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Abstract

Objective—The goal of the study was to investigate the genetic and molecular basis of a novel
syndrome of marked hyperglucagonemia and pancreatic a cell hyperplasia without glucagonoma
syndrome.

Methods—The glucagon receptor gene (GCGR) and glucagon gene were sequenced in a patient
with hyperglucagonemia and pancreatic a cell hyperplasia without glucagonoma syndrome.
Enhanced green fluorescent protein (EGFP)-conjugated WT and mutant GCGR were used to
characterize the functions of the mutant GCGR.

Results—The glucagon gene sequence was normal but GCGR sequencing uncovered a
homozygous missense mutation, ¢.256C>T, p.P86S in the extracellular domain of GCGR. When
expressed in HEK293 cells, GCGR P86S localized to the plasma membrane but bound 96% less
radiolabeled glucagon than WT GCGR. The EC50 of glucagon-induced cAMP production was 24
nM for GCGR P86S but 2.4 nM for WT GCGR. The patient's o cells also express glucagon-like
peptide 1 and pancreatic polypeptide.

Conclusion—We hereby report the first homozygous missense mutation in the human GCGR
which is associated with o cell hyperplasia and hyperglucagonemia. This mutation lowers the
receptor’s affinity to glucagon and decreases CAMP production with physiological concentrations
of glucagon. Thus, the P86S mutation in GCGR likely causes o cells hyperplasia and
hyperglucagonemia.
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Introduction

Hyperglucagonemia is a common finding during the diagnostic workup for a pancreatic mass
(1,2). Although mild hyperglucagonemia can be encountered in a variety of clinical conditions
such as hypoglycemia, pancreatitis, cirrhosis, renal failure, and acute trauma or burns,
significant hyperglucagonemia is usually caused by glucagonoma. The glucagonoma
syndrome may occur in patients with glucagonoma (1,2). Rarely familial hyperglucagonemia
syndrome has been reported with no significant clinical abnormalities (3). We and others have
reported a few cases of a novel clinical syndrome of hyperglucagonemia and pancreatic o, cell
hyperplasia without glucagonoma syndrome (4-6). These patients exhibit no stigmata or family
history of multiple endocrine neoplasia type | or von Hippel-Lindau disease which may cause
islet cell hyperplasia (7,8). In the patient we have described (5), glucagon levels are nearly
60,000 pg/ml but no convincing evidence of glucagonoma syndrome is found, suggesting that
the glucagon receptor (GCGR) and/or glucagon may be defective in function.

GCGR is a G protein-coupled receptor that activates the stimulatory o G protein (Gs) and
increases CAMP production upon glucagon binding (9). The mouse model of GCGR deficiency
provides insights into the genetic and molecular basis of the patient’s disease (10-12). Mice
with homozygous null mutation of the GCGR exhibit chronic hypoglycemia, extreme
hyperglucagonemia, and a cell hyperplasia. The clinical features of our patient resemble the
phenotype of those mice. In addition, mice with GCGR null deficiency exhibit decreased fetal
survival and late-onset vision loss. We hypothesize that the index patient may harbor
inactivating mutation(s) in GCGR which causes the clinical syndrome.

Subjects and Methods

Subjects
The 65-year-old female patient has been previously described (5). The current study was
approved by the Cedars-Sinai Institutional Review Board, and subjects (the patient, her brother,
and 28 unrelated individuals) gave informed, written consent for this study.

