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A significant portion of human and rat insulinomas coexpress multiple hormones. This character termed
as multihormonality is also observed in some early pancreatic endocrine cells which coexpress insulin
and glucagon, suggesting an incomplete differentiation status of both cells. Here we demonstrate that
insulinoma cells INS-1 and INS-1-derived single cell clone INS-1-15 coexpressed insulin and glucagon in

KEJ’W_WdS-' a portion of cells. These two hormones highly colocalized in the intracellular vesicles within a cell. Due to
gllsulm the existence of both PC1/3 and PC2 in INS-1-derived cells, proglucagon could be processed into
INgfgon glucagon, GLP-1 and GLP-2. These glucagon-family peptides and insulin were secreted simultaneously

corresponding to the elevating glucose concentrations. The coexpression and partial colocalization of
insulin and glucagon was also observed in rat fetal pancreatic endocrine cells, but the colocalization rate
was generally lower and more diverse, suggesting that in the developing pancreatic endocrine cells,
insulin and glucagon may be stored in nonidentical pools of secreting vesicles and might be secreted
discordantly upon stimulus.
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1. Introduction

Insulinoma is a pancreas tumor derived from endocrine beta
cells. Different from normal beta cells, it has been frequently
observed that the human insulinomas as well as rat spontaneous
insulinomas coexpress multiple hormones including insulin,
glucagon, somatostatin and islet amyloid polypeptide (Iapp) [1-3].
In the widely used X-ray or virus induced beta cell lines such as RIN,
HIT, MIN, INS-1 and TC cells, large amount of insulin and small
amounts of glucagon and/or somatostatin are present [4].

INS-1 cells were derived from X-ray induced rat insulinoma cells
[5]. Because of their capacity on glucose-stimulated insulin secre-
tion (GSIS), these cells have been employed as a beta cell model in
the aspect of GSIS, as well as in beta cell proliferation, apoptosis and
other functional studies. However, glucagon expression in parental
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[6] or subcloned INS-1 cells with genetic modifications [7,8] has
been discovered in several subsequent studies, making it more
restrictive to use INS-1 cells as the substitution of primary beta
cells. Instead, the potential coexpression of insulin and glucagon in
a subpopulation of INS-1 cells confirms the nature of multi-
hormonality of the insulinoma.

Interestingly, a small portion of early pancreatic endocrine cells
also coexpress insulin and glucagon, which has been considered as
an immature differentiation stage. Insulin and glucagon are both
first expressed in E9.5 mouse embryos, and many cells coexpress
these two hormones with some vesicles containing both hormones
[9]. In human pancreas development, the earliest multihormonal
cells have been observed in 8-week fetal pancreas when the first
wave of endocrine differentiation initiates [10]. During 11-13
weeks of fetal development, this population of cells reaches its peak
around more than 20%; and then the co-expressing cells diminish
upon development. Very few coexpressing cells can be observed in
the adult pancreas [11]. Due to the difficulty in isolating these
multihormonal cells, it is not known that these two hormones are
secreted separately or they are cosecreted upon stimulations. Here
we compared the colocalization levels of insulin and glucagon in
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INS-1, MING6 and rat fetal endocrine cells. Our results showed that
insulin and glucagon highly colocalized in multihormonal insuli-
noma cells, while the hormone-coexpressing endocrine cells pre-
sent in the pancreatic development showed a lower and more
diverse colocalization level.

2. Materials and methods
2.1. INS-1 and MING6 cell culture

Rat insulinoma INS-1 cells were cultured in RPMI 1640 (GIBCO)
medium (11.2 mM glucose) supplemented with 10% fetal calf
serum, 50 pM 2-mercaptoethanol and 10°> UJL penicillin and
100 mg/L streptomycin [12]. Subcloning of INS-1 cells was per-
formed by limited dilution method. Single colonies were confirmed
two weeks later under microscope. Mouse MING6 insulinoma cells
[13] were cultured in DMEM (high glucose) supplemented with 15%
fetal calf serum, 50 pM 2-mercaptoethanol and 10° U/L penicillin
and 100 mg/L streptomycin.

