibited
in the diet/ESE group.

Effect of ESE on the liver levels of TGF-3

The level of TGF-Z in liver tissue is shown in Figure 3a.
Levels of TGF-(3 were significantly higher in the diet group
than in the normal group (91.5 £ 15.0 vs 32.6 £ 11.2 pg/mg
protein). Levels in the diet/ESE group (34.5 £ 9.0 pg/mg
protein) were significantly lower than in the diet group.
There was no significant difference between the diet/ESE
and normal groups.

Effect of ESE on liver fibrosis

The level of collagen in liver tissue is shown in Figure 3b. The
level in the diet group was significantly higher than in the
normal group (33.7£4.5 vs 184 + 1.7 ug collagen/mg
protein). The level in the diet/ESE group (23.5 £ 1.4 ug
collagen/mg protein) was significantly lower than in the diet
group. There was no significant difference between the diet/
ESE and normal groups.

The results of Azan staining are shown in Figure 4. The
normal group showed normal hepatic histology. The diet
group showed the perivenular/pericellular fibrosis that is a
heterogeneous pattern of fibrosis in NASH. Slight fibrosis
was seen in the diet/ESE group.
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Discussion

High levels of enzymes that mop up cellular oxygen, such as
SOD, GPx and catalase, are present in vivo. However, when
the production of ROS exceeds the capacity of these enzymes,
oxidative stress induces various cellular responses'?”! and may
also play an important role in the onset and deterioration of
NASH. A study reported that, in the presence of NASH,
mitochondria in hepatocytes have morphological abnormal-
ities that are involved in the excess production of ROS.[
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Figure 3 Effect of E. japonica seed extract (ESE) on liver tissue levels
of (a) transforming growth factor-3 (TGF-3) and (b) collagen. The
significant increases in TGF-{3 and collagen induced by the methionine-
choline-deficient (MCD) diet were reduced by concomitant treatment
with ESE. Columns represent means £ SEM (n = 4-7 experiments).
*P < 0.05; ""P < 0.01 vs normal group; *P < 0.05 vs MCD diet group
(Tukey—Kramer’s test).
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Figure 4 Effect of E. japonica seed extract (ESE) on liver fibrosis, demonstrated by Azan staining. Representative liver samples from rats fed
(a) a normal diet, (b) a methionine-choline-deficient (MCD) diet or (c) the MCD diet with ESE in the drinking water. Collagen fibres are stained blue

in the photomicrographs.

Furthermore, an excess level of fatty acids in the liver
enhances mitochondrial [-oxidation, leading to oxidative
stress via the excess production of CYP2E1.2! In addition,
various factors such as an excess amount of iron ions may be
involved.[?>?!

In this study, we used rats fed an MCD diet as a NASH
model. Decreases in the liver levels of methionine and
choline promote the excess production of ROS, inducing
oxidative stress and leading to hepatocellular disorder and
adipose cell formation. In addition, choline deficiency affects
lipid metabolism, resulting in fatty liver.!**]

We have investigated ESE because of its antioxidant
actions.'*'7) In addition, the usefulness of ESE administra-
tion has also been suggested in a hyperlipidaemia model.!'”!

ESE administration inhibited increases in the AST and
ALT levels, preventing the onset of hepatitis. H&E staining
confirmed the inhibitory effects of ESE on fat deposition in
the liver. This was possibly associated with the cholesterol-
reducing actions of ESE previously reported.!'*! With respect
to the effects of ESE on oxidative stress, ESE administration
increased SOD and GPx activities and reduced oxidative stress
by increasing the level of GSH (an antioxidant substance), and
decreasing the LPO level. A previous study reported the
hydroxyl radical and superoxide anion scavenging actions of
ESE.["!

