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ABSTRACT

Cancer is one of the major causes of death in diabetic patients, and an association
between antidiabetic drugs and cancer risk has been reported. Such evidence
implies a strong connection between diabetes and cancer. Recently, glucagon has
been recognized as a pivotal factor implicated in the pathophysiology of diabetes.
Glucagon acts through binding to its receptor, glucagon receptor (GCGR), and cross-
talk between GCGR-mediated signals and signaling pathways that regulate cancer
cell fate has been unveiled. In the current study, expression of GCGR in colon
cancer cell lines and colon cancer tissue obtained from patients was demonstrated.
Glucagon significantly promoted colon cancer cell growth, and GCGR knockdown with
small interfering RNA attenuated the proliferation-promoting effect of glucagon on
colon cancer cells. Molecular assays showed that glucagon acted as an activator of
cancer cell growth through deactivation of AMPK and activation of MAPK in a GCGR-
dependent manner. Moreover, a stable GCGR knockdown mouse colon cancer cell line,
CMT93, grew significantly slower than control in a syngeneic mouse model of type 2
diabetes with glycemia and hyperglucagonemia. The present observations provide
experimental evidence that hyperglucagonemia in type 2 diabetes promotes colon
cancer progression via GCGR-mediated regulation of AMPK and MAPK pathways.

2 diabetes patients [8, 9]. In addition to the etiological
correlation between diabetes and cancer, experimental
studies have proven the mechanisms responsible for cancer
predisposition in diabetes, including hyperglycemia,
insulin resistance, and chronic inflammation [10, 11], and
the mechanisms how antidiabetic agents inhibit cancer
growth [12—14]. This accumulated evidence suggests
that diabetes is implicated in cancer development and
progression.

INTRODUCTION

The number of patients with type 2 diabetes is
increasing every year worldwide [1]. Many of these
patients have complications related to cardiovascular
and cerebrovascular events, eventually leading to death.
Previous meta-analyses showed that cancer is the second
most common cause of death in diabetes patients [2].
Several studies have suggested a correlation between

diabetes and neoplasms, including liver cancer, pancreatic
cancer, and colorectal cancer [3, 4]. Furthermore, diabetes
medications including metformin and a-glucosidase
inhibitors have been reported to reduce the risk of cancer
incidence [5-7]. In contrast, use of insulin has been shown
to be associated with an increased risk of cancer in type

Interestingly, recent studies have demonstrated that
blood glucagon levels are increased in diabetes patients,
and hyperglucagonemia plays a crucial role in the
pathogenesis of diabetes [15—17]. Glucagon, a 29-amino
acid peptide, is secreted from the a-cells in the pancreas,
and part of it is also secreted from the endocrine cells in
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the gastrointestinal tract [18]. Glucagon works through
binding to its receptor, a glucagon receptor (GCGR), which
is expressed in various organs, including liver, kidney,
brain, intestinal tract, pancreas, and adipose tissue [19].
A main physiological function of glucagon is increasing
the blood glucose level by promoting hepatic glucose
output through binding to GCGRs on hepatocytes [20].
Glucagon has many functionalities, including increased
lipolysis in adipose tissue, action as a satiety factor in the
CNS, regulatory effects on glomerular filtration, reduction
of gastrointestinal motility, and inducing proliferation of
mesangial cells [19]. As for the role of glucagon in cancer,
glucagon has been shown to enhance growth of cultured
human colorectal cancer cells in vitro [21]. However, the
mechanism of how glucagon promotes colon cancer cell
proliferation has not yet been determined.

Taken together with this background on glucagon,
we hypothesized that hyperglucagonemia is one factor that
increases the risk of colorectal cancer in diabetes patients.
In this study, the direct effect of glucagon on colon cancer
was investigated, and the glucagon mechanism of action
as an activator of colon cancer cell proliferation in vitro
was elucidated. Moreover, it was demonstrated that
hyperglucagonemia promotes colon cancer cell growth in
vivo using a syngeneic mouse cancer model with type 2
diabetes.

RESULTS

GCGR is expressed in human colon cancer cell
tissue and colon cancer cell lines

The expression of GCGR was evaluated in
human colon cancer tissues obtained from patients.
Immunohistochemical staining showed that GCGR
was expressed in colon cancer tissue (Figure 1A). Real-
time PCR and western blot analysis demonstrated that
GCGR was expressed in seven human cancer cell lines
including HT29, SW480, HCT116, CaCO2, T84, WiDr,
and COLO205 (Figure 1B, 1C).

Glucagon promotes human colon cancer
proliferation via activation of GCGR

The effect of glucagon on cell proliferation was
investigated using the MTT assay. Glucagon stimulation
was performed by supplying 1.0 nM glucagon onto
culture media every 24 h to maintain the concentration
of glucagon, because glucagon was not stable in culture
media (Supplementary Figure 1). Glucagon significantly
promoted the proliferation of HT29 and SW480 at 72 h
after incubation with culture medium supplemented with
1.0 nM of glucagon every 24 h (Figure 2A). To investigate
whether glucagon enhances cell growth through activation
of GCGR, knockdown of GCGR in HT29 and SW480 was
performed by siRNA, and GCGR knockdown cells were

then incubated with or without glucagon. Western blotting
showed that an approximately 70% reduction of GCGR
expression was induced by siRNA in both HT29 and
SW480 (Supplementary Figure 2). As shown in Figure 2B,
suppression of GCGR by siRNA abolished the promoting
effect of glucagon on cell proliferation in both H29 and
SW480 at 72 h after incubation with glucagon. These
results indicated that glucagon directly stimulated colon
cancer cell growth through binding to GCGR.

Molecular responses after glucagon stimulation
in human colon cancer cells

To determine whether glucagon is functional in
GCGR expressing colon cancer cell lines, we measured
intracellular cAMP concentrations in HT29 and SW480
with or without glucagon stimulation. In response to
glucagon, the concentrations of intracellular cAMP were
significantly increased in both HT29 and SW480 (Figure
3A). Furthermore, to identify the mechanisms promoting
colon cancer cell growth by glucagon, the activation of
downstream signals of GCGR was examined by western
blotting using colon cancer cells treated with glucagon.
AKT, AMPK, and MAPK pathways are intracellular
signals that are involved in colon cancer progression
[22-24]. These pathways are also regulated through
GCGR signaling mediated by glucagon [25-28]. The
phosphorylation of AMPK was inhibited by glucagon
stimulation in HT29 and SW480. In contrast, glucagon
increased the phosphorylation level of ERK1/2 compared
to control. There was no significant difference in AKT
phosphorylation between control and cells treated with
glucagon (Figure 3B). Taken together, these results
showed that glucagon enhances colon cancer cell growth
through regulation of proliferative signaling including the
AMPK and MAPK pathways.

