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Application of an intracellular stability test of a novel
missense menin mutant to the diagnosis of multiple

endocrine neoplasia type 1
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Abstract. Germline MEN] mutation analysis is a powerful tool for an early diagnosis of multiple endocrine neoplasia type
1 (MENI). an autosomal dominant familial cancer syndrome characterized by the parathyroid, pituitary and
gastroenteropancreatic endocrine tumors. However. the clinical significance of AMMEN/ gene variants. especially missense
and in-frame mutations as well as some splicing mutations, is not always obvious. We have previously shown that mutant
menin proteins associated with MENT are rapidly degraded by the ubiquitin-proteasome pathway. We also demonstrated
by a fluorescent immunocytochemical stability test that the stability of missense and in-frame deletion mutants varies
widely but that unstable mutants were found only in MEN| and related disorders and not in normal polymorphisms. In the
present study, we evaluated by this stability test the pathogenicity of a novel MENI missense mutation, ¢.1118C>T,
encoding a P373L mutant menin, identified in a suspected MENT1 patient. The results demonstrated that the mutant menin
is highly unstable. indicating that this mutation is causative for MENI. These findings encouraged us to proceed with
presymptomatic genetic screening for this mutation among the family members, which resulted in the identification of
asymptomatic mutation carriers. Thus, the information from the menin stability test was nseful for genetic diagnosis and

counseling of MENT in the case with a previously unreported MEN7 missense mutation.
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MULTIPLE ENDOCRINE NEOPLASIA TYPE 1
(MEN1) is a relatively rare autosomal dominantly
inherited condition characterized by hyperplastic and
neoplastic disorder of endocrine organs such as the
parathyroid, anterior pituitary and gastroenteropancre-
atic endocrine tissues [1]. Germline mutation of the
causative gene, MENI, which encodes 610 amino-acid
residue nuclear protein menin, can be identified in the
most of the affected subjects [2, 3]. MEN] is a tumor
suppressor gene and tumorigenesis in MEN1 by MEN/
gene mutations can be explained by Knudson’s two-
hit theory [4]. i.e., function of one allele is lost by a
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germline mutation and the inactivation of the remain-
ing wild type allele by somatic mutation leads to tumor
development.

The majority of mutations identified in affected sub-
jects are nonsense and frameshift mutations. Splice
mutations and large deletion of the MENI gene have
also been reported in several families [3]. It is obvious
that these mutations cause loss of function of the gene
and are pathogenic. On the other hand, when a novel
missense mutation or an in-frame deletion or addition
is identified, molecular diagnosis of MENI is not so
simple since the pathogenicity of these mutations is not
clear per se. Although 26% and 48% of germline MEN]
mutations associated with MEN1 and familial isolated
hyperparathyroidism, respectively, are missense muta-
tions or in-frame deletions [3], evidence for the patho-
genicity of these mutations was lacking in many cases
[5-9]. As menin shows no significant homology to
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Table 1 Serum and plasma concentrations of biochemical parameters of P373L mutation carriers

o

1-2 -2 -1 m-2 -3 Normal range
Age (year) 82 57 31 28 24 '
Sex - ) F F M M M
Calcium (mg/dL) 10.0 9.9 10.0 9.6 10.6 8.8-10.1
Phosphate  (mg/dl.) 2.7 2.7 3.9 3.4 3.1 2.7-4.0
Intact PTH (pg/ml.) 57 119 85 32 64 10-65
Prolactin  (ng/ml) 9.1 12.2 6.5 14.1 12.2 <127
IGF-1 (ng/mL) ND 193 215 ND ND §Z326696 ((11111211
Glucose (mg/dL) 188 99 82 86 105 70-109
Insulin (uU/mL) 24.0 7.0 9.7 8.5 6.1 1.84-12.2
Gastrin (pg/mL) 77 39 52 102 84 <200

*1-2 has diabetes and is receiving medication. Insulin and glucose of 1-2 were measured 2 hours after meal.
** Proband., ND, not determined. IGF-1. insulin-like growth factor I

other known proteins and its physiological function is
not fully understood, there are no established parame-
ters that can adequately represent impaired function of
mutant menin [10-14].

We previously reported that missense mutant menin
proteins associated with MENI are unstable and rap-
idly degraded through ubiquitin-proteasome pathway
[15]. More detailed analysis by a newly developed
fluorescence immunocytochemical method revealed
that the stability of missense and in-frame deletion
mutants varies widely but that unstable mutants were
found only in MEN1 and related disorders and not in
normal polymorphisms [16]. We recently encoun-

tered a suspected MENT patient with a previously

unreported missense mutation in the MENI gene. To
assess the pathogenicity of this mutation, we exam-
ined the stability of the menin protein encoded by this
mutant MEN] gene.

Case Presentation

A 56-year-old woman was referred to Shinshu
University Hospital.” She had been diagnosed with
primary hyperparathyroidism (PHPT) and under-
gone parathyroidectomy when she was 45 years old.
Three enlarged glands were removed but the fourth
gland was not found. She had been followed-up before
being referred to us. An abdominal CT scan identi-
fied multiple contrast-enhanced nodular lesions (3-12

mm in diameter) in her pancreas, based upon which
she was suspected as having MEN1. She was eucalce-
mic but her plasma PTH level was elevated (11-2, Table
1). Other biochemical studies including fasting plasma
levels of gastrin, insulin and glucose, and glucagon
revealed no abnormalities. Pancreas tumors were thus
considered nonfunctioning. MRI imaging for pituitary
gland revealed no abnormal findings and plasma lev-
els of prolactin and IGF-1 (insulin-like growth factor
I) were within normal range. Genetic testing of the
patient, performed after obtaining written informed
consent, revealed a heterozygous single nucleotide sub-
stitution (c.1118C>T) in the MEN] gene, which was
predicted to substitute amino acid codon 373 of menin
from proline (CCC) to leucine (CTC). This mutation
has neither been reported [3] nor registered to mutation
database (The Human Gene Mutation Database, http://
www.hgmd.cf.ac.uk/ac/index.php).