Oxidative stress may be enhanced in the presence of a fatty
liver, leading to the appearance of various types of ROS,
suggesting that it can induce excessive DNA/lipid oxidation in
the liver. ESE, with its antioxidant actions, inhibited the
nuclear expression of 8-OHdG and intracellular expression of
4-HNE, suggesting that it reduces excessive DNA/lipid
oxidation in the liver. LPO, which is generated in the presence
of oxidative stress, may contribute to the progression of liver
fibrosis by activating Kupffer cells, which produce collagen,
and promoting the production of cytokines such as TGF-. In
our NASH model, levels of TGF-$ and collagen were
decreased in rats treated with ESE, suggesting that ESE has
potent antioxidant actions. Azan staining confirmed the
inhibitory effects of ESE administration on liver fibrosis.
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Abstract: Angiosarcoma involving the serous membrane may mimic mesothelioma; therefore, the term
“pseudomesotheliomatous angiosarcoma” has been suggested for this entity. However, the pathogenesis of pseudo-
mesotheliomatous angiosarcoma remains unclear. Here, we report an autopsy case of splenic angiosarcoma, which
systemically metastasized to the serous membrane of both the peritoneum and pleura, closely resembling a meso-
thelioma. The spindle-shaped tumor cells exhibited marked invasion of the lymphatic vessels and invaded the serous
membrane causing thickening of the fibrous tissues like desmoplastic mesothelioma. In the present case, immuno-
histochemical staining showed that the tumor expressed not only the endothelial cell markers, such as CD31, vascu-
lar endothelial growth factor receptor 3, and podoplanin {D2-40), but also matrix metalloproteinase-1 (also known as
collagenase-1), which is known to increase the invasiveness of mesothelioma cells. MMP-1 expression was not ob-
served in the other cases of angiosarcoma, examined. This tumor might systemically metastasize to the serous mem-
brane via the lymphatic route and might generate the fibrous stroma aided by the matrix metalloproteinase-1.

Keywords: Angiosarcoma, pseudomesothelioma, MMP-1, collagenase-1

Introduction

Angiosarcoma is characterized by aggressive
biological behavior and high metastatic rate [1].
Splenic angiosarcoma is highly metastatic, often
metastasizing to the liver, lung, and bones
through hematogenous dissemination and
rarely to the regional lymph nodes [2]. However,
the metastasis of splenic angiosarcoma to the
serous membrane is quite uncommaon.

Angiosarcoma involving the serous membrane
could mimic mesothelioma; thus, the term
“pseudomesotheliomatous angiosarcoma” has
been suggested for this entity [3-5]. Pseudo-
mesotheliomatous angiosarcoma is rare; there-
fore, its pathogenesis remains largely unclear.
In addition, the location of the primary lesion of
pseudomesotheliomatous or serosal angiosar-
coma is sometimes unclear because multiple
tumor sites, i.e., liver and/or lung, have been
found to be involved at the time of diagnosis
[4].
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Some investigators have speculated that se-
rosal angiosarcoma could represent a peculiar
malignant mesothelioma differentiating along
an abnormal angioblastic pathway [6]. However,
others think that most pseudomesothelioma-
tous angiosarcomas originate near a serosal
surface and rapidly spread over the serous
membrane, thereby masking their origin [7].

Here, we report a case of splenic angiosarcoma,
which exhibited an unusual metastasis to the
peritoneum and pleura, closely resembling a
mesothelioma. This tumor exhibited marked
invasion of the lymphatic vessels in the perito-
neum and pleura. Notably, the present angio-
sarcoma cells expressed matrix metaliopro-
teinase-1 (MMP-1; also known as collagenase-
1) that is also expressed by many mesothelioma
cells. However, we could not detect MMP-1 ex-
pression in the other examined angiosarcoma
cells, which did not show metastasis to the se-
rous membrane. Recent studies have high-
lighted that MMP-1 may play a critical role in the
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development of mesothelioma [8-10]. We think
that both invasion to the lymphatic vessels and
MMP-1 expression might be related to the pecu-
liar metastatic pattern of the studied angiosar-
coma cells.

Case history

The patient was a 37-year-old, previously
healthy male, who presented with low back pain
and abdominal bloating. He had no history occu-
pational exposure to asbestos. On the basis of

the clinical examination, including computerized:

tomography (CT), the patient was suspected to
have splenomegaly and underwent splenec-
tomy. Splenectomy specimen was 18x16x13
cm in size and weighted 1800¢g and was diag-
nosed with primary splenic angiosarcoma after
the final pathological examination. At the time
of splenectomy, any unusual serous change was
observed by CT or even by direct observation of
the peritoneum.