Glucagon promotes mouse colon cancer cell
proliferation via activation of GCGR

To investigate the effect of hyperglucagonemia on
colon cancer progression using the type 2 diabetes mouse
model, mouse colon cancer cell lines, CT26 and CMT93,
which are extensively used as a syngeneic tumor model,
were used. First, GCGR expression was investigated in
CT26 and CMT93. Western blotting showed the expressions
of GCGR in CT26 and CMT93 (Figure 4A). To ascertain
the functionality of glucagon in mouse colon cancer
cell lines, we measured changes in intracellular cAMP
concentrations before and after glucagon stimulation.
Glucagon induced significant increase of intracellular cAMP
concentrations in CT26 and CMT93 (Figure 4B). Cell
proliferation assays were performed and demonstrated that
cell growth was significantly increased in both CT26 and
CMT93 cells cultured with 1.0 nM of glucagon for 72 h as
compared to cells without glucagon treatment (Figure 4C).
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Additionally, we found that glucagon increased the ratio
of Bromodeoxyuridine (BrdU)-positive CMT93 cells
(Supplementary Figure 3A). Next, GCGR knockdown
CMT93 clones were established using shRNA to GCGR
(shGCGR) expression vector. The expressions of GCGR
mRNA and GCGR protein were significantly suppressed
in GCGR knockdown clones compared to control
(Supplementary Figure 4A and 4B). A cell viability assay
demonstrated that stimulation of glucagon enhanced the
proliferation of CMT93 transfected with scramble shRNA,
whereas glucagon did not show any effect on growth of
GCGR knockdown clones (Figure 4D). Furthermore, the
proliferation of CMT93 co-incubated with mouse pancreatic

A

alpha-cells, a-TC1-6, which secrete glucagon, was evaluated
using a trans-well system. The concentration of glucagon in
culture medium of CMT93 co-cultured with a-TC1-6 was
stable as compared to culture medium supplemented with
1.0 nM of glucagon every 24 h (Supplementary Figure 5).
CMT93 cells co-cultured with a-TC1-6 showed a significant
increase in cell proliferation. In contrast, no promoting effects
were seen in the proliferation of GCGR knockdown clones
co-cultured with a-TC1-6 (Figure 4E). Without glucagon
stimulation, GCGR knockdown did not show any change
in cell growth (Supplementary Figure 4C). These results are
in accordance with the results of experiments using human
colon cancer cell lines.
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Figure 1: GCGR expression Expression of GCGR in human colon cancer tissue and colon cancer cell lines. (A)
Representative images of hematoxylin and eosin (HE) and GCGR staining of human colon cancer tissue obtained from patients with colon
cancer. Scale bar, 100pum. (B) Expressions of GCGR mRNA in seven human colon cancer cell lines evaluated by RT-PCR. Normal human
liver mRNA is used as a positive control. cDNA replaced with water is used as negative control (NC). (C) Expressions of GCGR protein in
seven human colon cancer cell lines evaluated by western blot analysis. Normal human liver protein is used as a positive control.
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Figure 2: Tumor growth with glucagon Glucagon promotes proliferation of human colon cancer cell lines via GCGR
activation. (A) HT29 and SW480 cells were incubated in recommended culture media with or without stimulation by 1.0 nM of glucagon
every 24 h. After 24, 48, and 72 h, cell viability was measured using an MTT assay. (B) HT29 and SW480 cells transfected with siRNA for
control or GCGR were incubated in recommended culture media with or without stimulation by 1.0 nM glucagon every 24 h. After 24, 48,
and 72 h, cell viability was measured using an MTT assay. Data are presented as means + SD, n=3. A significant difference is indicated as

" (p <0.05, Student’s #-test).
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Figure 3: Phosphorylation of AMPK and ERK by glucagon. Glucagon reduces the activity of phosphorylation of AMPK and
induces phosphorylation of ERK1/2 in human colon cancer cell lines. (A) Concentrations of intracellular cAMP were measured in HT29
and SW480 treated with or without 1.0 nM glucagon for 15 min. (B) Protein extract from HT29 and SW480 cells incubated in culture
media supplemented with or without 1.0 nM glucagon for 1 h was immunoblotted with anti-phospho-AKT (Ser473), anti-AKT, anti-
phospho-AMPKa (Tyr172), anti-AMPKao, anti-phospho-ERK1/2 (Thr202/Tyr204), and anti-ERK1/2 antibodies. B-actin is shown as a
loading control. Data are presented as means + SD, n=5. A significant difference is indicated as * (p < 0.05, Student’s -test).
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Glucagon modulates phosphorylation of AMPK the phosphorylation of AMPK, whereas it enhanced the

and MAPK pathways via GCGRs in mouse colon phosphorylation of ERK1/2 in CMT93 (Figure 5A). We
did not detect significant changes in phosphorylation level

cancer cells ant : .
of AKT. Glucagon similarly regulated these signals in

The effect of glucagon on GCGR-mediated signaling CT26 (Supplementary Figure 6). To further verify whether
pathways was investigated using mouse colon cancer cell glucagon modulates intracellular signaling pathways
lines CMT93 and CT26. Glucagon stimulation reduced via GCGRs for affecting CMT93 cell proliferation,
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Figure 4: Tumor growth with glucagon in mouse colon cancer cell lines. Glucagon promotes the proliferation of mouse
colon cancer cells via activation of GCGR expressed in mouse colon cancer cells. (A) Expressions of GCGR protein in mouse
colon cancer cell lines CT26 and CMT93 evaluated by western blot analysis. (B) Concentrations of intracellular cAMP were
measured in CT26 and CMT93 treated with or without 1.0 nM glucagon for 15 min. Data are presented as means + SD, n=5.
(C) CT26 and CMT93 cells were incubated in recommended culture media with or without stimulation by 1.0 nM glucagon
every 24 h. After 24, 48, and 72 h, cell viability was measured using an MTT assay. (D) CMT93 cells transfected with shRNA
for control or GCGR were incubated in recommended culture media with or without stimulation by 1.0 nM glucagon every
24 h. After 24, 48, and 72 h, cell viability was measured using an MTT assay. Data are presented as means + SD, n=3. (E)
CMT93 cells transfected with shRNA for control or GCGR were co-incubated with or without a-TC1-6 cell, cell viability was
measured using an MTT assay. Data are presented as means + SD, n=3. A significant difference is indicated as * (p < 0.05,

Student’s #-test).
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the phosphorylation of AKT, AMPK, and ERK1/2 was
investigated in GCGR knockdown CMT93. As shown in
Figure 5B, glucagon stimulation significantly reduced the
phosphorylation of AMPK in control, whereas significant
changes in the phosphorylation level of AMPK after
glucagon treatment were not seen in GCGR knockdown
clones. Although phospho-ERK1/2 levels were
significantly increased in control treated with glucagon,
glucagon did not enhance the activity of ERK1/2 in GCGR
knockdown clones.