Her 82-year-old mother had a history of PHPT and
had undergone a single gland parathyroidectomy at the
age of 69. She is currently eucalcemic (Table 1) and is
receiving no medication except oral antidiabetic drugs
for her type 2 diabetes. Periodic surveillance includ-
ing imaging studies for pituitary and abdomen and bio-
chemical and endocrine function tests are performed at
another hospital and no MEN-related diseases have
been identified. Genetic analysis revealed that she also
had the same mutation. '

Tumor specimen was not available as surgeries for
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the proband and her mother were undertaken at other
hospitals more than 10 years ago.

Materials and Methods

The intracellular stability of missense menin vari-
ants was evaluated using a quantitative fluorescent
immunohistochemical method as described previously
[15, 16]. Briefly, WI38VA13 cells were transfected
with a bicistronic plasmid expressing N-terminal
FLAG-tagged and Myc-tagged proteins: one protein
was wild type menin, which served as an internal con-
trol for transfection efficiency, and the other was the
variant menin to be tested. Forty eight hours after
transfection, expressed proteins were stained with
FITC-labeled anti-FLAG antibody and Cy3-labeled
anti-c-myc antibody, and quantified by fluorescence
microscopic digital photography and an image analy-
sis software. The ratios of the mean numerical value
of fluorescence intensity for mutant menin to that for
wild type menin in each nucleus was calculated, and
normalized by the ratio obtained from the control plas-
mid expressing both FLAG- and Myc-tagged wild-
type menin. As a known unstable control, L22R vari-
ant expression plasmids were used. Mutant menin was
located mainly in the nucleus although the cytoplasm
was also faintly stained in some cells. Only nuclear
staining was analyzed.

To measure the degradation rate of menin proteins,
293T cells were transfected with plasmids express-
ing FLAG-tagged menin, and 28 hr after transfection,
20 ug/mL of cycloheximide (CHX) was added into
the culture medium to prevent further protein synthe-
sis. Whole-cell lysates were prepared from samples
taken at 0 hr (control) and 6 hr after adding CHX, and
analyzed by Western blotting with an alkaline phos-
phatase-conjugated anti-FLAG monoclonal antibody
coupled with CDP-Star reagent. The membranes were
exposed to X-ray films, and density of the target bands
were scanned with a densitometer.

These studies were approved by the Institutional
Review Board of both the National Cancer Center
Research Institute and Shinshu University School of
Medicine.

Results

Stability of variant menin P373L
The intracellular stability of the putative products
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of the ¢.1118C>T mutation, P373L, was examined by
comparing the relative expression levels of mutant vs.
wild-type menin proteins expressed from a bicistronic
plasmid. The L22R mutant, a disease-causing muta- .
tion associated with typical MENT1, was used as a pos-
itive control for unstable menin. Two plasmids were
constructed for each mutant, one expressing FLAG-
tagged wild type menin and Myc-tagged mutant
menin, the other expressing FLAG-tagged mutant
menin and Myc-tagged wild type menin. Using either
construct, the test showed that stability of the P373L
mutant was comparable to that of the L22R mutant
(Fig. 1A and 1B).

To confirm that the lowered protein level of the
mutant was due to rapid protein degradation, the
effects of CHX on the amounts of menin proteins were
analyzed. The results demonstrated the rapid reduc-
tion of P373L mutant after 6-hr treatment with CHX,
while the amount of the wild type menin was almost
unaffected (Fig. 1C). These findings suggest that the
¢.1118C>T mutation is likely a pathogenic mutation
causing MEN1.

Presymptomatic genetic testing for offspring of the
proband ,

We confirmed an association between the muta
tion and phenotype in the elder generation of the fam-
ily (generations I and II, Fig. 2) before offering pres-
ymptomatic genetic testing for her offspring. 1I-1 and
II-3 did not have ¢.1118C>T mutation, and no abnor-
mal findings were found by biochemical and imaging
studies. Genetic testing of three sons (IlI-1,2,3, Fig.
2) was then performed and revealed that they all had
¢.1118C>T mutation.

Although they were asymptomatic, biochemical
screening indicated that they had early stage endocrine
abnormalities, consistent with results of genetic testing.
II-1 was eucalcemic but intact PTH level was above
the normal range. Prolactin level of lI-2 was slightly
elevated, and II-3 had hypercalcemia with unsup-
pressed PTH (Table 1). Although observed biochemi-
cal changes were subtle and imaging studies failed to
detect any abnormalities in either individual, it is likely
that they had already developed the disease. Indeed, in
contrast to sporadic PHPT, a significant proportion of
PHPT developed in MEN1 patients show marginal bio-
chemical abnormalities [17]. Future surveillance for

three sons was thus warranted.
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Fig. 1 Stability of missense mutant menin