A year after splenectomy, the patient had mas-
sive ascites and pleural effusion with peritoneal
and pleural wall thickening (Figure 1). The pa-
tient underwent radiotherapy (45 Gy and 56 Gy
to the abdomen and chest, respectively, for a
year), but his condition deteriorated, and he
died 2 years after splenectomy. After obtaining
the consent of the patient’s family, an autopsy
was performed 1hr after death.

Autopsy examination

At the time of the autopsy, the peritoneum and
pleura—both parietal and visceral—showed
marked thickening, thereby mimicking a meso-
thelioma. Moreover, the mesentery was also
thickened by marked fibrosis. The angiosar-
coma also metastasized to the liver, bone mar-
row, and systemic lymph nodes.

The representative histopathological findings
including that of primary splenic focus are
shown in Figure 2. The spindle-shaped tumor
cells diffusely expanded along the serous mem-
brane with densely collagenized stroma, thereby
mimicking the desmopiastic mesothelioma.
Lymphatic invasion was frequently found in both
the peritoneum and pleura. Notably, some tu-
mor cells exhibited rudimentary slit-like vascular
spaces (Figure 2D). The tumor cells also ex-
panded along the sinusoid space in the liver. In
addition, the tumor cells exhibited focal growth
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Figure 1. Chest (A) and abdominal (B and C) comput-
erized tomographic (CT) images showing pleural and
peritoneal thickening, respectively. Note the massive
ascites (C).

with the fibrous tissues in the bone marrow.
Immunohistochemical staining

Immunohistochemical staining was performed
as previously reported [11]. in brief, staining
was performed using an automated immu-
nostainer (Ventana, AZ, USA). The tumor cells
including that in primary splenic foci were im-
munohistochemically stained for various endo-
thelial cell markers, such as CD31 (Dako, Car-
penteria, CA), vascular endothelial growth factor

Int J Clin Exp Pathol 2010;3(6):634-639



Matrix metalloproteinase-1 expression in splenic angiosarcoma

{\“

e L T

Figure 2. Visceral peritoneum was markedly thickened with dense collagenized stroma (A). Lymphatic invasion in the
peritoneum is shown (B). Spindle-shaped tumor cells grew in the fibrous stroma (C). The slit-like anastomosing vascu-
lar spaces lined by the spindie-shaped tumor cells were partially observed (D). Primary splenic tumor is shown (E and

F).

receptor 3 (VEGFR3) (Santa Cruz Biotechnology,
Inc, Santa Cruz, CA) and podoplanin (D2-40)
(DAKO). However, the tumor cells were not
stained with anti-CD34 (Becton Dickinson, San
Jose, CA), cytokeratin (AE1/AE3 (Boehringer-
Mannheim, Indianapolis, IND,), CAM5.2 (Becton
Dickinson), cytokeratin5/6 (DAKO)), S-100
(DAKO), WT-1 (Santa Cruz Biotechnology), cal-
retinin (Novacastra, Newcastle upon Tyne, UK),
or HBME-1 (DAKO). Representative result of the
immunohistochemical staining is shown in
Figure 3.

Malignant endothelial tumors often have an
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overlapping immunophenotype of vascular and
lymphatic endothelial cells; therefore, the term
angiosarcoma generally encompasses cases
accepted as angiosarcomas and lymphangiosar-
comas [12, 13]. The present tumor strongly ex-
pressed podoplanin (D2-40), which is physio-
logically expressed in the lymphatic endothelial
cells rather than the vascular endothelial cells.
Notably, the tumor cell clusters were frequently
found in the non-cancerous lymphatic vessels
(Figures 3B and C). In the lymphatic vessels, the
line of immunoreactivity with the anti-
podoplanin antibody was mostly disrupted near
the tumor cell clusters.

Int J Clin Exp Pathol 2010;3(6):634-639
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Figure 3. Representative immunohistochemical staining. Tumor cells were stained with an antibody specific to the
vascular endothelial growth factor receptor 3 (VEGFR3) (A), podoplanin (B and C), and CD31 (D). Immunoreactivity
with the anti-VEGFR3 antibody was observed in the cytoplasm and nuclei (A, inset). Note the tumor cell clusters in the
lymphatic vessels (B and C). The walls of the affected lymphatic vessels were focally obscure; this suggested that the

tumor invading to the stroma.