The effect of the activator of AMPK, AICAR,
or the specific inhibitor of MAPK, PD98059, on cell
proliferation of CMT93 stimulated by glucagon was
examined to investigate whether these factors are involved
in glucagon-mediated promotion of colon cancer cell
growth. The maximum concentrations of AICAR or
PD98059 that hinder the regulatory effect of glucagon
on signal transduction without cell toxicity in CMT93
were determined (data not shown here). Combination
treatment with AICAR and glucagon inhibited the
deactivation of AMPK induced by glucagon in CMT93.
Moreover, AICAR partially attenuated the promoting
effect of glucagon on proliferation of CMT93 (Figure
5C). PD98059 inhibited ERK1/2 activation stimulated by
glucagon and induced a partial reduction in the promoting
effect of glucagon on cell growth in CMT93 (Figure 5D).
These observations indicate that glucagon promotes cell
proliferation of colon cancer cells through regulation of
downstream mediators of GCGR involving AMPK, and
MAPK.

Effect of glucagon on growth of mouse colon
cancer cells in type 2 diabetes model mice

Whether glucagon stimulates tumor growth of
CMT93 was examined using type 2 diabetes model mouse
allografts. Body weights, absolute plasma glucose levels,
and plasma glucagon levels in type 2 diabetes model
mice, C57BL/6-DIO mice, are shown in Table 1. Body
weights of C57BL/6-DIO mice were approximately 1.5-
fold greater than of control mice. Plasma glucagon levels
in C57BL/6-DIO mice were around 2 times higher than in
control mice at all measured points. Hyperglycemia was
observed in C57BL/6-DIO mice. Next, the differences in
tumor growth between GCGR knockdown CMT93 clones
and control allografts in C57BL/6 and C57BL/6-DIO mice
were evaluated. Tumor in C57BL/6-DIO mice transplanted
GCGR knockdown clones grew significantly slower than
in mice transplanted control (Figure 6A, Supplementary
Figure 9). In contrast, there were no significant differences
in tumor growth between GCGR knockdown clones and
control in C57BL/6 mice (Supplementary Figure 7).
Moreover, tumors transplanted into C57BL/6 mice grew
slower than tumors in C57BL/6-DIO mice irrespective of
GCGR expression status. Histopathological analyses of
extracted tumors from mice revealed that tumor cells are

prone to be surrounded by stromal tissue in transplanted
tumor of GCGR knockdown clones (Figure 6B). Though
GCGR was diffusely expressed in control, GCGR
expression was markedly decreased in GCGR knockdown
clone allografts (Figure 6B). The numbers of Ki67-
positive cells in CGCR knockdown clone allografts were
significantly decreased compared to in control (Figure
6C). Western blot analysis of extracted protein from
mice allografts showed that GCGR knockdown affected
the phosphorylation levels of AKT, AMPK, ERK1/2 and
S6K (Supplementary Figure 8). Although there were
variable expression patterns, GCGR knockdown showed
significant elevation of AMPK phosphorylation compared
to control when averaged over 3 tumors. In contrast,
GCGR knockdown significantly reduced phosphorylation
of S6K and ERK /2 relative to control, which had higher
levels of phosphorylated proteins (Figure 6D). The
findings in type 2 diabetes model mouse allografts are in
line with the results of in vitro studies using human colon
cancer cell lines.

DISCUSSION

Since GCGR was identified by Jelinek et al. [29],
many studies have shown the glucagon-mediated signaling
effects through glucagon binding to GCGR, a G protein-
coupled receptor. Glucagon works mainly to increase
blood glucose levels through activating glycogenolytic and
gluconeogenic pathways, and recent evidence suggests that
glucagon is a key contributing factor to the development
and progression of diabetes [19, 30]. Accumulating
evidence about glucagon has promoted the development of
novel drugs regulating glucagon in patients with diabetes,
and clinical trials of these agents for diabetes are underway
[19]. Beyond glucose homeostasis, glucagon is known
to show a wide range of biological activities. However,
the pathophysiological role of glucagon in cancer is not
well known. Although a previous study demonstrated the
stimulating effect of glucagon on the growth of human
colorectal adenocarcinoma cells obtained from patients in
vitro, the mechanism of how glucagon stimulates colon
cancer cell proliferation remains unclear [21].

In this studyy, GCGR mRNA and protein
expression were demonstrated in colon cancer cell
lines by RT-PCR and western blotting respectively, and
immunohistochemical staining showed GCGR expression
in colon cancer tissue. We observed that glucagon induced
significant increase in the concentrations of intracellular
cAMP, a second messenger that allows GCGR to activate
downstream molecular targets.

Besides that, glucagon was found to enhance
colon cancer cell proliferation, whereas glucagon did not
promote cell proliferation in GCGR knockdown colon
cancer cells. These results indicate that glucagon elicits
direct biological actions through the GCGR, which is
expressed in colon cancer cells. Additionally, GCGR-
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mediated signals involving colon cancer cell growth were activation of MAPK signaling mediated by glucagon,

investigated to elucidate the mechanism of how glucagon which governs the development and progression of
regulates cancer cell growth. First, the focus was on the colorectal cancer [23, 31]. Previous reports suggested that
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Figure 5: Phosphorylation of AMPK and phosphorylation of ERK by glucagon. Glucagon promotes mouse colon cancer cell
growth via regulating AMPK and MAPK pathways in a GCGR-dependent manner. (A) Protein extracted from CMT93 cells incubated in
culture media supplemented with or without 1.0 nM glucagon for 30 min was immunoblotted with anti-phospho-AKT (Ser473), anti-AKT,
anti-phospho-AMPKao. (Tyr172), anti-AMPKa, anti-phospho-ERK1/2 (Thr202/Tyr204), and anti-ERK1/2 antibodies. -actin is shown as a
loading control. (B) Protein extracted from control and GCGR knockdown CMT93 clones incubated in culture media supplemented with
or without 1.0 nM glucagon for 30 min were immunoblotted with anti-phospho-AKT (Ser473), anti-AKT, anti-phospho-AMPKa (Tyr172),
anti-AMPKa, anti-phospho-ERK1/2 (Thr202/Tyr204), and anti-ERK1/2 antibodies. B-actin is shown as a loading control. (C) CMT93
cells were treated with or without glucagon in combination with or without 250 pM of AICAR for 72 h for cell viability assay and western
blot analysis. (D) CMT93 cells were treated with or without glucagon in combination with or without 500 mM PD98059 for 72 h for the
cell viability assay and western blot analysis. B-actin is shown as a loading control. Data are presented as means + SD, n=3. A significant
difference is indicated as * (p < 0.05, Student’s #-test).
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glucagon acts as an active moderator of ERK1/2. Glucagon
stimulates ghrelin secretion in a dose-dependent manner
through activating the MAPK pathway in rat stomach
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Figure 6: Tumor growth in type 2 diabetes model mice GCGR knockdown significantly inhibits the growth of allograft
tumors in type 2 diabetes model mice. (A) 5.0x10° CMT93, control cells, and GCGR knockdown clones were subcutaneously
injected into C57BL/6-DOI mice. Tumor growth was measured once a week. Data are presented as means + SE, 5 animals per group.