Sequencing

Genomic DNA was extracted from peripheral blood with a Qiagen DNA extraction kit
(Valencia, CA). The coding exons of GCGR (including exons 2-13 and most of exon 14) and
the corresponding intron-exon borders were amplified with 4 PCR reactions using these
primers: 5-ACGGAGTCTCGCTCTGTCACCCA-3, 5'-
TTACCTCGTTACCTCACCTGCCCAC-3', 5'-
AGGAAGGTGGAGGTCAGATGGGGAG-3, 5'-
TTCAGCACGAAGGACGCAAACAG-3, 5-CCAGATGGATGGCGAGGAGATTG-3', 5'-
ACGATGCGGACGAAGATGAAGAAGT-3', 5'-
GCACCCAGACAGGACACCAGGACA-3, and 5-GGCACGCAGTTCACGGCACA-3.
The exons and the intron-exon borders of glucagon gene were amplified with 4 PCR reactions
using these primers: 5'-CCTTCTACTTATGATATTTATCTAG-3', 5-
AAAGAGTTGGTGCGAATA-3, 5-GCCTGCCTTACTGTTTTA-3', 5
GTGGTTTAGAGGGGTGC-3', 5-GAGCTTTAGCCCACCG-3', 5'-
TTCTGTAATCCAGACCCATAT-3, 5-AGATCCCAGCTCTGCTACT-3, and 5'-
TGTCCATAAATCCCTCCA-3'". The PCR products were sequenced at Sequetech (Mountain
View, CA).

Plasmid construction and mutagenesis

Human GCGR cDNA in a pcDNA3.1 plasmid was purchased from Missouri S&T cDNA
Resource Center (Rolla, MO). GCGR cDNA was amplified with TaKaRa LA Tag DNA

Pancreas. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 3

polymerase (Shiga, Japan) using these two primers: 5'-
CGGAATTCACCATGCCCCCCTGCCAGCCACAGCG-3' and 5'-
CCGCTCGAGGAAGGGGCTCTCAGCCAATCTAG-3, and subcloned into pcDNA3.1/
myc-His (Invitrogen, Carlsbad, CA). To create the mutant GCGR plasmid, C256 was replaced
with T by QuikChange 11 site-directed mutagenesis kit (Stratagene, La Jolla, CA) using WT
GCGR cDNA as template and these two primers: 5'-
CCCTGGTACCTGICTTGGCACCACAAAGTGC-3" and 5'-
GCACTTTGTGGTGCCAAGACAGGTACCAGGG-3'. WT and mutant GCGR cDNA were
subcloned into the pEGFP-N3 vector (Clontech, Mountain View, CA) with EcoRI/Sall
restriction sites to encode GCGR-EGFP conjugate with EGFP at the C terminus of GCGR.
The plasmids were designated as pPGCGR-EGFP-N3 and pGCGR P86S-EGFP-N3,
respectively. The plasmids were transfected into HEK293 cells by Lipofectamine 2000
(Invitrogen). Transfection conditions were adjusted so that the transfected cells express similar
amount of GCGR-EGFP or GCGR P86S-EGFP.

Binding assy

CAMP assay

HEK?293 cells transfected with pPGCGR-EGFP-N3 or pGCGR P86S-EGFP-N3 were split into
6-well plates 1 day after transfection. One to 2 days later, 1 ml of 0.1 nM 125]-labeled glucagon
(PerkinElmer, Shelton, CT) with or without 1 uM unlabeled glucagon was added to the wells
and incubated with cells at 37 C for 60 min. After washing, cells were lysed with 0.1 N NaOH
and lysates counted with a y counter.

Transfected HEK 293 cells were plated and grown to near-confluence in 24-well plates, then
the culture medium was aspirated and replaced with 0.25 ml of Hank’s balanced salt solution
(HBSS) supplemented with 1 mM isobutyl methylxanthine (IBMX) (Sigma, St. Louis, MO),
20 mm HEPES, 0.3% BSA, and various concentrations of glucagon. After incubation at 37 C
for 60 min, the plates were frozen for 1 h at —80 C and then thawed at room temperature for
three times, and total cAMP was measured with the LANCE cAMP kit according to the
manufacturer’s protocol (PerkinElmer).