Taken together with the patient's clinical
course, we speculate that the primary splenic
angiosarcoma systemically metastasized to the
peritoneum and pleura, possibly via the lym-
phatic route, spread to the serous membrane,
and subsequently grew with the fibrous stroma
in the form of a “pseudomesotheliomatous an-
giosarcoma.”

Unique expression of MMP-1 in the angiosar-
coma cells

Recent studies show that MMP-1 plays an im-
portant role in the pathogenesis of meso-
thelioma by degrading the interstitial collagen
and remodeling the tumor stroma [8-10]. We
also examined whether the tumor in the present
case expressed MMP-1. As demonstrated in
Figure 4, immunoreactivity with the antibody
specific to MMP-1 (Thermo Fisher Scientific
Anatomic Pathology, Fremont, CA) was found in
the angiosarcoma cells of this patient (Figure 4A
and C); this was similar to the immunoreactivity
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in the pleural mesothelioma tissues, which were
stained in parallel (Figure 4B).

Since no report, which described the MMP-1
expression in angiosarcoma, was available, we
further examined whether MMP-1 was ex-
pressed in angiosarcomas, which did not exhibit
metastasis to the serous membrane. Notably,
significant immunoreactivity with the anti-MMP-
1 antibody was not found in any of the 7 archi-
val pathological angiosarcoma tissue speci-
mens.

We think that the present angiosarcoma is
unique with respect to its MMP-1 expression.

Discussion

Here, we report a case of splenic angiosarcoma
with a peculiar metastasis pattern, which
mimics that of a mesothelioma. Pseudomeso-
theliomatous angiosarcoma is rare, but it has
been increasingly reported in the literature or

Int J Clin Exp Pathol 2010;3(6):634-639
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Figure 4. Representative immunohistochemical stain-
ing with the anti-MMP-1 antibody. The tumor cells in
the peritoneum (A) as well as the mesothelioma tis-
sue specimens (B) were stained with the anti-MMP-1
antibody. Notably, immunoreactivity was also found
in-primary splenic tumor (C).

mentioned in reference textbooks [3, 14-16].
However, the pathogenesis of pseudomeso-
theliomatous angiosarcoma is largely unclear.
In particular, the correlation of mesocthelioma
and pseudomesotheliomatous angiosarcoma is
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an important medico-legal issue.

Some investigators have speculated that se-
rosal angiosarcoma may represent a peculiar
malignant mesothelioma differentiating along
an abnormal angioblastic pathway [6]. This hy-
pothesis is not justifiable, at least in the present
case. The clinical course apparently indicated
that the angiosarcoma in the present case origi-
nated in the spleen and subsequently metasta-
sized to the serous membrane.

Pseudomesotheliomatous cancer of the lung, a
well-characterized entity, is believed to be a
small subpleural lung cancer that is widely dis-
seminated via the subpleural lymphatic vessels.
In the present case, tumor invasion in the lym-
phatic vessels was frequently found in the se-
rous membrane (Figures 2B, 3B, and 3C). The
tumor may have widely disseminated through
the lymphatic route and may have invaded the
serous membrane causing the remodeling of
the fibrous stroma.

To elucidate the molecular mechanism underly-
ing the generation of marked fibrous stroma, we
examined MMP-1 expression in the angiosar-
coma. Invasion and construction of the stroma
of malignant tumor cells requires the destruc-
tion of the basement membrane and proteolysis
of the extracellular matrix. MMP-1 is the only
enzyme able to initiate the breakdown of the
interstitial collagens, such as collagen type 1,
collagen type 2, and collagen type 3 [18]. MMP-
1 expression is also linked to the invasiveness
of the mesothelioma cells [8-10]. As shown in
Figure 4, the angiosarcoma cells in the present
case expressed MMP-1 that is expressed by
mesotheliomas and not by other angiosarco-
mas. We speculate that pseudomesothelioma-
tous angiosarcoma may be an angiosarcoma
that has strong dissemination capability and
invades the serous membrane like pseudo-
mesotheliomatous cancer in the lung.
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Communicated by Michael Dean

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-p=0.91). We conclude that SHP mutations
associated with mild obesity in chiidhood 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 secrefion in pancreatic b-cells and insulin action
in peripheral tissues. Failure of pancreatic p-cells to compensate for insulin resistance by increasing insulin
secretion is thought to underlie the development of type 2 diabetes (Reaven, 1988, Polonsky, 2000).