Mutant menin protein was coexpressed with wild type menin in culture cells by transfection of a bicistronic plasmid vector
expxessmg either FLAG-tagged wild type and Myc-tagged mutant menin (A) or FLAG-tagged mutant and Myc-tagged wild type
menin (B). The relative expression levels of mutant to wild type menin were compared with those of control plasmid expressing
FLAG-tagged and Myc-tagged wild type menin proteins (Wt). Degradation rate of menin proteins was evaluated by CHX

-experiments (C). The open and closed bars indicate the control and CHX-treated samples. respectively. The data are expressed as.
relative values. with the control levels of each menin protein being a hundred per cent. The thin bars represent standard error of
the mean of three independent transfection experiments. P373L and 1L.22R represent the missense menin mutant identified in this
study and that previously reported to cause typical MENI1, respectively. NS, not statistically significant (P>0.05).
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Fig.2 Pedigree of the patient with P373L mutation
E+, have had genetic analysis and P3731 mutation was identified; E-. have had genetic analysis and P373L mutation was not
i dentiﬁed; P, proband; P-NET, pancreas neuroendocrine tumor
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Discussion

In the present study, we examined stability of the
mutant menin protein identified in a family with
MENI. Our case had PHPT with involvement of
multiple glands and pancreas endocrine tumors. Her
mother also had a history of PHPT, but she was diag-
nosed with PHPT at the age of 69-and only one gland
was affected. Her mother has remained eucalcemic for
13 years since single gland parathyroidectomy and no
other endocrine diseases had developed to date, which
is an atypical clinical course of MENI. Therefore, we
were cautious to conclude that the ¢.1118C>T missense
mutation was pathogenic based only on the segregation
pattern. Although an association of a different muta-
tion P373S at the same codon with typical MEN1 had
previously been reported [18], there are a number of
examples that different amino acid substitution at the
same codon exerts different clinical consequences.

Our present study demonstrated that the P373L mis-
sense menin protein is highly likely pathogenic as this
protein is apparently unstable compared to wild-type
menin. This finding encouraged us to offer presymp-
tomatic genetic testing for her sons, which resulted in
early diagnosis of the disease. Since the menin stabil-
ity test we established focuses on the stability of pro-
tein rather than its specific function, it enables a more
comprehensive verification of pathogenicity of mutant
menin. It might be argued that our in vitro method,
which quantitates proteins in fibroblast-derived cul-
ture cells, may not reflect menin stability in endocrine
cells. However, we have previously demonstrated an
apparent correlation between the clinical phenotype
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and stability of missense menin tested in various non-
endocrine as well as in endocrine cells [15, 16]. We are
also aware that the stability of menin missense mutants
is highly variable and that some mutants associated
with typical MEN1 are comparatively stable [16, 19].
Therefore, the pathogenicity of a missense mutation
giving rise to a stable mutant menin should be inter-
preted cautiously.

In conclusion, we examined the pathogenicity of
novel nucleotide substitution in the MEN] gene using
amenin stability test. Our results strongly suggest that
¢.1118C>T mutation is pathogenic. The future collec-
tion of data on the stability of missense menin protein
will be of value in understanding the molecular patho-
genicity of menin variants.
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Abstract

Purpose To examine the clinical characteristics and sur-
vival outcomes of patients with primary hyperparathy-
roidism (PHPT) in multiple endocrine neoplasia type 1
(MEN1) in relation to the MENI gene mutation.

Methods The study population included the patients,
positive for the MENI gene mutation, who underwent
parathyroidectomy between 1983 and 2009 at a single
tertiary referral center. Manifestations of the syndrome,
other tumors and causes of death were retrospectively
correlated with the specific types and locations of MENI
gene mutations.

Results Thlrty-two patients from 19 families were diag-
nosed as having MEN1 on genetic examinations. Mutations
were most common in exons 2, 7 and 10. A phenotypic
analysis of the main MENI tumor types among the 32
patients revealed that PHPT was the most common
(100 %), followed in order by pancreatic neuroendocrine
tumors (PNETs) (53 %) and pituitary tumors (38 %).
Death due to MENI]-related disease occurred in five
patients (16 %), including malignant PNET in three cases
(exons 2, 3), pituitary crisis in one case (exon 2) and thy-
mic cancer in one case (large deletion).
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Conclusions Premature deaths related to MENI1 are due
to the development of malignant PNET, pituitary crisis or
thymic tumors associated with mutations in exons 2, 3 and
a large deletion.

Keywords Multiple endocrine neoplasia type 1 -
Primary hyperparathyroidism -
Genotype—-phenotype analysis

Introductioh ‘

Multiple endocrine neoplasia type 1 (MEN1) is an auto-
somal-dominant disease characterized by tumors of the
parathyroid, pancreas and pituitary. Its prevalence has been
estimated to be 1-10 per 100,000 individuals [1]. The
clinical manifestations of MEN1 include hyperparathy-
roidism (over 90 % of cases), pancreatic islet cell tumors
(30-80 % of cases) and pituitary tumors (15-30 % of
cases) [1, 2]. Other complications such as facial angiofi-
bromas, lipomas, carcinoids and adrenal tumors have also
been identified [1, 2].

The locus of the gene responsible for MEN1 was
assigned to the long arm of chromosome 11 in 198 [3, 8]
and the gene was isolated by positional cloning in 1997 [4].
MEN! is a tumor-suppressor gene spanning 9 kb and
containing 10 exons. It encodes the 610-amino-acid protein
known as menin [5].