2.2. Primary culture of rat fetal pancreatic cells

The Animal Ethics Committee of China—Japan Friendship
Hospital approved all animal experiments, which were performed
according to the Principles of Laboratory Animal Care. The
pancreas of E17 SD rat embryos were dissected under a stereo-
microscope (Nikon). Five pancreata were collected and digested
with collagenase I (Sigma) for 1 min at 37 °C. The cells were
cultured in M199 medium (Sigma) containing 10% fetal calf serum,
10° U/L penicillin and 100 mg/L streptomycin for overnight until
fully attachment and spreading.

2.3. Immunofluorescence

Cells for immunofluorescence were cultured in 8-well chamber
slides (Nunc) coated with 100 pg/ml poly-p-lysine (Sigma), fol-
lowed by 10 pg/ml laminin (Sigma). The cells were preincubated in
medium containing 5.5 mM glucose for 6 h before fixed with 4%
PFA/PBS for 10 min, and then permeabilized with 0.2% Triton X-
100/PBS for 10 min.

The samples were incubated with primary antibodies (mouse
anti-insulin, Sigma; rabbit anti-full length proglucagon, Santa Cruz;
mouse anti-Nkx6.1, DSHB; mouse anti-PC1/3, Abcam) in 1% BSA/
PBS overnight at 4 °C, rinsed with TBST, followed by secondary
antibodies (Alex Fluor® 488 Donkey Anti-Rabbit IgG (H + L) and
Alex Fluor® 555 Donkey Anti-Mouse IgG (H + L), Invitrogen) in 1%
BSA/PBS for 2 h at room temperature. Samples were then stained
for DAPI for 1 min, rinsed with TBST, and then mounted with anti-
fade mounting medium (Boster). Controls of immunofluorescence
were performed by omission of the primary antibody. Images were
captured by fluorescence microscope Olympus IX71 or confocal
microscope Olympus FV1000.

2.4. Microarray analysis

INS-1-3 and INS-1-15 in T25 flasks were used for microarray
analysis performed by CapitalBio Corporation. Rat Genome 230 2.0
Array (Affymetrix) was used to detect the gene expression levels.

2.5. Real-time PCR

Total RNA was extracted using RNAiso plus (TaKaRa) following
the instruction. 1 pg of total RNA was used for reverse transcription
using Reverse Transcriptase M-MLV (RNaseH-) (TaKaRa). Real-
time PCR was performed on an Applied Biosystems instrument

(ABI 7500 system), using SYBR® Premix Ex Taq™ (TaKaRa) for 40
cycles. Primers used are as listed in Supplementary Table 1. In
control experiments, no cDNA template was added in the reaction
system (data not shown).

2.6. Hormone release assay by EIA

INS-1-derived cells were seeded 24-well plates at a density of
5 x 10°cells/well. Cells were incubated with culture medium con-
taining 5.5 mM glucose overnight before hormone release assays.
On the day of glucose-stimulated hormone release assay, the cells
were pre-incubated with Krebs—Ringer buffer containing 5.5 mM
glucose at 37 °C for 30 min, and then stimulated with KRBH buffer
(140 mM Nadl, 3.6 mM KCl, 0.5 mM NaH,PO4, 0.5 mM MgSOy,
1.5 mM CaCl,, 2 mM NaHCOs3, 10 mM HEPES (pH 7.4), 0.1% (w/v)
bovine serum albumin (fatty acid free)) containing 1, 2.5, 5.5 or
16.7 mM glucose at 37 °C for 2 h as indicated. The supernatants
were collected, centrifuged and assayed for insulin, glucagon, GLP-1
total (GLP-1 (7—36) and (9—36)) or GLP-2 contents by EIA kits
(Millipore). KRBH buffer alone was used as a negative control. For
each EIA kit, no significant cross-reactivity with other cytokine/
chemokine molecules or hormones was detected as indicated by
the manufacturer.

2.7. Quantitative and statistical analysis

The percentage of insulin positive, glucagon positive and insulin
& glucagon double positive cells in INS-1, INS-1-3, INS-1-15 and
MING cells was calculated by counting five immunofluorescence
pictures taken under 100 x or 400x magnification. For Nkx6.1
expression in glucagon positive and negative populations in INS-1-
15 cells, Photoshop software was used to quantify the Nkx6.1
immunofluorescence intensity in the cell nuclei. 40 cells were
randomly selected in each group. To quantify the colocalization
degree of insulin and glucagon, more than 20 coexpressing cells
were randomly selected. The single cell was gated, and the Pear-
son's correlation coefficient was calculated using the FV10-ASW 2.0
Viewer software. Student's t-test was used to compare the statis-
tical difference between each two groups. P < 0.01 or P < 0.05 was
considered significant as indicated in the figure legends.