We have previously shown that mutations in the gene encoding small heterodimer partner (VROB2, 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) o 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 TASO/IOTF, 2000). We evaluated the prevalence of SHP
mutations in 805 Japanese patients with type 2 diabetes (male/female, 432/373: age, 60.3=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, 22.9+2.9 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: 5’-CATGACTTCTGGAGTCAAGG-3’
and 5’-GTCCCTTTCAGGCAGGCATA-3’,

5’-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 1 min, followed by 35
cycles of denaturation at 94° C for 30 sec, annealing at 60° Cor 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).

Mautation 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-1o gene was inserted into the
pGL3-Basic Reporter vector (Promega, Madison, WT).

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 mi) (Fermentas,
Ontario, Canada), 333 ng of HNF-la-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 SHP 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 s-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 (NR0B2) by direct sequencing resulted in the
identification of fifieen different mutations (c.100C>T [p.Arg34X], ¢.112C>T [p.Arg38Cys], c.134G>C
[p.Argd5Pro], «¢.157 166del [p.His53AlafsX50], c.160C>T [p.Arg54Cys], ¢.169C>T [p.Arg57Trp],
€292 300delinsAC [p.Leu98ThyfsX6], c.314T>G [p.Vall05Gly], ¢.512G>C [p.Glyl71Ala], c.532G>A
[p-Asp178Asn], ¢.566G>A [p.Glyl89Glu], c.583G>T [p.Alal95Ser], ¢.618G>A [p.Trp206X], ¢.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 (VR0B2).

Exon Codon  Nucleotide Designation Patients Controls
change (n=805) (n=752)
Mutations with reduced activity
1 34 ¢.100C>T p.Arg34X “Po1de) 2 0
1 53 ¢.157_166del p.His53AlafsX50 V9 2 0
1 54 c.160C>T p.Arg54Cys* 0 1
1 57 c.169C>T p.Arg57Trp ¥ 1 0
1 98 ¢.292 300 p.Leu98ThyfsX6 V9% 6 1
delinsAC

1 105 ¢.314T>G p.Val105Gly* 1 0
2 189 c.566G>A p.Gly189Glu ® 3 0
2 195 ¢.583G>T p.Alal95Ser 99 1 3
2 206 c.618G>A p.Trp206X* 2 1
2 213 c.637C>T p.Arg213Cys 299 1 0

sum 19 6

(2.4%) (0.8%)

Mutations with normal activity
1 38 c.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 c.532G>A p.Aspl78Asn* 1 0
2 216 c.647G>A p.Arg216His 6 9

sum 9 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-4ot-
mediated transactivation of HNF-1a gene transcription in HepG2 cells was examined by luciferase reporter assay (Fig. 1 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.Arg45Pro, and p.Asp178Asn. The results of functional
analyses of the mutations newly identified in this study are shown in Fig. 1. 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-B =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 BMI 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.Arg45Pro, p.Arg54Cys, p.Val105Gly, p.Asp178Asn 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 ¢
ng, 25 ng, and 125 ng of wild-type and mutant SHP proteins was measured in HepG?2 cells. Percent activity in relation to basic
HNF-4 o 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 B cells express SHP mRNAs at high
levels. Since SHP inhibits HNF-4o (MODY1 protein) (Nishigori et al., 2001,Lee et al_, 2000), functional defects
of SHP might well increase the activity of HNF-4o 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 f—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 to 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 S/{P
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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Abstract