Investigators have attempted to correlate various muta-
tions of MENI with clinical manifestations or patient sur-
vival; however, no significant correlations have emerged.
We herein present an analysis of the genotype-phenotype
expression and genotype—prognosis correlations based on
long-term observation of MENT1 patients who underwent

@ Springer
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parathyroid surgery for primary hyperparathyroidism
(PHPT) at our institution.

Methods
Patients

Between 1983 and 2009, 68 patients from 46 kindreds with
PHPT or multiglandular disease underwent parathyroidec-
tomy at our department. To be deemed as having MEN]1,
they had to meet the following criteria: (1) multiglandular
disease with a histopathological diagnosis of parathyroid
hyperplasia and (2) satisfying the practical criteria for
MENI reported by Brandi et al. [2].

Clinical manifestations

All patients had PHPT with serum calcium levels exceed-
ing 10.0 mg/dl (normal 8.5-9.9 mg/dl) and serum intact-
PTH levels exceeding 66 pg/ml (normal 10-65 pg/ml).
The presence or absence of MEN1-associated diseases was
determined by measuring the serum levels of gastrin,
insulin, glucagon, prolactin, GH and IGF-1 and by per-
forming imaging studies (MRI, CT) of the pituitary and
pancreas.

MENI gene

All 68 patients had undergone a MENI gene analysis after
providing their informed consent. From each patient, a
blood sample was collected and genomic DNA was
extracted using a QIA Amp blood kit (Qiagen, Hilden,
Germany). All protein-coding regions of exons 2 through
10 of the MENI gene were amplified using polymerase
chain reaction (PCR). A PCR assay and sequence analyses
were performed, as previously described elsewhere [6]. All
identified mutations were confirmed by cloning the PCR
products into the pCR vector (Invitrogen, Carlsbad, CA,
USA) and nucleotide sequencing. For one case involving a
large deletion, the mutation was detected as reported pre-
viously [7].

Statistical analysis

The overall survival after initial parathyroidectomy was
estimated with the Kaplan-Meier method using the JMP
(version 8, SAS Institute Japan Ltd., Tokyo, Japan) sta-
tistical software package.

We analyzed genotype—phenotype correlations and the
survival outcomes of the MEN1 patients.

@ Springer

Results

Among the 68 patients, 25 did not undergo genetic
examinations, while one was negative and 42 were positive
for the MEN! gene mutation. Ten of the latter 42 patients
were excluded from the study due to incomplete clinical
data. The remaining 32 patients from 19 kindreds com-
prised the study population. Five patients were male and 27
were female. The average age and standard deviation at
initial parathyroidectomy was 45.6 & 15 years (range
20-73 years), and the average follow-up period and standard
deviation was 153 £ 97 months (range 1-396 months).

A phenotypic analysis of the main MEN1 manifestations
among the 32 patients revealed that PHPT was the most
common (32 patients, 100 %), followed in order by pan-
creatic neuroendocrine tumors (PNETs) (16 patients,
50 %) and pituitafy tumors (15 patients, 47 %). In the 26
patients without MEN! gene confirmation, PHPT was the
most common manifestation (26 patients, 100 %), followed
in order by pancreatic tumors (10 patients, 38.5 %), pitu-
itary tumors (nine patients, 24.6 %), adrenal tumors (three
patients, 11.5 %), thymic tumors (three patients, 11.5 %)
and malignant tumors (two patients, 7.7 %) (Table 1).

Genotype—phenotype analysis

The locations and types of MENI mutations are summa-
rized in Table 2. Mutations were most common in exons 2
(10 patients from four kindreds) and 10 (five patients from
four kindreds). In-exons 3 and 7, five patients (three kin-
dreds) and four patients (three kindreds) had mutations,
respectively. The genotype—phenotype associations of
tumors of the pancreas and pituitary are shown in Table 3.
Sixteen patients developed tumors of the pancreas. Seven

Table 1 Characteristics

of the patients without MENJ 081 26

gene confirmation PHPT 26 (100 %)
Pituitary tumor 9 (34.6 %)
PRL 5
Microadenoma 4

10 (38.5 %)
Non-functioning 7

Pancreatic tumor

Gastrinoma 2

Gastrinoma 1

Adrenal tumor 3(11.5 %)

Thymic tumor 3 (115 %)

Others 2 (1.7 %)

Abdominal 1
desmoids

Laryngeal Cancer 1
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Table 2 The site and type of the MEN I gene '
No. of

Location Type No. of
kindreds  patients
Exon 2
249 252delGTCT Frameshift 2 5
358_360delAAG In-frame 1 4
deletion
133G>T Nonsense 1 1
Exon 3
455T > A Nonsense 1
512_520delGGGATGTCC In-frame 2 3
deletion
Intron 4
784 —9G > A Splicing site 1 1
mutation
824 + 1G> A Splicing site 1 1
mutation
Exon 6
878delC Frameshift 1 1
Exon 7
959C > T Missense 1 1
955_956insT Frameshift 1 1
914G > A Missense 1 2
Exon9
1324C>T Nonsense 1 2
Exon 10
1546_1547insC Frameshift 3 4
1387G > T Nonsense 1 1
Large deletion 1 3

patients had PNETS, including four patients with gastri-
nomas, one patient with an insulinoma, one patient with a
glucagonoma and one patient with a malignant tumor. Non-
functional pancreatic tumors were observed in nine
patients. Mutations in the MENI gene were found at exons
2, 3,6 and 10, and a large deletion was present in one case.
Among 11 patients with functional pituitary adenomas,
nine had prolactinomas, one had an ACTH-producing
adenoma and one had an adenoma that produced both
prolactin and growth hormone. Non-functional pituitary
tumors were found in two patients. No particular trends
were observed between the sites of mutation and the clin-
ical manifestations in the pancreas or pituitary.