A significant difference is indicated as * (p < 0.05, ANOVA).

(B) Representative images of hematoxylin and eosin (HE) and GCGR

staining of subcutaneously transplanted control and GCGR knockdown clones in C57BL/6-DOI mice. Scale bar, 100um. (C) Staining
and enumeration of Ki-67-positive cells in allografts of control and GCGR knockdown clones. Data are presented as means + SD. A

significant difference is indicated as * (p < 0.05, ANOVA). Sca

le bar, 100um. (D) Relative phosphorylation of S6K, AKT, AMPK and

ERK1/2 proteins quantified by densitometry using imagelJ software. Data are presented as means + SD, n=3. A significant difference is

indicated as * (p < 0.05, Student’s z-test).
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Table 1: Characteristics of CS7BL/6-DIO mice

Characteristics CS7BL/6 CS7BL/6-DIO
Week-old 10 17 10 17
Body weight (g) 27.3+0.97 28.8+ 1.6 324+09 374+28
Plasma blood glucose 279.0 + 92.1 280.5 4 74.9 399.3 + 74.4 418.4+137.7
(mg/dl)
Plasma blood glucagon 6.8+2.5 57+1.8 132+49 143445
(PM)
study, glucagon was found to increase phosphorylation induced phosphorylation of AMPK at Thr172 in rat liver
of ERK1/2 in colon cancer cells, and glucagon did not [28]. Darius et al. demonstrated that glucagon decreased
phosphorylate ERK1/2 in GCGR knockdown colon activating phosphorylation of AMPK at Thr172 in a
cancer cells, resulting in attenuation of the promoting human liver cell line, which suggested that glucagon
effect of glucagon on cell growth. In addition, PD98059, works as an AMPK regulator in a species-specific manner
an inhibitor of MAPK, cancelled the promoting effect of [25]. In addition to the species-specific effect of glucagon,
glucagon on cell proliferation, though PD98059 alone differences in origin of the cell or pathophysiological
did not show any effect on cell viability. These results background where glucagon acts as an AMPK manipulator
indicate that glucagon directly promotes colon cancer may account for this discrepancy. Although further
cell growth by activation of MAPK through binding to studies are needed to identify the detailed mechanisms
GCGR. Glucagon-like-peptide-1 (GLP-1) agonist, which of how glucagon regulates AMPK, we believe that
also binds to G-protein coupled receptors and works as a glucagon induces inhibitory activity against AMPK and
stimulator of cAMP production [33, 34], promotes mouse consequently enhances cell growth in colon cancer cells.
osteoblastic cells and cardiac microvascular endothelial In the present study, the in vitro experiments
cells via the activation of MAPK signaling pathways [35, showed a modest effect of glucagon on colon cancer
36]. Meanwhile, GLP-1 agonist inhibits prostate cancer cell proliferation compared to in vivo studies. This may
growth through inhibition of ERK despite of its promotive be due to the instability and short half-life of glucagon
effect on cAMP production [14]. The activation of ERK is protein. Glucagon is an unstable protein that immediately
likely to be regulated by cAMP in a cell-specific manner. undergoes degradation and aggregation in aqueous
Although the mechanism involved in the inhibition or solution. Indeed, the concentration of glucagon in culture
activation of ERK signaling by cAMP is in part explained medium decreased immediately (Supplementary Figure 1).
by genetic status of cells, it remains to be clarified Additionally, in vitro studies showed the short-term effect
completely [37]. In this study, we did not detect the effect of glucagon on cancer cells, which could not clearly
of glucagon on AKT activation in vitro and in vivo studies. elucidate the role of hyperglucagonemia on cancer cell
Next, AMPK signaling regulated by glucagon in progression. In type 2 diabetes model mice, there were
colon cancer cells was investigated. AMPK plays a key distinct differences in tumor growth between control and
role as a master regulator of cellular energy homeostasis GCGR knockdown clones, even though the concentrations
by phosphorylation of enzymes involved in metabolic of plasma blood glucagon in mice are much lower than
pathways [38]. There is also emerging evidence for a in cell culture media used for in vitro studies. There was
role of AMPK in the regulation of cancer cell growth also a significant decrease in the number of Ki-67-positive
and survival [38—40]. Therefore, AMPK is recognized cells in tumors of GCGR knockdown clones (Figure 6C).
as a therapeutic target not only for type 2 diabetes, but Furthermore, GCGR knockdown abolished the glucagon-
also for cancer. Indeed, metformin, an AMPK activator, mediated deactivation of AMPK and activation of MAPK
which is widely used to treat diabetes patients, has been (Figure 6D), resulting in induction of an inhibitory effect
reported to reduce the risk of cancer in diabetes patients of tumor growth in type 2 diabetes model mice. In mice
[6, 7]. Other reports suggest that activation of AMPK fed with normal diet whose concentration of glucagon
by metformin inhibits cancer cell proliferation [41, 42]. was approximately one-half of that in type 2 diabetes
Recently, metformin has been shown to antagonize model mice (Table 1), GCGR knockdown did not show
the glucagon effect through AMPK, which results in a significant effect on tumor growth (Supplementary
reduction of glucose levels [43, 44]. In the present study, Figure 7). These results indicate that hyperglucagonemia
glucagon suppressed the phosphorylation of AMPK at might be one of the mechanisms responsible for cancer
Thr172 in colon cancer cells through activation of the progression in type 2 diabetes patients.
GCGR pathway. The present results are not in line with In conclusion, GCGR expression was detected in
the previous report, which demonstrated glucagon- colon cancer tissues obtained from patients. Moreover,
www.impactjournals.com/oncotarget 10659 Oncotarget



glucagon was demonstrated to promote colon cancer
cell proliferation through binding to GCGR expressed
in human and mouse colon cancer cell lines. It was also
shown that downstream signals of GCGR, including
AMPK and MAPK pathways, play a crucial role in colon
cancer proliferation in vitro and in vivo. These observations
demonstrate the significance of hyperglucagonemia
in colon cancer progression and suggest that glucagon
activities might be potential therapeutic targets for colon
cancer patients with type 2 diabetes.