Estrogen receptor a. (Esr1) is proposed to play a critical role in
the regulation of testicular fluid reabsorpdon at efferent
ductules, and disruption of the Esr1 gene (Esr1™'7) resulted
in marked dilation of the lumens of efferent ductules. This
study was aimed to clarify whether disruption of the gene for
aromatase (Ar), an enzyme responsible for estrogen biosyn-
thesis, results in morphological and transcriptional alterations
at efferent ductules as observed in Esr1~’~ mice. Histology
demonstrated structural preservation of the ducts in aroma-
tase-deficient (Ar~’7) mice. Electron microscopic exami-
nations reveal that endocytic apparatus and tubule-cisternal
endoplasmic reticulum are present in non-ciliated cells
irrespective of the genotypes. However, electron-dense
and acid phosphatase-negative granules and apical tubules,

which are components thought to be related to membrane
recycling of endosomes, are observed only in wild-type (WT)
and Ar~’~ mice. By contrast, the Golgi complex is highly
developed in Esr1~’~ mice when compared with WT and
Ar~’7 mice. RT-PCR analysis reveals no significant
differences in the expression levels of a subset of genes
involved in ion transportation. Thus, from the structural
and transcriptional points of view, the efferent ductules of
Ar~’7 mice are indistinguishable from those of WT mice.
Moreover, data from electron microscopic examinations
indicate the possible involvement of Esr! in the regulation
of vesicle recycling processes.

Journal of Endocrinology (2008) 199, 137-146

Introduction

Testicular developmentand the maintenance of spermatogenesis
are controlled mainly by gonadotropins and androgens (Hold-
craft & Braun 2004). However, besides the well-known negative
effect of estrogens on the secretion of gonadotropins, they have
been shown to directly regulate testicular functions (Simpson
et al. 1994, Carreau et al. 2006, Ebling et al. 2006). Estrogens are
synthesized by an enzyme complex, aromatase, through the
conversion of androgens to estrogens in Sertoli cells in immature
animals and in Leydig cells in adults (Rommerts er al. 1982,
Simpson et al. 1994, O’Donnell et al. 2001). Furthermore, germ
cells were proposed to be one of the major sites for estrogen
synthesis in adult mouse testis (Nitta er al. 1993).

Estrogens are thought normally to modulate the transcrip-
tion of specific genes in estrogen target tissues through
binding to estrogen receptors of either o- or B-subtype
(Couse & Korach 1999, Nilsson er al. 2001). Both subtypes
have been reported to be expressed abundantly in the efferent
ductules (Zhou er al. 2002), where a large part of testicular
luminal fluid is reabsorbed to concentrate spermatozoa
(Clulow ez al. 1998, Hess 2000). Esrl gene knockout
(Esr1™’7) mice display dilation of the lumens of the efferent
ductules, of which the diameter becomes more than double

Journal of Endocrinology (2008) 199, 137-146

0022-0795/08/0199-137 © 2008 Society for Endocrinology  Printed in Great Britain

the size of wild-type (WT) males (Hess ef al. 1997), indicating
that luminal fluid is not removed causing accumulation of
fluids in the lumen of the efferent and seminiferous tubules.
As Esr27’7 mice did not display apparent morphological
abnormalities in the efferent ductules (Krege ez al. 1998, Antal
et al. 2008) and the phenotype of Esr1™/ " Esr2™/™ mice was
similar to that of Esr1 ™/~ mice (Couse et al. 1999), Esrl
rather than Esr2 plays a major role in normal fluid
reabsorption at the efferent ductules. Nevertheless, the
requirement of aromatase activity for Esrl to function at the
ducts has not been established.

Because estrogens are synthesized by aromatase in the testis,
aromatase gene knockout (Ar~’7) mice are a useful animal
model to assess the testicular function of estrogens in vivo.
Three lines of Ar~ '~ mice have been generated indepen-
dently (Fisher ef al. 1998, Honda et al. 1998, Toda er al. 20014).
However, the testicular phenotypes are variable among the
lines. The Ar~’~ mice generated by us were nearly infertile
and showed no disruptions in spermatogenesis until 10 months
of age, although an apparent reduction in seminiferous
epithelial height was observed at that age (Toda et al. 2001D).
The Ar~’/~ males generated by other group are reportedly
fertile at 12-14 weeks of age and one of four Ar~ '~
examined displayed grossly dysmorphic seminiferous tubules

mice

DOI: 10.1677/JOE-08-0257
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Table 1 Primer pairs used for RT-PCR