Table 3 also shows the genotype-phenotype correla-
tions of thymic tumors and other malignant diseases.
Three patients had lesions in the thymus. One patient
with a large deletion mutation had a carcinoma of the
thymus, and her son was also found to have a thymic
carcinoid. The clinical details of another patient with an

"exon 3 mutation were not available. Other malignant
tumors were found in three patients: one patient with a
mutation in exon 2, who also had malignant PNET, died

of meningioma; another patient with a mutation in exon 2
developed lung cancer; one patient who had a mutation
in exon 10 developed both papillary carcinoma of the
thyroid and osteomyelodysplasia.

Survival

Five (16 %) patients died of MEN1-related disease during
the follow-up period. The overall survival rates of the
patients at 5, 10 and 20 years were estimated to be 99.6 %
(95 % CI 88.4-99.9), 95 % (95 % CI 80.8-98.9) and
74.5 % (95 % CI 51.1-89.1), respectively (Fig. 1). The
mutations in the patients who died involved exons 2 and 3,
and a large deletion. Two patients died of liver metastases
from gastrinomas, one patient died of malignant PNET and
meningioma and one patient died due to pituitary crisis.
The patient with the large deletion died of thymic cancer.

Discussion

The first description of a patient with both parathyroid and
pituitary tumors was published in 1903 [8]. Half a century
later, in 1952, based on a case series of patients with
tumors of the parathyroid, pituitary and pancreatic islets,
Underdahl et al. [9] recognized the combination to be a
new syndrome. Subsequently, Wermer [6] hypothesized
that the syndrome was caused by a mutation in an auto-
somal gene with a high penetrance.

In our present series, MENI gene mutations were
observed in exons 2, 3, 4, 6, 7, 9 and 10, and a large
deletion was also recognized. The most frequently
observed mutation site was exon 2. The distribution of the
mutation sites in our patients was similar to that in a pre-
vious report of 24 other Japanese cases [10], although it
was different from the results reported by Tumer [11]. In
our series, frame-shift mutations were the most common
form, in agreement with the results of previous reports
[12, 13].

Although most manifestations of MEN 1 are thought to
be benign, the life expectancy of affected patients has
become an important issue. Dean et al. [7] reported that
MENI1 patients have a lower 20-year survival rate than
normal age- and sex-matched US citizens (64 vs. 81 %).
Wilkinson et al. [14] reported the results of a retrospective
survey on causes of death in a MEN1 family in Tasmania
dating from 1861. Of the 46 family members who had a
high probability of having MENI1, 20 (43 %) died due to
MEN1-associated conditions, comprising 12 cases of neo-
plasia and eight cases of hypercalcemia [14]. Wilson et al.
[15] observed a dramatic change in the causes of death in
their population. Gastrointestinal (GI) hemorrhage was the
most common cause of death in the young generation
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Table 3 Clinical characteristics of the patients according to the MEN I gene mutation

Location Pancreatic tumor Pituitary tumor Thymic Other tumors Number of deaths
tumor and cause of death
Exon 2
249_252delGTCT 5: Gas(l), Glu(1),  3: PRL(3) 0 Meningioma (1) 2: Meningioma (1),
Malig(1) Non(2) pituitary crisis (1)
358_360delAAG  2: Non(2) 2: PRL(2) 0 Lung cancer (1) 0
133G>T 1: Non(l) 0 0 - 1: Liver metastases
‘ from gastrinoma
Exon 3
455T > A 2: Gas(1) Non(]) 2: PRL(2) 0 - 1: Liver metastases
from gastrinoma
512_520del 1: Non(1) 0 Unknown (1) - 0
GGGATGTCC
Intron 4
784-9G > A 0 0 0 - 0
824 + 1G> A 0 0 0 - 0
Exon 6
878delC 1: Non(1) 1: Non(1) 0 - 0
Exon 7
959C>T 0 1: PRL(1) 0 - 0
955_956insT 0 0 - 0
914G > A 0 0 0 - 0
Exon 9
1324C>T 0 0 0 - 0
Exon 10

3: PRL(1), PRLand O
GH(1), ACTH(1)

1: Non(1) 0

1546_1547insC 2: Gas(1) Non(l)

1387G >T 1: Ins(1)
Large deletion 1: Gas(1) 0

2: carcinoid -
and cancer

Papillary carcinoma of the thyroid 0
and osteomyelodysplasia (1)

- 0
1: Thymic cancer

Gas gastrinoma, Glu glucagonoma, Ins insulinoma, PRL prolactinoma, GH growth hormone producing adenoma, ACTH ACTH producing
adenoma, Non non-functioning tumor, Malig malignant PNETs. (),-number of patients; unknown, histological diagnosis was unknown
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Fig. 1 Overall survival after initial parathyroidectomy in patients
with MEN 1
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living before the 1960s, whereas metastases of pancreatic
carcinoids became the leading cause of death in the 1990s.
Goudet et al. [16] also reported similar observations in
MENT1 patients: the death rate due to GI hemorrhage was
14.5 % before the 1990s and fell to 2.8 % after the 1990s.
Mortality due to tumor progression also changed from
47.8 % before the 1990s to 65.7 % thereafter [16]. Con-
sequently, PNETs and carcinoids have been the predomi-
nant causes of death among patients with MEN1.