MATERIALS AND METHODS

Reagents

PD98059, a specific inhibitor of the mitogen-
activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK), 5-aminoimidazole-4-carboxamide
1-B-D-ribofuranoside (AICAR), an activator of AMP-
activated protein kinase (AMPK), and glucagon were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

The human colon cancer cell lines, HT29, SW480,
HCT116, CaCo2, WiDr, T84, COLO205, mouse
colon cancer cell lines, CMT93, CT26, and the murine
pancreatic o-cell line, a-TC1-6 cells (American Type
Culture Collection (ATCC), Manassas, VA, USA) were
used in this study. HT29 and HCT116 were cultured in
McCoy’s 5A (Thermo Fisher Scientific K.K, Kanagawa,
Japan), SW480 was cultured in an equal mixture of
Dulbecco’s modified Eagle’s medium (DMEM) and
Ham’s F-12 (Wako Pure Chemical Industries Co. Ltd.,
Osaka, Japan), WiDr was cultured in Eagle’s minimal
essential medium (EMEM; Wako), COLO205 was
cultured in RPMI-1640 (Wako), CMT93 and CT26 were
cultured in DMEM, alpha-TC1-6 (a-TC1-6) was cultured
in DMEM, 15 mM HEPES, 0.1 mM non-essential amino
acids (Gibco, Thermo Fisher Scientific Corp., Carlsbad,
CA, USA), 0.02% bovine serum albumin (Wako), 1.5
g/L sodium bicarbonate (Gibco), 2.0 g/L glucose (Wako),
supplemented with 10% fetal bovine serum (FBS) in a 5%
CO, atmosphere until examined. T84 was cultured in an
equal mixture of DMEM and Ham’s F-12, supplemented
with 5% FBS, CaCo2 was cultured in EMEM, with 20%
FBS in a 5% CO, atmosphere until examined.

Co-culture of colon cancer cells and pancreatic
a-cells

Co-culture of mouse colon cancer cell line CMT93
and mouse pancreatic a-cell line a-TC1-6 was performed
using a trans-well system. CMT93 sh Control or CMT93
sh GCGR clones were seeded onto 24-well plates with
3.0x10% cells per well. a-TC1-6 cells were seeded onto

0.4-um polyester membrane trans-wells (Corning,
Glendale, AZ, USA) with 1.0x10* cells, and the trans-
wells placed in the 24-well plates seeded with CMT93
shControl or CMT93 shGCGR clones were incubated for
cell proliferation assays.

Cell proliferation analysis

Cells were seeded onto 96-well plates with 1.0x10?
cells per well and cultured overnight. After stimulating
the cultured cells with chemical agents, cell proliferation
was measured using the MTT assay (Cell Counting Kit-
8 (CCK-8); Dojindo Laboratories, Kumamoto, Japan) in
each plate according to the manufacturer’s protocol. Cell
culture medium was aspirated and replaced with 10 pl of
CCK-8 reagent in 100 pl of culture medium after 1.5 h
of incubation at 37°C under 5% CO,. The absorbance of
each sample was determined using a microplate reader
at 450 nM (SPECTRA MAX340; Molecular Devices,
Kenilworth, NJ, USA).

Real-time PCR (RT-PCR)

Total mRNA from colon cancer cells was extracted
using simply RNA Cells and Tissue Kit (Promega
Corporation, Madison, WI, USA), cDNA was synthesized
using cDNA Reverse Transcription Kit (Applied
Biosystems, Thermo Fisher Scientific Corp.). Normal
human liver mRNA (BioChain Institute Inc., Newark,
CA, USA) was used as a positive control for GCGR
expression. RT-PCR was performed using Power SYBR
green (Thermo Fisher Scientific). Cycling conditions were
one cycle at 95 for 2 min and 45 cycles at 95 for 15 sec,
60 for 1 min. Human GCGR primers described previously
[45], forward 5'-CGCTGACCCTCATCCCTCCTG-3'
and reverse 5-TAGAGGACAGCCACCAGCAG-3,
human actin forward 5'-ACAGAGCCTCGCCTTTGC-3’
and reverse 5-GCGCGGCGATATCATCATCC-3'". The
primers sequences of mouse GCGR and 34B4 primers
were described previously [46]. PCR products were
separated electrophoresis in agarose gel and stained by
ethydium bromide.

Western blot analysis

Cells were plated onto 24-well plates at 1.0x10°
cells per well and allowed to grow overnight at 37°C
under 5% CO,. Cells were stimulated with agents for
the appropriate times at 37°C and subsequently scraped
on ice in Cytobuster cell lysis buffer (Cell Signaling
Technology, Lake Placid, NY, USA) supplemented
with protease and phosphatase inhibitor cocktails (Cell
Signaling Technology), and then added to sample buffer.
Frozen tumors excised from mice were also treated with
cell lysis buffer and added to sample buffer. Normal
human liver protein sample was obtained from BioChain
Institute Inc.. Samples were heated to 100°C for 5
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min and stored at -80°C until analysis. Equal amounts
of protein were separated by sodium dodecyl sulfate
(SDS)-poly-acrylamide gel electrophoresis (PAGE),
using a 10% poly-acrylamide gel and transferred
onto a nitrocellulose membrane. The membrane was
blocked with 5% skim milk in PBS for 1 hour at room
temperature, followed by incubation with the primary
antibodies against GCGR (Santa Cruz Biotechnology,
Dallas, TX), phospho-p70S6K (Thr389), p70S6K,
phospho-AMPKa (Tyr172), AMPKa, phosphor-AKT
(Ser473), AKT, phospho-ERK1/2 (Thr202/Tyr204),
ERK1/2, Cleaved caspase-3 (Asp175), Caspase-3 (Cell
Signaling Technology), and B-actin (Abcam, Cambridge,
MA, UK) overnight at 4°C. Membranes were fixed in
0.5% milk for 1 h and incubated overnight at 4°C
with the respective primary antibodies. Membranes
were washed 3 times in 1% phosphate buffered saline
Triton X-100 (PBST) and subsequently incubated
with species-appropriate secondary antibodies for 1 h.
Chemiluminescence was measured using an analyzer, GE
Imagequant LAS-4000mini (GE Healthcare, Chicago,
IL, USA). Densitometry analysis was performed using
Imagel software [47].