Immunoblotting and immunofluorescent staining

Results

Lysates from HEK293 cells transfected with pPGCGR-EGFP-N3 or pGCGR P86S-EGFP-N3
were run on SDS-PAGE. The proteins were transferred to membrane and blotted with anti-
EGFP (Clontech) and peroxidase-labeled secondary antibody, and the membrane developed
by an enhanced chemoluminescent method. For immunofluorescent staining, pancreatic and
tumor tissue sections were stained with antibodies to glucagon (1:200) (Abcam, Cambridge,
MA), insulin (1:500), somatostatin (1:250), pancreatic polypeptide (1:250) (DAKO,
Carpinteria, CA), ghrelin (1:50) (Santa Cruz biotechnology, Santa Cruz, CA), and Glucagon-
like peptide-1 (GLP-1) (1:250) (Catalog number T-4057, not cross-reacting with glucagon,
Bachem, Torrance, CA) at room temperature for 1-2 hours, followed by appropriate secondary
antibodies labeled with rhodamine or FITC (1:250) at room temperature for 40 minutes.

Clinical features

Details of the patient’s initial presentation have been described (5). Briefly, when she was 60
years old, she was incidentally found to harbor a pancreatic mass with elevated glucagon levels
(59,284 pg/ml) but without glucagonoma syndrome or stigmata of endocrine tumor syndromes.
The patient’s glucagon levels remained elevated after pancreatic mass resection. Pathological
examination demonstrated that the pancreatic mass was a non-functioning islet cell tumor but
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the surrounding pancreatic tissue exhibited o cell hyperplasia, microglucagonoma, and non-
functioning microadenoma of islet cell origin.

Periodic imaging studies during follow-up did not reveal recurrence of pancreatic mass or
metastasis. She reported occasional palpitation and dizziness associated with glucose levels of
40-50 mg/dL and symptoms improved with ingestion of food or fluid juice, but fasting glucose
and insulin levels were normal (92 mg/dl and 2 plU/ml, respectively). She had no clinically
apparent visual dysfunction. The patient had two live births and no miscarriages. Her Persian
parents were second cousins (Fig 1). The patient’s father died of “old age” at 96 and patient’s
mother is alive at 86 and has good health. The patient’s 4 siblings and 2 adult sons are healthy.
The glucagon levels of two sisters were either normal or slightly above the normal reference
range.

Genetic studies

As the patient’s phenotype of hyperglucagonemia and o cell hyperplasia without glucagonoma
syndrome resembled those of mice with deficient GCGR (10), the patient’s and her brother’s
GCGR gene were sequenced in genomic DNA. A homozygous C to T mutation was found in
exon 4 of the patient’s GCGR, corresponding to nucleotide 256 in the GCGR cDNA (Fig 1).
This missense mutation resulted in a proline to serine change at position 86 in the GCGR
protein. The mutation was not found in the patient’s brother or in 28 unrelated United States
residents. The intron-exon borders of the patient’s GCGR gene did not harbor mutations that
may cause errors in mRNA splicing. The glucagon gene of the patient did not contain mutations
in the exons or intron-exon borders.

Functional studies of mutant GCGR

To characterize the mutant GCGR protein (GCGR P86S), the C to T mutation at position 256
in GCGR cDNA was recreated via site-directed mutagenesis, and WT GCGR and GCGR P86S
were conjugated to EGFP. GCGR-EGFP and GCGR P86S-EGFP were predominantly
expressed as an ~80-kD protein in HEK293 cells, as predicted by molecular weights of GCGR
and EGFP (Fig 2). A minor smaller species was also expressed, which was relatively more
abundant in cells expressing GCGR P86S-EGFP. Both GCGR-EGFP and GCGR P86S-EGFP
were localized to the plasma membrane but the latter had significant intracellular localization
in some cells (Fig 2). Both GCGR-EGFP and GCGR P86S-EGFP bound 12]-labeled glucagon
and binding was inhibited by co-incubation with excess unlabeled glucagon (Fig 2). GCGR
P86S-EGFP, however, bound much less 1251-labeled glucagon, only 3.5% of GCGR-EGFP.
As expression levels of the two receptors were similar and both receptors were mainly localized
to the plasma membrane, decreased glucagon binding by GCGR P86S-EGFP suggests a lower
affinity to glucagon. Basal cCAMP levels were similar in cells expressing GCGR-EGFP or
GCGR P86S-EGFP (Fig 2). cAMP levels stimulated by higher concentrations of glucagon
(100 nM and 1 pM) were also similar, demonstrating similar Gs-coupling efficacy of GCGR
and GCGR P86S. The glucagon dose-dependent cAMP response curve of GCGR P86S,
however, shifted to the right of that of GCGR, and the EC50 of glucagon stimulation was 2.4
nM for GCGR, but 23.7 nM for GCGR P86S, consistent with the lower binding affinity of
GCGR P86S to glucagon.