After the isolation of the MENI gene, many investiga-
tors searched for genotype-phenotype or genotype—prog-
nosis correlations. Kouvaraki et al. [17] reported that
mutations in exon 2 are frequent in MEN1 patients with
PNETs and mutations in exon 3 are frequent in those with
thymic carcinoids. Ferolla et al. [18] reported that truncated
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mutations are frequently present in patients with MEN1-
associated thymic carcinoids. Kouvaraki et al. [17] found
no relationship between genotype and prognosis.

The issues addressed in this retrospective study of MEN
1 patients were: (1) whether there are any genotype-
phenotype correlations and (2) whether there are any
prognostic predispositions depending on the MENI
genotype.

With regard to the first issue, we did not find any sig-
nificant génotype-phenotype correlations. However, our
experience is unique from several viewpoints. First, func-
tional PNETs were observed in patients with MEN 1
mutations in exons 2, 3 and 10 only. Second, thymic tumors
were observed in patients with mutations in exon 3 and in
the patient with the large deletion. Third, malignant dis-
eases unrelated to MENI1, such as papillary thyroid carci-
noma, lung cancer and osteomyelodysplasia, were observed
only in patients with mutations in exons 2 and 10. Bartsch
et al. [19] reported that patients with mutations in exons 2, 9
or 10 have a significantly higher rate of malignant PNETs
(55 %) than those with mutations elsewhere (10 %). Ko-
uvaraki et al. [17] reported that PNETs are frequently
observed when the mutation is present in exon 2, whereas
carcinoids are frequent when the mutation is in exon 10.

With regard to the second issue, MENI-associated
deaths were identified only among patients with mutations
of exons 2 and 3 and in the one patient with a large dele-
tion. However, it is premature to conclude that these
mutations are specifically related to mortality. In fact,
Vierimaa et al. [20] observed MENI-related deaths in
patients with mutations of exon 10.

Mortality associated with MENI in the present series
was 16 %, which is quite different from figures reported
previously [7, 14, 21]. One of the reasons for this difference
may be advances in both knowledge and management of
MENI1. In fact,.in all of the cohort studies reported previ-
ously, the patients had been observed since the early 1900s.

The present study had several limitations. First, the

study population included patients who had undergone

parathyroidectomy. Such selection may have led to biased
estimates of the phenotypic prevalence and disease-specific
survival. Second, the number of patients (32) was too small
to draw firm conclusions from the results. Third, the fol-
low-up period was limited. Fourth, neither diagnostic nor
follow-up examinations were uniform among the patients.
The variation in work-up may have compromised the
validity of the estimated disease frequency and prognosis.

In conclusion, no significant genotype-phenotype or
genotype—prognosis correlations were observed in this
study. The fact that the study involved a single institution
may also have been a limiting factor. In addition, a longer
follow-up period in the patients is needed. In 2008,
researchers in Japan established a MEN study group, the

“MEN Consortium of Japan,” to construct a nationwide
database of Japanese MEN patients. It is anticipated that
this database will yield data on many unanswered questions
related to MEN.
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Abstract

Real-time measurements for gut motility in conscious rats or
mice combined with intracerebroventricular or intravenous
injection of peptide agonists or antagonists allow us to un-
derstand the regulatory mechanism of gastrointestinal mo-
tility. Neuropeptide Y (NPY) in the arcuate nucleus in the hy-
pothalamus stimulates the fasted motility in the duodenum,
while urocortin in the paraventricular nucleus inhibits fed
and fasted motility in the antrum and duodenum. Acyl ghrel-
in exerts stimulatory effects on the motility of the antrum
and duodenum in both the fed and fasted state of animals.
NPY Y2 and Y4 receptors in the brain may mediate the action
of acyl ghrelin, and vagal afferent pathways might be in-
volved in this mechanism. Des-acyl ghrelin exerts inhibitory
effects on the motility of the antrum but not on the motility
of the duodenum in the fasted state of animals. CRF type 2
receptor in the brain may mediate the action of des-acyl
ghrelin, and vagal afferent pathways might not be involved
in this mechanism. Obestatin exerts inhibitory effects on the

motility of the antrum and duodenum in the fed state but
not in the fasted state of animals. CRF type 1 and type 2 re-
ceptors in the brain may mediate the action of obestatin, and
vagal afferent pathways might be partially involved in this
mechanism. Copyright © 2012 S. Karger AG, Basel

Experimental Design for Studying Gastrointestinal
Motility and Brain-Gut Axis

Although the regulation of hypothalamic peptides on
feeding behavior or energy expenditure has been well
established, the regulation on the gastrointestinal (GI)
motility has not been fully understood. The detailed
studies on the brain-gut axis are somewhat hampered
by the methodological difficulties in directly measuring
the GI motility in conscious animals with intracerebro-
ventricular (ICV) injection of peptide agonists or an-
tagonists.

We developed a freely moving conscious animal mod-
el to measure the GI motility in rats [1] and mice [2], com-
bined with intravenous (IV) or ICV injection. This mod-
el permits the real-time measurements of GI motility in
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animals in the physiological fed and fasted states under
stimulation of the brain or peripheral administration of
peptide agonists or antagonists. In the fasted state, the
cyclic change of pressure waves were detected in both an-
trum and duodenum, including the quiescence period
during which relatively low amplitude contractions occur
(phase I-like contractions), followed by a grouping of
strong contractions (phase III-like contractions). After
food intake, such a fasted motor pattern was disrupted
and replaced by a fed motor pattern, which consisted of
irregular contractions of high frequency. By using this
method the effects of brain-gut peptides on the GI motil-
ity can be examined.