Measurement of intracellular cAMP

Cells were grown in 10 cm dishes to 70%
confluence and were serum starved over night. Cells
were detached and plated 2,500 cells per wells in 384-
well microplates and stimulated with glucagon for 15 min.
Intracellular cAMP concentrations were measured using
AlphaScreen cAMP kit (PerkinElmer, Inc. Waltham, MA,
USA) according to the manufacturer’s instructions.

Knockdown of GCGR by small interfering RNA
(siRNA)

GCGR Stealth siRNA ((Invitrogen, Carlsbad,
CA, USA) or negative control siRNA (Invitrogen) was
mixed with Lipofectamine RNAIMAX (Invitrogen)
in an OptiMEM serum-free medium (Invitrogen) for
5 min at room temperature and then added to cells at a
final concentration of 10 pmol/L. Forty-eight hours post
transfection, cells were harvested for western blotting and
cell proliferation assays.

Transfection of GCGR-short hairpin RNA
(shRNA)

Stable transfection of CMT93 cells was performed
with shERWOOD UltramiR shRNA encoding short
hairpin RNA (shRNA) to either scrambled or GCGR
(Transomic Technologies, Huntsville, AL, USA). Cells
were transfected using OMNIfect transfection reagent
(Transomic Technologies) according to the manufacturer’s
instructions. The transfected cells were selected by growth

in medium containing 1.5 mg/ml neomycin (Wako, Tokyo,
Japan), and single-cell populations were isolated.

Animal experiments

Eight-week-old male C57BL/6 and C57BL/6-diet
induced obesity (C57BL/6-DIO) mice were purchased
from Charles River Laboratories Japan, Inc. (Yokohama,
Japan), and C57BL/6-DIO were fed a high-fat diet
(D12492; Research Diets, Inc., New Brunswick, NJ,
USA). The mice were acclimatized for 2 weeks before
the experimental procedures. The mice were kept in
each individual cage under a 12-h light/dark cycle with
free access to water and food. At the age of 10 weeks,
CMT93 shControl or shGCGR clones (5.0x10°) were
subcutaneously injected, and blood samples were
collected. The maximum tumor diameter (L) and the
diameter at right angles to that axis (W) were measured
weekly using calipers, and the volume was calculated
according to the formula (L x W?2)/2. At the age of 17
weeks, blood samples were collected before euthanasia.
After euthanasia, transplanted tumors were excised and
fixed in formalin or frozen in liquid nitrogen for western
blotting and histological analyses. Serum glucagon levels
were analyzed by immunoassay using an ELISA kit, which
targeted each end of the glucagon peptide (Mercodia
AB, Sylveniusgatan Uppsala, Sweden) according to
the manufacturer’s instructions. Blood glucose levels
were measured using One-TouchVerio Vue (Johnson &
Johnson, New Brunswick, NJ, USA). The weights of the
mice were measured weekly through the experiment. The
procedures in these experiments were approved by Nagoya
City University Center for Experimental Animal Science,
and the mice were cared for according to the guidelines of
the Nagoya City University for Animal Experiments.

Immunohistochemical staining

Deparaffinized samples of human and mouse colon
cancer tissues were stained with hematoxylin or incubated
with anti-GCGR antibody (1:100, Novas, Littleton, CO,
USA) or anti-Ki67 antibody (1:200, Abcam). They were
subsequently incubated with biotinylated secondary
antibody and then with avidin-biotinylated horseradish
peroxidase complex (Histofine, SAB-PO kit, Nichirei
Bioscience, Tokyo, Japan). Finally, immune complexes
were visualized by incubation with 0.01% H,O, and 0.05%
3,3'-diaminobenzidine tetrachloride (DAB). Human colon
cancer tissues surgically resected from patients with stage
II to III disease at the Department of Gastroenterological
Surgery, Nagoya City University Hospital were used. The
samples were fixed in formalin embedded in paraffin and
cut into 3-pm-thick sections. This study was approved by
the institutional review board at Nagoya City University
Hospital and each patient provided written, informed
consent in this study.
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Data analysis

Data are presented as means and standard deviation
or means and standard error of the mean. Significance was
determined by Student’s ¢-test or the Bonferroni post hoc
test. A P value < 0.05 was considered significant.

DNA synthesis and cell cycle analysis

DNA synthesis and cell cycle was analyzed using
FITC BrdU Flow Kit (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) according to the manufacturer’s
instructions. In brief, CMT93 cells were seeded onto 6¢cm
dishes with 1.0x10° cells and cultured overnight. Cells
were stimulated with or without glucagon for 72 h at 37°C.
After stimulation with glucagon, cells were incubated with
10 uM BrdU in cell culture medium for 40 min at 37°C,
detached from culture dish, and washed with PBS. Cells
were fixed and permeabilized by resuspension in 100 puL.
BD Cytofix/Cytoperm Buffer. After incubation for 20 min
at room temperature, the cells were washed with BD Perm/
Wash Buffer, and then incubated in 100 pL. BD Cytoperm
Plus Buffer for 10 min on ice, followed by another wash.
The cells were re-fixed for 5 min at room temperature,
washed once, and resuspend in 100 uL of diluted DNase
to expose incorporated BrdU for 1 hour at 37°C. After
washing, the cells were resuspended and incubated with
fluorescent anti-BrdU for 20 min at room temperature,
followed by a wash. After staining with 7-AAD, the cells
were suspended in 1 mL staining buffer for flow cytometry
analysis (Becton-Dickinson FACSCanto).
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RT-PCR; real-time polymerase chain reaction
MAPK; mitogen-activated protein kinase

ERK; extracellular signal-regulated kinase

GLP-1; glucagon-like-peptide-1

AICAR; 5-aminoimidazole-4-carboxamide 1-B-D-
ribofuranoside

AMPK; an activator of AMP-activated protein
kinase

EMEM; Eagle’s minimal essential medium
a-TC1-6; alpha-TC1-6

shRNA; short hairpin RNA

siRNA; small interfering RNA

C57BL/6-DIO; C57BL/6-diet induced obesity
DAB; 3,3'-diaminobenzidine tetrachloride.

Author contributions

T.Y. performed experiments, contributed to the
research hypothesis, and wrote the manuscript, H.K.
contributed to the animal experiments, H.K., T.T., and K.I.
contributed to the research hypothesis, and E.K. assisted

with experiments, conceived the research hypothesis,
and reviewed and edited the manuscript. T.J assisted in
the conception of the research hypothesis, reviewed
manuscript. T.Y., E.K and T.J. are the guarantors of this
work and as such had full access to all the data in the study
and take responsibility for the integrity of the data and
the accuracy of the data analysis. All authors read and
approved the final manuscript.