Islet hormone expression pattern

No significant hypertrophy was observed in the hyperplastic a cells of the patient. To
characterize these cells further, islet hormone expression was studied by double
immunoflurescent staining of glucagon and other hormones (Fig 3). Insulin was the second
most abundant hormone expressed in the pancreas after glucagon, but insulin was not detected
in glucagon-positive cells. Pancreatic polypeptide (PP) was the third most abundant hormone
and a few aggregates of PP-positive cells were seen (data not shown). Some PP-positive cells
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were also glucagon-positive. Somatostatin-positive cells were scarce in the pancreas and were
not positive for glucagon. We could not detect ghrelin-positive cells. GLP-1 was abundant in
all glucagon-positive cells. Serum GLP-1 levels were not measured. In the non-functioning
tumor, insulin, somatostatin, and ghrelin were not detected. Glucagon and PP were each found
in a few cells but were not colocalized, whereas glucagon-positive cells were also positive for
GLP-1.

Discussion

In this study, GCGR and the glucagon gene were sequenced in a patient with
hyperglucagonemia and o cell hyperplasia without the glucagonoma syndrome, and a
homozygous GCGR mutation (P86S) was discovered. Effects of the P86S mutation on GCGR
function were elucidated, and characteristics of the hyperplastic a. cells investigated.

The GCGR P86S is processed normally and localized to the plasma membrane, as is the WT
receptor. The mutation, however, is inactivating as GCGR P86S binds poorly to glucagon and
requires much higher glucagon concentration to stimulate CAMP production. The inactivating
mutation explains the absence of glucagonoma syndrome in this patient as it renders the GCGR
much less responsive to glucagon. The P86S mutation is situated in the middle of the N terminal
extracellar domain of GCGR, the deletion of which abrogates glucagon binding but not the
receptor plasma membrane localization (13). GCGR is highly homologous to receptors for
gastric inhibitory polypeptide (GIP) and GLP-1 (9). The crystal structures of GIP- and GLP-1-
bound receptors demonstrate that P89 in GIP receptor and P90 in GLP-1 receptor, both
homologous to P86 in GCGR, are critical residues in the binding surface for their respective
ligands (14,15). Thus experimental evidence in this study and the literature on homologous
receptors both strongly indicate that the residue P86 in human GCGR is important for glucagon
binding and replacement with a serine residue greatly reduces the receptor's ability to bind
glucagon. Although the P86S mutant retains maximal cAMP production at very high glucagon
concentrations (>100 nM), it is unlikely that these concentrations could be achieved in the
circulation or liver. Our patient's glucagon levels of 17 nM at the time of diagnosis is the highest
reported to our knowledge but even this concentration is still below the EC50 for GCGR P86S.

Regulation of a cell proliferation is complex (2). Multiple endocrine neoplasia type I and von
Hippel-Lindau disease are clinically unlikely or excluded by genetic analysis in patients with
a cell hyperplasia (4-6). Analogous to the hyperplasia of endocrine cells producing the cognate
hormones in patients with inactivating mutations of other G protein-coupled receptors (16),
a cell hyperplasia in the patient with homozygous P86S mutation may be due to a loss of
negative feedback on a cell proliferation by insufficient glucagon signaling (10,11). Specific
feedback mechanisms by glucagon signaling, however, are not known. Hyperplastic o cells
are not simply normal o cells in excess numbers. Our patient's o cells also express PP and
GLP-1, suggesting that they have a less differentiated phenotype, similar to a cells in early
embryonic stage or in mice treated with streptozotocin (17,18). Although we did not detect
cells co-expressing glucagon and insulin, such cells may exist in parts of pancreas that were
not studied. a cells in mice with deficient GCGR express markers of immaturity such as GLUT2
and Pdx-1 and may produce GLP-1 as well (10,11). It is interesting to note that the likely high
GLP-1 levels in the pancreas do not result in  cell hyperplasia in this patient or in mice with
deficient GCGR, suggesting a role of GCGR in mediating GLP-1 action. These results together
suggest that hyperplastic o cells secondary to GCGR deficiency are of an immature and more
embryonic type. Although there is only a semantic difference between hyperplastic islet and
microadenoma, it is conceivable that further mutations in the hyperplastic o cells may lead to
clinically significant islet cell tumorigenesis, as found in our patient. Therefore, o cell
hyperplasia associated with the P86S mutation in GCGR should not be viewed as a completely
benign condition and the patient should be followed by measuring islet cell tumor markers and
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imaging studies. The lack of fetal lethality or vision loss in our patient may be related to the
partial activity of the P86S mutant; these abnormalities occur in mice with complete GCGR
deficiency (11,12).