Neuropeptide Y and Urocortin in the Hypothalamus
Regulate the Gastroduodenal Motility

Neuropeptide Y (NPY) is a potent feeding-stimulatory
peptide that expresses in the arcuate nucleus of the hypo-
thalamus and projects predominantly to the paraventric-
ular nucleus. Because few previous studies have exam-
ined the effects of centrally administered NPY-related
peptide on GI motility, we investigated the role of NPY in
the control of GI motility using a variety of NPY analogs
[1]. ICV injection of Y2 and Y4 receptor agonists induced
the phase III-like contractions in the duodenum when
given in the fed state of rats; however, Y1 and Y5 receptor
agonists had no effects on the motility despite their po-
tent feeding-stimulatory effects [1]. More interestingly,
immunoneutralization of NPY by ICV injection of NPY
antibody completely blocked the phase III-like contrac-

tions in the duodenum [1]. This finding suggests that the

" fasted motor activity in the upper GI tracts is regulated
by brain NPY neurons but not regulated by peripheral
mechanism.

CRF and endogenous CRF receptor ligand urocortin
are feeding-inhibitory peptides localized at the paraven-
tricular nucleus in the hypothalamus. Urocortin binds
both CRF type 1 and 2 receptors but shows a higher af-
finity for CRF type 2 receptor than type 1 receptor. CRF
type 2 receptors are related to the stress-induced altera-
tions of GI functions. ICV or IV injection of urocortin
disrupted fasted motor activity in both antrum and duo-
denum, which were replaced by fed-like motor patterns
[3]. When urocortin was given ICV in the fed state, the %
motor index (%MI) was decreased in the antrum and in-
creased in the duodenum [3]. Increase the %MI in the
duodenum was non-propagated and therefore urocortin
suppressed the transit of intestinal contents [3].

Regulation of Gastroduodenal Motility

Colocalization of Acyl Ghrelin, Des-Acyl Ghrelin and
Obestatin in Endocrine Cells in the Stomach

Acyl ghrelin was first isolated from rat and human
stomach [4], and the localization of acyl ghrelin in the
stomach was studied in various animals by using the spe-
cificantibody for acyl ghrelin [4, 5}; however, thelocaliza-
tion of des-acyl ghrelin in the stomach has scarcely been
examined. Our group developed antibodies specific for
acyl ghrelin (anti-rat octanoyl ghrelin (1-15)-cys-KLH
serum) and for des-acyl ghrelin (anti-rat des-octanoyl
ghrelin (1-15)-cis-KLH serum) and successfully detected
the different localization of acyl ghrelin and des-acyl
ghrelin in the rat stomach [6].

Both acyl ghrelin- and des-acyl ghrelin-immunore-
active cells were distributed in the oxyntic and antral
mucosa of the rat stomach, with higher density in the an-
tral mucosa than oxyntic mucosa. Immunofluorescence
double staining showed that acyl ghrelin- and des-acyl
ghrelin-positive reactions overlapped in closed-type
round cells, whereas des-acyl ghrelin-positive reaction
was found in open-type cells in which acyl ghrelin was
negative (fig. la). Acyl ghrelin/des-acyl ghrelin-positive
closed-type cells contain obestatin (fig. 1b), on the other
hand, des-acyl ghrelin-positive open-type cells contain
somatostatin [6].

It is possible that open-type cells may react to luminal
stimuli more than closed-type cells. Therefore, we inves-
tigated the effects of different intragastric pH levels on
the release of acyl ghrelin and that of des-acyl ghrelin
from the ex vivo perfused rat stomach [6]. The results
showed that the release of acyl ghrelin was not affected by
intragastric pH, whereas the release of des-acyl ghrelin
was increased at intragastric pH 2 compared to that at
intragastric pH 4 [6]. Therefore, the release of des-acyl
ghrelin is stimulated after meals by lowering the intragas-
tric pH. The release of acyl ghrelin, on the other hand, is
stimulated before meals and the release is regulated by
plasma levels of glucose and insulin [7].

Regulation of Acyl Ghrelin on the Gastroduodenal
Motility

We examined the effects of acyl ghrelin on the gas-
troduodenal motility and involvement of hypothalamic
peptides mediating this action. Acyl ghrelin stimulated
the %MI in the antrum and induced the fasted motor ac-
tivity in the duodenum when given in the fed state of an-
imals [8]. Acyl ghrelin increased the frequency of phase
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Fig. 1. Localization of acyl ghrelin, des-acyl ghrelin and obestatin
in the rat stomach. a Immunofluorescence double staining for
acyl ghrelin- (red) and des-acyl ghrelin-positive (green) reaction
in the antral mucosa of rat stomach. Acyl ghrelin-positive reac-
tion and des-acyl ghrelin-positive reaction are colocalized in
closed-type cells (arrows), whereas des-acyl ghrelin-positive reac-
tion is localized in open-type cells (arrowheads). b Immunofluo-
rescence triple staining for des-acyl ghrelin (green), acyl ghrelin
(red) and obestatin (blue) in the antral mucosa of rat stomach.
Three peptides are colocalized in the closed-type cells (arrows).
Bars = 10 pm [from 6].