5' Primer primer 3’ Primer primer Size (bp)
Gene
Atplal GGGGATTGTTGGCTCTGATG TTTGTCCGTTTTGGGGTTTC 328
Cftr CTGGAGGCGAAATGGTTGTC TTGGTATGTTATGGGGTCTA 530
Slc9al GGCCAACATCTCCCACAAAT GCCTGCTTCATCTCCATCTT 651
Slc9a3 GGATGAAAAGCAGGACAAGG AGGGGAGAACACGGGATTAT 343
Gapdh CGGATTTGGTCGTATTGG TCCTGGAAGATGGTGATG 210

and disrupted spermatogenesis at 4-5 months of age
(Robertson er al. 1999, 2001). This phenotypic heterogeneity
in spermatogenesis between the Ar~’~ lines seems to be
attributable to differences in genetic backgrounds rather than
in the genomic region used for the gene inactivation, as the reo
gene was inserted at the EcoRV site in exon 9 of Cyp19at for
the disruption of the gene in both Ar~’~ lines (Fisher et al.
1998, Toda er al. 20014). We thus generated fully congenic
Ar~™’” mice with a C57BL/6] background by repeated
backcrossing to C57BL/6] mice. This study was conducted
using Ar~’” mice with a C57BL/6] genetic background to
examine the effects of aromatase inactivation on spermatogen-
esis and the efferent ductules with special reference to the
changes observed in the tissue sites of Esr1 ™"~ mice.

Materials and Methods

Experimental animals

The animal experiments were carried out according to the
Guidelines of our Institutional Animal Regulations. All
animals were maintained on a 12 h light:12 h darkness cycle
at 22-25°C and given water ad libitum and a chow, NIH-
07PLD, which was developed by the National Institute of
Health (USA) in order to lower phytoestrogen contents in the
chow (Oriental Yeast Co., Tokyo, Japan; Yamasaki et al.
2002). Cyp19a1 was disrupted by homologous recombination
(Toda er al. 20014) and the genetic background was unified to
C57BL/6] by repeated backcrossing. Esr1 '™ mice (Lubahn
et al. 1993) were purchased from Taconic Farms, Inc.
(Hudson, NY, USA) and bred in the animal facility of
Kochi University to yield Esr1 "/~ mice with a C57BL/6]
genetic background. Esr1™’” mice were generated by

Table 2 Summary of spermatogenic phenotype of mice with the
C57BL/6) genetic background. Testes of WT, Ar~’~, and Esr1™/~
mice at 5 or 10 months of age were histologically examined.

WT Ar~/~ Esr1='~
Age
5M 0%/44° (0%) 13/20 (65%) 14/14 (100%)
10 M 0/8 (0%) 9/13 (69%) ND

“Number of mice showing spermatogenic impairment.
bNumber of mice examined.
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crossing of Esr1*/~ mice. Mice at 5 or 10 months of age
were used for this study.

Histological examination

Testes and efferent ductules were fixed in a solution of 10%
(v/v) buffered formalin for 24h, dehydrated in graded
ethanol, and then embedded in paraffin. Samples were cut
into 3 um thick sections and stained with hematoxylin—eosin.
The luminal areas of the efferent ductules were quantified
using MacScope (ver. 2.5.9) software.

Electron microscopic examination

The efferent ductules were fixed in modified Karnovsky’s
fixative containing 2% paraformaldehyde, 2% glutaraldehyde,
and 0-05% CaCl, in 0-1 M cacodylate buffer (pH 7-2) for 1 h
at 4 °C. The specimens were post-fixed with 1% osmium
tetroxide in 0-1 M cacodylate buffer (pH 7-2) containing 0-8%
potassium ferrocyanide for 2 h in the dark to preserve the
structure of tubule-cisternal endoplasmic reticulum (TCER;
Moller e al. 1983). After rinsing, the specimens were exposed
to en bloc stain in 1% uranyl acetate in 0-05 M sodium maleate
(pH 6-0) for 1 h in the dark. After rinsing in 0-05 M sodium
maleate (pH 5-0) for 1 h, the specimens were dehydrated in a
graded series of alcohol (Karnevsky 1967), and embedded in
Spurr’s resin. Thin sections were observed using a Hitachi
H-7000H electron microscope. Acid phosphatase activity was
detected by means of a cerium-based cytochemical method to
identify lysosomes (Robinson er al. 1986).