The P86S mutation in GCGR is rare as it is not found in unrelated persons by direct sequencing
or in 125 patients by single strand conformation polymorphism (SSCP) (19,20). The rarity of
the P86S mutation is also supported by the extremely low incidence of o cell hyperplasia (4—
6). As the patient's parents have some consanguinity (second cousins) and other family
members are apparently healthy, the patient likely has inherited the homozygous mutation from
each of her parents and the inheritance of the novel disease probably is autosomal recessive
(GCGR is on chromosome 17). If that is the case, heterozygous P86S mutation is rather benign
because the patient’s parents should be carriers of the mutation but they are both healthy and
at least the father does not die of islet cell tumors. Although homozygous deletion of GCGR
results in improved glucose tolerance in mice (10), a heterozygous inactivating G40S mutation
in GCGR is associated with type 2 diabetes in humans (19,21), thus the metabolic effects of a
heterozygous P86S mutation on the carriers can only be learned from observation of large
numbers of patients.

If confirmed by future studies in similar patients, our study could establish the basis for a novel
human disease of hyperglucagonemia and a cell hyperplasia associated with homozygous
inactivating GCGR mutation. o cell hyperplasia should now be included in the differential
diagnosis of hyperglucagonemia, especially in patients without glucagonoma syndrome. To
further characterize this novel disease, GCGR should be sequenced in patients with suspected
or confirmed a cell hyperplasia.
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Fig. 1.

Genetic studies. A) Family tree. White, normal GCGR gene; black, mutated GCGR gene; and
gray, unknown genotype. Glucagon levels (in pg/ml) were shown when available. B) DNA
chromatogram from the patient showing a homozygous C to T mutation in exon 4 of GCGR
gene, resulting in a P86S mutation in GCGR protein. C) DNA chromatogram from the patient’s
brother who has a normal GCGR genotype. D) N terminal extracellular domain and part of
transmembrane domain 1 (TM1) of GPCR P86S.
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Fig. 2.

Functional studies of GCGR P86S. A) Immunoblot of lysates from HEK293 cells expressing
GCGR-EGFP or GCGR P86S-EGFP. The membrane was probed with anti-EGFP and later
anti-tubulin. B) Localization of GCGR-EGFP and GCGR P86S-EGFP in HEK293 cells. C)
Binding of 1251-glucagon to HEK293 cells expressing GCGR-EGFP or GCGR P86S-EGFP.
D) cAMP production by HEK?293 cells expressing GCGR-EGFP or GCGR P86S-EGFP after
stimulation with increasing concentrations of glucagons.
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Fig. 3.

Hormone profile of hyperplastic o cells (A-L) and the non-functioning islet cell tumor (M-R)
of the patient. Tissue sections were double stained with antibodies to the indicated hormones.
A, D, G, J, M, and P, glucagons; B, insulin; E and N, pancreatic polypeptide (PP); H,
somatostatin; and K and Q, glucagon-like peptide 1 (GLP-1). The images on the right column
(C,F, I, L, O, and R) were overlap of those in the left and middle columns. Yellow or orange
indicates colocalization of hormones. Arrows, tumor cells expressing glucagon, PP, or GLP-1.
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