3. Results

3.1. Isolation of INS-1-derived single cell clones with insulin and
glucagon differentially expressed

INS-1 is an X-ray induced rat insulinoma cell line that may be
genetically heterogenic [5]. By insulin and glucagon coimmunos-
taining, we observed four cell types existed in INS-1 cells: double-
hormone positive (about 9.17%); insulin- or glucagon-single
positive; and double-hormone negative cells. By single cell clon-
ing we achieved 46 INS-1-derived cell clones. Most of them
expressed insulin and/or glucagon in a mosaic pattern like their
parental INS-1 cells. Two clones, INS-1-3 and INS-1-15, were
selected as the representatives as insulin-single-positive clone and
double-hormone positive clone for further studies, respectively.
About 90.00% INS-1-3 cells were positive for insulin staining, while
little glucagon expression was observed. In contrast, about 18.80%
INS-1-15 cells coexpressed insulin and glucagon; and this coex-
pression percentage was significantly higher than that in INS-1 cells
(Fig. 1A and B). As a comparison, we also examined the expression
of insulin and glucagon in MING cells, which is a mouse insulinoma
cell line with Menin deficiency [13]. While about 94.28% MING cells
were positive for insulin staining, only about 0.18% of the cells were
positive for glucagon (Fig. 1A and B).
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Fig. 1. Insulin and glucagon expression in insulinoma cell lines. (A) Immunofluorescence was performed on INS-1, INS-1-3, INS-1-15 and MING cells as indicated. Red: anti-insulin;
green: anti-glucagon; blue: DAPI. Scale bar: 20 um. (B) The percentage of insulin positive, glucagon positive, and insulin & glucagon positive cells in INS-1, INS-1-3, INS-1-15 and
MING cells were calculated based on five immunofluorescence photos for each cell. Statistical analyses were only performed between INS-1-15 cells and INS-1 cells in glucagon
positive and double positive groups. *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

We did a preliminary microarray analysis to compare the gene
expression of INS-1-3 and INS-1-15 cells. Besides glucagon, both of
the clones coexpressed other hormones including beta cell hor-
mone lapp, and other hormones such as chromogranin A, intestinal
trefoil factor (Tff3), gastrin and secretin (Fig. 2A and B). Both of the
clones expressed transcriptional factors specific for beta cells such
as Pdx-1, NeuroD1 and Nkx6.1 [14,15], and for both beta and alpha
cells such as Isl1, Hopx and Pax6, but not Pou3f4 or Arx specific for

alpha cells [16,17] (Fig. 2C and D), which identified their beta cell
origin. The expression level of Nkx6.1 was significantly higher in
INS-1-3 than INS-1-15 cells, as revealed by microarray analysis and
further confirmed by real-time PCR (Fig. 2C and D), which was
suspected as a reason for the lower expression of glucagon in INS-1-
3 cells than INS-1-15 and INS-1 cells (Fig. 2A and B), as Nkx6.1 has
been discovered as an inhibitor of glucagon expression [18]. To
examine this hypothesis, we performed coimmunofluorescence of
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Fig. 2. Gene expression levels in INS-1-derived cells. The relative expression levels of a panel of secreted hormones (A) or pancreatic transcriptional factors (C) in INS-1-3 and INS-1-
15 were obtained from microarray analysis. The expression levels of these genes in parental INS-1 cells and the subcloned INS-1-3 and INS-1-15 cells were verified by real-time PCR
(B&D). Primers for insulin could detect both Ins1 and Ins2 genes. Data were derived from three independent experiments, and are presented as mean + SD. * (INS-1-3 versus INS-1-
15) or # (INS-1-3 or INS-1-15 versus INS-1) P < 0.05. (E) Immunofluorescence of Nkx6.1 (red) and glucagon (green) on INS-1-15 cells. Scale bar: 20 um. (F) Nkx6.1 immunoflu-
orescence intensities in glucagon positive and negative INS-1-15 cells (n = 40 for each group). **P < 0.01. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Nkx6.1 and glucagon on INS-1-15 cells (Fig. 2E). Although the
expression level of Nkx6.1 varied from cell to cell in both glucagon
positive and negative populations, the overall immunofluorescnece
intensity of Nkx6.1 was significantly higher in glucagon negative
cells than in glucagon positive cells (Fig. 2F), supporting our hy-
pothesis that the lower Nkx6.1 expression level may be responsible
for the stronger glucagon expression in INS-1-15 cells.