ACKNOWLEDGMENTS

The authors would like to thank Mrs. Yukimi Ito
from Nagoya City University for technical assistance.
We would also like to thank Dr. Naotsuka Okayama for
discussions.

CONFLICTS OF INTEREST

The authors declare that there is no duality of
interest associated with this manuscript.

FUNDING

This work was supported by a Grant-in-Aid for
Research from Nagoya City University.

REFERENCES

1. Guariguata L. Contribute data to the 6th edition of the IDF
diabetes atlas. Diabetes Res Clin Pract. 2013; 100:280-281.

2. Tsilidis KK, Kasimis JC, Lopez DS, Ntzani EE, loannidis
JP. Type 2 diabetes and cancer: umbrella review of meta-
analyses of observational studies. BMJ. 2015; 350:g7607.

3. Starup-Linde J, Karlstad O, Eriksen SA, Vestergaard P,
Bronsveld HK, de Vries F, Andersen M, Auvinen A, Haukka
J, Hjellvik V, Bazelier MT, Boer A, Furu K, et al. CARING
(CAncer Risk and INsulin analoGues): The association of
diabetes mellitus and cancer risk with focus on possible
determinants - a systematic review and a meta-analysis.
Curr Drug Saf. 2013; 8:296-332.

4. ChenY, Wu F, Saito E, Lin Y, Song M, Luu HN, Gupta PC,
Sawada N, Tamakoshi A, Shu XO, Koh WP, Xiang YB, Tomata
Y, et al. Association between type 2 diabetes and risk of cancer
mortality: A pooled analysis of over 771,000 individuals in the
asia cohort consortium. Diabetologia. 2017; 60:1022-1032.

5. Tseng YH, Tsan YT, Chan WC, Sheu WH, Chen PC. Use
of an alpha-glucosidase inhibitor and the risk of colorectal
cancer in patients with diabetes: a nationwide, population-
based cohort study. Diabetes Care. 2015; 38:2068-2074.

6. Lee MS, Hsu CC, Wahlqvist ML, Tsai HN, Chang YH,
Huang YC. Type 2 diabetes increases and metformin
reduces total, colorectal, liver and pancreatic cancer
incidences in Taiwanese: a representative population
prospective cohort study of 800,000 individuals. BMC
Cancer. 2011; 11:20.

www.impactjournals.com/oncotarget

10662

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

18.

Mei ZB, Zhang ZJ, Liu CY, Liu Y, Cui A, Liang ZL, Wang
GH, Cui L. Survival benefits of metformin for colorectal
cancer patients with diabetes: A systematic review and
meta-analysis. PLoS One. 2014; 9:¢91818.

Rosato V, Tavani A, Gracia-Lavedan E, Guino E, Castano-
Vinyals G, Villanueva CM, Kogevinas M, Polesel J,
Serraino D, Pisa FE, Barbone F, Moreno V, La Vecchia C, et
al. Type 2 diabetes, antidiabetic medications, and colorectal
cancer risk: two case-control studies from italy and spain.
Front Oncol. 2016; 6:210.

Karlstad O, Starup-Linde J, Vestergaard P, Hjellvik V,
Bazelier MT, Schmidt MK, Andersen M, Auvinen A,
Haukka J, Furu K, de Vries F, De Bruin ML. Use of insulin
and insulin analogs and risk of cancer - systematic review
and meta-analysis of observational studies. Curr Drug Saf.
2013; 8:333-348.

Kasuga M, Ueki K, Tajima N, Noda M, Ohashi K, Noto
H, Goto A, Ogawa W, Sakai R, Tsugane S, Hamajima N,
Nakagama H, Tajima K, et al. Report of the japan diabetes
society/japanese cancer association joint committee on
diabetes and cancer. Cancer Sci. 2013; 104:965-976.

Zhang H, Fagan DH, Zeng X, Freeman KT, Sachdev D, Yee D.
Inhibition of cancer cell proliferation and metastasis by insulin
receptor downregulation. Oncogene. 2010; 29:2517-2527.

Kim J, Lee J, Kim C, Choi J, Kim A. Anti-cancer effect of
metformin by suppressing signaling pathway of HER2 and
HER3 in tamoxifen-resistant breast cancer cells. Tumour
Biol. 2016; 37:5811-5819.

Green AS, Chapuis N, Maciel TT, Willems L, Lambert M,
Arnoult C, Boyer O, Bardet V, Park S, Foretz M, Viollet
B, Ifrah N, Dreyfus F, et al. The LKB1/AMPK signaling
pathway has tumor suppressor activity in acute myeloid
leukemia through the repression of mTOR-dependent
oncogenic mRNA translation. Blood. 2010; 116:4262-4273.

Nomiyama T, Kawanami T, Irie S, Hamaguchi Y, Terawaki
Y, Murase K, Tsutsumi Y, Nagaishi R, Tanabe M, Morinaga
H, Tanaka T, Mizoguchi M, Nabeshima K, et al. Exendin-4,
a GLP-1 receptor agonist, attenuates prostate cancer growth.
Diabetes. 2014; 63:3891-3905.

Lund A, Bagger JI, Christensen M, Knop FK, Vilsboll T.

Glucagon and type 2 diabetes: the return of the alpha cell.
Curr Diab Rep. 2014; 14:555.

Wewer Albrechtsen NJ, Kuhre RE, Pedersen J, Knop FK,
Holst JJ. The biology of glucagon and the consequences
of hyperglucagonemia. Biomark Med. 2016; 10:1141-1151.

Li XC, Zhuo JL. Current insights and new perspectives on
the roles of hyperglucagonemia in non-insulin-dependent
type 2 diabetes. Curr Hypertens Rep. 2013; 15:522-530.
Lund A, Bagger JI, Wewer Albrechtsen NJ, Christensen
M, Grondahl M, Hartmann B, Mathiesen ER, Hansen
CP, Storkholm JH, van Hall G, Rehfeld JF, Hornburg D,
Meissner F, et al. Evidence of extrapancreatic glucagon
secretion in man. Diabetes. 2016; 65:585-597.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Campbell JE, Drucker DJ. Islet alpha cells and glucagon—
critical regulators of energy homeostasis. Nat Rev
Endocrinol. 2015; 11:329-338.

Hancock AS, Du A, Liu J, Miller M, May CL. Glucagon
deficiency reduces hepatic glucose production and improves
glucose tolerance in adult mice. Mol Endocrinol. 2010;
24:1605-1614.

Moyer MP, Aust JB, Dixon PS, Levine BA, Sirinek KR.
Glucagon enhances growth of cultured human colorectal
cancer cells in vitro. Am J Surg. 1985; 150:676-679.