II1-like contractions in both antrum and duodenum
when given in the fasted state of animals [8]. The effects
of IV injection of acyl ghrelin on gastroduodenal motil-
ity were blocked by IV injection of GHS-R antagonist [8].
Immunoneutralization of NPY in the brain blocked the
stimulatory effects of acyl ghrelin on the gastroduodenal
motility [8]. These results indicate that acyl ghrelin re-
leased from the stomach may act on the ghrelin receptor
on vagal afferent nerve terminals and NPY neuronsin the
brain may mediate the action of acyl ghrelin on the gas-
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Fig. 2. Different pathways of acyl ghrelin, des-acyl ghrelin and
obestatin. Acyl ghrelin released from the endocrine cells in the
stomach may act on the ghrelin receptor on vagal afferent nerve
terminals, and NPY neurons in the arcuate nucleus may mediate
the action of acyl ghrelin to stimulate gastroduodenal motility.
Des-acyl ghrelin released from endocrine cells in the stomach
may activate urocortin-2 neurons in the paraventricular nucleus
by crossing the BBB, and exert inhibitory effects on the antral
motility via CRF type 2 receptor in the brain. Obestatin may act
on the obestatin receptor on vagal afferent nerve terminals, and
CRF and urocortin-2 neurons in the paraventricular nucleus may
mediate the action of obestatin to inhibit the gastroduodenal mo-
tility via CRF type 1 and type 2 receptors in the brain.

troduodenal motility. Taken together, in normal animals,
acyl ghrelin may stimulate gastroduodenal motility by
activating the GHS-R on vagal afferent nerve terminals
and affect NPY neurons in the hypothalamus, Y2 and/or
Y4 receptors in the brain may mediate the action of acyl
ghrelin (fig. 2; table 1).

Regulation of Des-Acyl Ghrelin on the
Gastroduodenal Motility

Des-acyl ghrelin disrupted fasted motility in the an-
trum but not in the duodenum; however, des-acyl ghrel-
in did not alter fed motor activity in both the antrum
and duodenum [9]. Capsaicin treatment did not alter the
disruptive effect of IV injection of des-acyl ghrelin on
fasted motility in the antrum [9]. These results suggest
that peripherally administered des-acyl ghrelin may
cross the blood-brain barrier (BBB) and act directly on
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Table 1. Comparison of the effects of acyl ghrelin, des-acyl ghrelin and obestatin on the gastroduodenal motility

kAcylfghrelin\ ’ ‘Des-ké:c’fylghfélih podn - Obesta’tm e
: fastedmotility fedmotility  fasted motility fedmotlty fasted motility fed motility
Stomach 1 1 4 - - i
Duodenum 1 1 - - ' - i
Hypothalamic neuron NPY Urocortin-2 CREF, urocortin-2
Brain receptor Y2, Y4 CRF type 2 CREF type 1, type 2
Vagal afferent pathway + - +

the brain receptor and disrupt the fasted motility in the
antrum.

The centrally administered CRF type 2 receptor an-
tagonist, but not the CRF type 1 receptor antagonist,
blocked the effects of centrally and peripherally admin-
istered des-acyl ghrelin on gastric motility [9]. The den-
sity of c-Fos-positive cells in the PVN was significantly
increased by intraperitoneal injection of des-acyl ghrelin
compared to vehicle-injected controls [9]. These data sug-
gest that peripherally administered des-acyl ghrelin may
activate neurons in the PVN by crossing the BBB, and
exert inhibitory effects on the antral motility via CRF
type 2 receptor in the brain (fig. 2; table 1).

Regulation of Obestatin on the Gastroduodenal
Motility

Most of the previous studies have shown the negative
effects of obestatin on the GI muotility; in those studies,
however, only the gastric emptying or MMC cycle time
has been used as indices for motor activity. We obtained
the positive effects of obestatin on the gastroduodenal
motility by analyzing the motor activity in fed and fasted
states, and measuring the time taken to the initiation of
phase III-like contractions in the antrum and duodenum
of conscious rats [10]. ‘

Obestatin decreased the %MI of fed motility in the
antrum and prolonged the time before the return of fast-
ed motility in the duodenum [10]. IV injection of obe-
statin induced a significant increase in the number of
c-Fos-positive cells in the PVN compared to saline-in-
jected controls [10]. Immunofluorescence overlap stain-
ing showed that the PVN neurons activated by IV injec-
tion of obestatin contain CRF or urocortin-2 [10]. The
inhibitory action of IV injection of obestatin on the mo-

Regulation of Gastroduodenal Motility

tor activities in the antrum and duodenum were blocked
by ICV injection of CRF type 1 and type 2 receptor an-
tagonists, suggesting that both types of CRF receptors in
the brain may mediate the action of peripherally injected
obestatin on gastroduodenal motility [10]. Combined
together, obestatin inhibits gastroduodenal motility in
the fed state but not in the fasted state of conscious rats.
In the brain, CRF- and urocortin-2-containing neurons
might be activated by IV injection of obestatin, and at
the level, CRF type 1 and type 2 receptors might be in-
volved in the inhibitory action of obestatin on antral and
duodenal motility. Vagal afferent pathways might be in-
volved partially, but not entirely, in these actions of
obestatin (fig. 2; table 1). '

Conclusions

Acyl ghrelin, des-acyl ghrelin and obestatin are in-
cluded in the endocrine cells in the stomach and regulate
the upper GI motility by activating hypothalamic pep-
tides [11, 12]. Since hypothalamic peptides are strongly
affected by stress or anxiety, such brain-gut interaction
seems to be important to understand the pathogenesis of
functional disorder in the GI tracts.
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