3.2. Insulin and glucagon are colocalized in insulinoma cells and in
rat fetal endocrine cells

In normal pancreatic islets, beta cells secret insulin upon high
concentration of glucose stimulation, whereas alpha cells secret
glucagon upon low concentration of glucose stimulation. It is
interesting to know that whether these two hormones are secreted
simultaneously or separately within a coexpressing insulinoma cell
or a developing endocrine cell. We examined the colocalization
status of insulin and glucagon in INS-1-15, MIN6 and rat fetal
pancreatic cells. Insulin and glucagon were highly colocalized in the
double-homrone positive INS-1-15 and MING6 cells, with the Pear-
son's correlation coefficient r = 0.825 + 0.064 and 0.807 + 0.086,
respectively. The distribution patterns of insulin- or glucagon-
containing vesicles were exactly the same, with the concentrated
localization in the storage pool near the nuclei and in the pre-
secreting vesicles at close proximity to the plasma membranes. In
comparison, insulin and glucagon showed a more diverse colocal-
ization level in the double-hormone positive cells from the rat fetal
pancreas. To quantify the colocalization level, we did primary cul-
ture of the fetal pancreatic epithelial cells for fully spreading and
proceeded to immunostaining. The colocalization rate was signifi-
cantly lower in these developing endocrine cells than in insulinoma
cells, and the variation was relatively bigger, with the Pearson's
correlation coefficient r = 0.641 + 0.143 (Fig. 3A and B).

3.3. Insulin and glucagon-family peptides are cosecreted upon
glucose stimulation in INS-1-15 cells

In pancreatic beta cells, proprotein convertase PC1/3 and PC2
work cooperatively to process proinsulin into mature insulin [19].
Proglucagon is mainly processed by PC2 to generate mature
glucagon in pancreatic alpha cells [20,21], while it can be cleaved
into GLP-1 and GLP-2 by PC1/3 in L cells [22]. In INS-1-derived cells,
PC1/3 and PC2 were coexpressed as examined by real-time PCR

(Supplementary Figl. A). Moreover, PC1/3 and PC2 were coex-
pressed in every single cell as examined by coimmunofluorescence
(Supplementary Fig1. B), which may result in the fully processing of
both proinsulin and proglucagon to generate mature insulin and
glucagon-family peptides including glucagon, GLP-1 and GLP-2.

Due to the high colocalization level of insulin and glucagon in
INS-1-15 cells, we hypothesized that insulin and glucagon-family
peptides might share the same secretion pathway. We performed
glucose-stimulated hormone secretion assay and examined the
individual hormone release by EIA. As a result, the secretion of
glucagon, GLP-1 and GLP-2 all corresponded to the elevated glucose
concentration in the same manner as insulin, with the secretion
amount significantly higher upon 16.7 mM glucose stimulation
than 1 mM glucose stimulation both from INS-1 and INS-1-15 cells
(Fig. 4). In addition, INS-1-15 cells secreted a larger amount of
glucagon-family peptides than INS-1 cells when compared at
16.7 mM glucose stimulation; INS-1-3 and INS-1-15 exhibited a
larger amount of insulin secretion than INS-1 cells when compared
the at 16.7 mM glucose stimulation (Fig. 4). These data were
consistent with the hormone expression levels in these cells as
revealed by real-time PCR (Fig. 2B).