Western blot analysis

The efferent ductules were kept in RNAlater (Ambion, Austin,
TX, USA) at —20 °C until use. After removing the fat and
connective tissue under a microscope, the tissues were minced
using scissors and homogenized in an ice-cold homogenization
buffer consisting of 50 mM Tris—HCl buffer (pH 7-4), 0-4 M
NaCl, 0-1 mM EDTA, 0-1 mM EGTA, and protease inhibitor
cocktail (Roche). The protein concentration of the homogen-
ate was measured with a BCA protein assay reagent (Pierce,
Rockford, IL, USA). Each sample (40 pg) was subjected to
SDS-PAGE in a 10% gel. The separated polypeptides were then
transblotted onto a polyvinylidene difluoride (PVDF) mem-
brane. After treatment with blocking agent, the membrane was
incubated with anti-Esr1 antibody at a dilution of 1:2000 (MC-
20; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).

www.endocrinology-journals.org

- 1027 -



Morphology of efferent ductule of Ar~

/—

mouse k TopA and others

After washing, the membrane was subsequently incubated with
horseradish peroxidase (HRP)—ant-rabbit antibody and the
enzyme activity of HRP was detected with an ECL western
blotting detection kit. After detaching the anti-Esr1 antibody,
the same membrane was reprobed with an HR P—anti-B-actin
monoclonal antibody (Sigma—Aldrich, Inc). The results were
quantified using Quantity One (ver. 3.0) software (PDI Inc.,
Huntington Station, N'Y, USA).

A

RNA preparation and RT-PCR analysis

Total RINA was extracted from pooled efferent ductules kept
in RINA later as described (Zarlenga & Gamble 1987) after
removing fat and connective tissue under a microscope. Total
RINA (1 pg) was reversed transcribed using oligo-dT primers
(Ambion) and Moloney murine leukemia virus reverse
transcriptase (Invitrogen) in a total volume of 25 pl per
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Figure 1 Histological examination of the testes of Ar’~ and Esr1~/~ mice with a C57BL/6) genetic background. (A) Each

pam, 2R

circle represents an individual mouse, of which both testes were examined histologically. Vertical numerals indicate the
sum of the numbers of seminiferous tubules showing impaired spermatogenesis per section in each mouse examined.
As no abnormality was found in the testes of WT mice with a C57BL/6) background, the data were not plotted in this figure.
(B and C) Representative photographs of the testis of an Ar~'~ mouse at 5 months of age displaying various degrees of
impairment in spermatogenesis. The seminiferous tubules indicated by arrowhead in (C) are judged to be impaired.

(D) The image shown at higher maghnification is from the area indicated by a box in (B). Scale bar, 200 pm.
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reaction, according to the manufacturer’s instructions. The
expression levels of genes for ATPase, Na™ /K™ transporting,
a-1 polypeptide (Atplal), cystic fibrosis transmembrane
conductance regulator homolog (Cfir), solute carrier family
9 (sodium/hydrogen exchanger) member 1 (Sk9a1), and
solute carrier family 9 (sodium/hydrogen exchanger)
member 3 (Slc9a3) were examined. PCR was carried out
with 1-5 pl of the RT samples in a 30 pl reaction volume.
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Figure 2 Photomicrographs of the testis and efferent ductules in the distal region of two individual Ar™

of age. (A and B) Testis from one Ar~’/
from the other Ar™/~

magnification are from the areas indicated by boxes in (A) and (D) respectively. (C and F) Both Ar
morphology in the distal efferent ductules. Scale bars, 200 pm.
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Cycling parameters were as follows: an initial melting step of
94 °C for 1 min, amplification by 28 cycles at 94 °C for 30 s,
60 °C for 30's, and 74 °C for 45 s and then a final 5 min at
74 °C for extension. The amplified DNA products were
resolved on 5% polyacrylamide gels. After staining the gels
with ethidium bromide, the banding pattern of amplified
DNA fragments was recorded using a charged-coupled device
camera (Sony Corp., Tokyo, Japan). The results were

’~ mice at 5 months

~ mouse at 5 months of age showed spermatogenic impairmentand (D and E) the testis
mouse displayed morphologically normal spermatogenesis. (B and E) The images shown at higher

~/~ mice reveal similar
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