Din FV, Valanciute A, Houde VP, Zibrova D, Green KA,
Sakamoto K, Alessi DR, Dunlop MG. Aspirin inhibits
mTOR
kinase, and induces autophagy in colorectal cancer cells.
Gastroenterology. 2012; 142:1504-1515.e1503.

Fang JY, Richardson BC. The MAPK signalling pathways
and colorectal cancer. Lancet Oncol. 2005; 6:322-327.
Danielsen SA, Eide PW, Nesbakken A, Guren T, Leithe E,
Lothe RA. Portrait of the PI3K/AKT pathway in colorectal
cancer. Biochim Biophys Acta. 2015; 1855:104-121.

Aw DK, Sinha RA, Xie SY, Yen PM. Differential AMPK
phosphorylation by glucagon and metformin regulates

signaling, activates AMP-activated protein

insulin signaling in human hepatic cells. Biochem Biophys
Res Commun. 2014; 447:569-573.

Li XC, Carretero OA, Shao Y, Zhuo JL. Glucagon
receptor-mediated extracellular signal-regulated kinase
1/2 phosphorylation in rat mesangial cells: role of protein
kinase A and phospholipase C. Hypertension. 2006;
47:580-585.

Peng IC, Chen Z, Sun W, Li YS, Marin TL, Hsu PH, Su MI,
Cui X, Pan S, Lytle CY, Johnson DA, Blaeser F, Chatila
T, et al. Glucagon regulates ACC activity in adipocytes
through the CAMKKbeta/AMPK pathway. Am J Physiol
Endocrinol Metab. 2012; 302:E1560-E1568.

Kimball SR, Siegfried BA, Jefferson LS. Glucagon
represses signaling through the mammalian target of
rapamycin in rat liver by activating AMP-activated protein
kinase. J Biol Chem. 2004; 279:54103-54109.

Jelinek LJ, Lok S, Rosenberg GB, Smith RA, Grant FJ,
Biggs S, Bensch PA, Kuijper JL, Sheppard PO, Sprecher
CA, O'Hara PJ, Foster D, Walker KM, et al. Expression
cloning and signaling properties of the rat glucagon
receptor. Science. 1993; 259:1614-1616.

Lee Y, Wang MY, Du XQ, Charron MJ, Unger RH.
Glucagon receptor knockout prevents insulin-deficient type
1 diabetes in mice. Diabetes. 2011; 60:391-397.

Slattery ML, Lundgreen A, Wolff RK. MAP kinase
genes and colon and rectal cancer. Carcinogenesis. 2012;
33:2398-2408.

Gagnon J, Anini Y. Glucagon stimulates ghrelin secretion
through the activation of MAPK and EPAC and potentiates
the effect of norepinephrine. Endocrinology. 2013;
154:666-674.

WWw

.impactjournals.com/oncotarget

10663

Oncotarget



33.

34.

35.

36.

37.

38.

39.

40.

Gigoux V, Fourmy D. Acting on hormone receptors with
minimal side effect on cell proliferation: a timely challenge
illustrated with GLP-1R and GPER. Front Endocrinol.
2013; 4:50.

Oren DA, Wei Y, Skrabanek L, Chow BK, Mommsen
T, Mojsov S. Structural mapping and functional
characterization of zebrafish class B G-protein coupled
receptor (GPCR) with dual ligand selectivity towards
GLP-1 and glucagon. PLoS One. 2016; 11:¢0167718.
Feng Y, Su L, Zhong X, Guohong W, Xiao H, Li Y, Xiu
L. Exendin-4 promotes proliferation and differentiation
of MC3T3-El osteoblasts by MAPKs activation. J Mol
Endocrinol. 2016; 56:189-199.

Zhang Y, Hu SY, Yin T, Tian F, Wang S, Zhang Y, Chen
Y. [Liraglutide promotes proliferation and migration of
cardiac microvascular endothelial cells through PI3K/Akt
and MAPK/ERK signaling pathways]. [Article in Chinese].
Nan Fang Yi Ke Da Xue Xue Bao. 2015; 35:1221-1226.
Stork PJ, Schmitt JM. Crosstalk between cAMP and MAP
kinase signaling in the regulation of cell proliferation.
Trends Cell Biol. 2002; 12:258-266.

Mihaylova MM, Shaw RJ. The AMPK signalling pathway
coordinates cell growth, autophagy and metabolism. Nat
Cell Biol. 2011; 13:1016-1023.

Li W, Saud SM, Young MR, Chen G, Hua B. Targeting AMPK
for cancer prevention and treatment. Oncotarget. 2015; 6:7365-
7378. https://doi.org/10.18632/oncotarget.3629.

Kuhajda FP. AMP-activated protein kinase and human
cancer: cancer metabolism revisited. Int J Obes (Lond).
2008; 32:S36-S41.

41.

42.

43.

44.

45.

46.

47.

Zakikhani M, Dowling R, Fantus IG, Sonenberg N, Pollak
M. Metformin is an AMP kinase-dependent growth inhibitor
for breast cancer cells. Cancer Res. 2006; 66:10269-10273.

Algire C, Amrein L, Zakikhani M, Panasci L, Pollak M.
Metformin blocks the stimulative effect of a high-energy
diet on colon carcinoma growth in vivo and is associated
with reduced expression of fatty acid synthase. Endocr
Relat Cancer. 2010; 17:351-360.

Johanns M, Lai YC, Hsu MF, Jacobs R, Vertommen D, Van
Sande J, Dumont JE, Woods A, Carling D, Hue L, Viollet B,
Foretz M, Rider MH. AMPK antagonizes hepatic glucagon-
stimulated cyclic AMP signalling via phosphorylation-
induced activation of cyclic nucleotide phosphodiesterase
4B. Nat Commun. 2016; 7:10856.

Miller RA, Chu Q, Xie J, Foretz M, Viollet B, Birnbaum
MJ. Biguanides suppress hepatic glucagon signalling
by decreasing production of cyclic AMP. Nature. 2013;
494:256-260.

de Miguel V, Redal MA, Viale ML, Kahan M, Glerean
M, Beskow A, Fainstein Day P. Aberrant expression of
glucagon receptors in adrenal glands of a patient with
cushing’s syndrome and ACTH-independent macronodular
adrenal hyperplasia. Medicina. 2010; 70:254-256.

Lee Y, Berglund ED, Wang MY, Fu X, Yu X, Charron MJ,
Burgess SC, Unger RH. Metabolic manifestations of insulin
deficiency do not occur without glucagon action. Proc Natl
Acad Sci U S A. 2012; 109:14972-14976.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to
Imagel: 25 years of image analysis. Nat Methods. 2012;
9:671-675.

www.impactjournals.com/oncotarget

10664

Oncotarget