4. Discussion

Before the establishment of a functional human pancreatic 3 cell
line [23], several mouse and rat insulinoma cell lines for a long term
have been served as models to study the B cell biology, such as
insulin secretion, cell proliferation and apoptosis. INS-1 cells were
derived from X-ray induced rat insulinoma cells [5]. These cells are
heterogenic in nature, with insulin and glucagon expressed in a
mosaic pattern, and a portion of cells coexpress both hormones
[6,24]. Here we isolated a double-hormone-positive cell clone INS-
1-15 and an insulin-single-positive cell clone INS-1-3 from parental
INS-1 cells without any genetic modifications [7,8]. We compared
their gene expressions by microarray analysis and Real-time PCR.
Nkx6.1 expression was found to be significant higher in INS-1-3
cells than INS-1-15 cells. Nkx6.1 is a direct transcriptional acti-
vator for insulin expression whereas it suppresses glucagon
expression [18,25]. Thus the differential expression of Nkx6.1 may
count for the differential expression of glucagon in INS-1-3 and
INS-1-15 cells. The coimmunofluorescence of Nkx6.1 and glucagon
on INS-1-15 cells showed that the immunofluorescnece intensity of
Nkx6.1 was generally higher in glucagon negative cells than in
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Fig. 3. Insulin and glucagon localization in double-hormone positive cells. (A) Immunofluorescence was performed on INS-1-15 (upper panel), MIN6 (middle panel) and primarily
cultured cells from E17 SD rat pancreas (lower panel). The concentrated colocalization of insulin and glucagon in the storage pool (arrows) and in the pre-secretion sites (ar-
rowheads) were indicated in INS-1-15 cells. Red: anti-insulin; green: anti-glucagon; blue: DAPI. Scale bar: 10 um. (B) Colocalization level between insulin and glucagon, expressed as
Pearson'’s correlation coefficient, was calculated for each group of cells. 21, 21 and 32 cells were randomly selected for INS-1-15, MIN6 and rat E17 groups, respectively. Data are
presented as mean + SD. *P < 0.01 (rat E17 group versus INS-1-15 group or MING6 group). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

glucagon positive cells, which supported our hypothesis; and was
consistent with the previous publication [18]. In addition, we found
that another hormone Tff3 also showed a more than 10-times
higher expression level in INS-1-15 cells than INS-1-3 cells. Tff3 is
expressed in mucosal epithelial cells. It has also been shown to be
exclusively and abundantly expressed in the endocrine cells in the
pancreas [26,27]. Thus the difference in glucagon and Tff3 expres-
sion in these two cell clones made them valuable tools to study the
potential functions of these two hormones.

Although the coexpression of insulin and glucagon has been
documented, the subcellular localization of these two hormones
has not been well investigated. We found that insulin and glucagon
were highly colocalized in the double-hormone positive INS-1-15
and MING cells. Due to the relatively high level of glucagon
expression in INS-1-15 cells, we utilized this clone to study the
glucagon secretion. As INS-1 cells secret insulin upon glucose

stimulation, we hypothesized that glucagon and its family peptides
may be released in company with insulin from the same pool of
secreting vesicles in this process. Our data showed that insulin and
glucagon-family peptides including glucagon, GLP-1 and GLP-2
were secreted at basal level in the presence of low concentration
of glucose, and their release was all stimulated by about two-fold as
the glucose concentration raised from 1 mM to 16.7 mM. In an
earlier experiment, it has been reported that while insulin release is
stimulated corresponding to the raised glucose concentration,
glucagon shows a stable release mode with glucose-independency
[6]. We considered that compared to parental INS-1 cells, our INS-
1-15 cells with higher expression level of glucagon may serve as a
more sensitive model for glucagon release. Besides glucagon, our
study also demonstrated the co-secretion of insulin and the other
two glucagon-family peptides: GLP-1 and GLP-2. The consistent
results confirmed our hypothesis that glucagon-family peptides
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from INS-1-3, INS-1-15 or INS-1 cells in the stimulating medium containing different concentration of glucose were analyzed by EIA kits. Data were derived from three independent
experiments and are presented as mean + SD. *P < 0.05, **P < 0.01 (compared with 1 mM glucose group); #P < 0.01.

may be released together with insulin from the same pool of
secreting vesicles in response to glucose stimulation. As the
expression amount of proglucagon was much lower than insulin,
the cosecretion of glucagon-family peptides with insulin did not
alter the hypoglycemia in mice resulted from INS-1 or INS-1-15
xenografted tumors ([28] and data not shown).

During the early development of pancreas, a significant portion
of endocrine cells coexpress insulin and glucagon [9,11]. To
compare the hormone distribution pattern between insulinoma
cells and the developing endocrine cells, we performed immuno-
fluorescence on primarily cultured pancreatic epithelial cells from
E17 rat embryos. The coexpressing cells were observed in the pri-
marily cultured cells, but the colocalization rate was generally
lower and more diverse than insulinoma cells, suggesting that in
the developing pancreatic endocrine cells, insulin and glucagon
may be stored in nonidentical pools of secreting vesicles and might
be secreted discordantly upon stimulus.
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