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Abstract

FTO (Fat mass and obesity-associated) is associated with increased risk of obesity and
type 2 diabetes incurrence. Pancreas islet 8 cells dysfunction and insulin resistance are
major causes of type 2 diabetes. However, whether FTO plays an important functional role
in pancreatic 3 cells as well as the related molecular mechanism is still unclear. In the pres-
ent study, the tissue expression profile of FTO was firstly determined using quantitative
PCR and western blot. FTO is widely expressed in various tissues and presented with rela-
tive high expression in pancreas tissue, especially in endocrine pancreas. FTO overexpres-
sion in MING cells achieved by lentivirus delivery significantly inhibits insulin secretion in the
presence of glucose stimulus as well as KCI. FTO silence has no effect on insulin secretion
of MING cells. However, FTO overexpression doesn’t affect the transcription of insulin gene.
Furthermore, reactive oxygen species (ROS) production and NF-kB activation are signifi-
cantly promoted by FTO overexpression. Inhibition of intracellular ROS production by N-
acetyl-L-cysteine (NAC) can alleviate NF-kB activation and restore the insulin secretion me-
diated by FTO overexpression. A whole transcript-microarray is employed to analyze the
differential gene expression mediated by FTO overexpression. The genes which are modu-
lated by FTO are involved in many important biological pathways such as G-protein coupled
receptor signaling and NF-kB signaling. Therefore, our study indicates that FTO may con-
tribute to pancreas islet 8 cells dysfunction and the inhibition of FTO activity is a potential
target for the treatment of diabetes.

Introduction

FTO (Fat mass and obesity-associated) has been identified as an obesity-susceptibility gene,
which is strongly associated with increased risk of obesity [1]. FTO was original cloned in
mouse and related to the fused toes phenotype resulting from gene deletion on chromosome 8
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[2]. The human FTO gene locus is on the chromosome 16q12.2 and is widely expressed in cen-
tral and peripheral tissues including hypothalamus, adipose and pancreas tissue [1, 3, 4]. FTO
gene belongs to dioxygenase superfamily and in vitro study shows that FTO catalyses the de-
methylation of 3-methylthymine in single strand DNA [5]. Bioinformatic analysis and func-
tional studies have indicated the biological role of FTO in posttranslation modification, gene
transcription, cell apoptosis and metabolism process [6]. Three independent studies in the year
of 2007 have demonstrated that single nucleotide polymorphisms (SNPs) in the first intron of
FTO gene are associated with the increased body mass index (BMI) in Caucasian population
[1,7, 8]. Moreover, different studies in various ethnic populations have indicated that the role
of FTO is involved in the obesity, appetite and energy homeostasis [9-12]. A study in FTO-de-
ficient mice has demonstrated that the inactivation of FTO gene protects the mice from obesity
and FT'O is involved in energy homeostasis by the control of energy expenditure [13, 14].

Obesity is the major risk factor for insulin resistance and f cells dysfunction which lead to
the development of type 2 diabetes. Frayling et al. found that FTO gene polymorphism in-
creases the risk of type 2 diabetes incurrence and this association was mediated by BMI [1]. Al-
though this study showed BMI may account for the type 2 diabetes, authors still suggests that
FTO gene play a role in the susceptibility to diabetes. Furthermore, various studies showed that
FTO gene is independently associated with diabetes after adjusting BMI [15, 16]. Susanne et al.
reported that FTO variants are associated with insulin resistance and this association can still
be observed after the adjustment of BMI [16]. Recent study showed that FT'O gene has a rapid
turnover in the pancreatic B cells, involved in the regulation of insulin secretion under glucose
stimulation [17]. This study indicated that FTO plays an important role in the biological func-
tion regulation of pancreatic P cells. However, the functional role of FTO in pancreatic f cells
as well as the related molecular mechanism is still unclear. In this study, we aim to investigate
the role of FTO in the pancreatic  cells and explore the related molecular mechanisms.

MING cells were established from insulinoma cells, which retain the response of insulin se-
cretion to glucose and exhibit the similar physiologic characteristics comparable with normal
mouse islet cells [18]. MING cells were considered as the useful cell model to study the biologi-
cal functions and related molecular mechanism underlying the insulin secretion impairment in
islet cells. In this study, MING6 cells were employed to explore FTO function in pancreatic
islet cells.

Our study showed that FTO overexpression significantly inhibits the insulin secretion of
MING cells but FTO silence doesn’t affect the insulin secretion. The transcriptions of insulin 1
and 2 are not affected by FTO overexpression. Reactive oxygen species (ROS) production and
NF-kB activation are significantly promoted by FTO overexpression. Inhibition of intracellular
ROS production mediated by FTO overexpression can alleviate activation of NF-xB and re-
store the insulin secretion. A whole transcript-microarray is employed to analyze the differen-
tial gene expression mediated by FT'O overexpression. Bioinformatics analysis indicated that
FTO may be involved in many important signal pathways.

Material and Methods
Animals and cell lines

C57BL/6 mice at 12 weeks of age purchased from the SLAC Laboratory Animal (SLAC, Shang-
hai, China) were maintained in a specific pathogen free facility with constant temperature of
25°C, light-dark cycle of 12/12 h and free access to water. The experimental protocol was re-
viewed and approved by the Institutional Animal Care and Use Committee of Nanjing Medical
University.
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MING cells were a gift from Professor Miyazaki in Kumamoto University Medical School,
Japan [19]. MING cells were cultured in DMEM medium with 15% fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin and 50 uM B-mercaptoethanol in 5% CO, /95% air in a hu-
midified atmosphere at 37°C.

Tissue collection, RNA extraction and Quantitative PCR

All tissue samples were collected immediately after the animals were sacrificed. The tissues
were immediately snap frozen in liquid nitrogen and preserved in -80°C till use. The tissues
were further grinded into powder with liquid nitrogen. Total RNA was extracted using Trizol
reagent (Invitrogen) following the manufacture’s procedure. A total of 500 ng RNA was reverse
transcribed by using FastQuant cDNA Kit (Tiangen, China). Subsequently, quantitative PCR
was performed using SYBR Green PCR Master Mix (Applied Biosystems) in an Applied Bio-
systems 7300 instrument. Expression data were normalized using GAPDH as an internal refer-
ence gene and the relative expression levels were evaluated using the delta-delta cycle threshold
method (AACt). Primers for the quantitative PCR are list in the S1 Table.

Vector construction

To stably express FT'O in MING6 cells, lentivirus plasmid pLVX-IRES-ZsGreen-FTO was con-
structed. The cDNA sequence of mouse FTO was amplified and subcloned into EcoR I and
Xba I sites of pLVX-IRES-ZsGreen vector using the following primers: forward 5’-attGAATT
CATGAAGCGCGTCCAGACCG-3’, reverse 5-ggc TCTAGACTAGGATCTTGCTTCCAG
CAGCT-3’. The primers were synthesized by Sangon Biotech (Sangon, Shanghai, China). For
shRNA vector construction, pairs of complementary oligonucleotides against FT'O (shFTO-1,
shFTO-2 and shFTO-3) were synthesized by Sangon, annealed and ligated into lentivirus vec-
tor pLentiLox3.7. The targeted sequences of FTO were listed as below: shFTO-1, GTACAGC
TATAGCTGCGAA, shFTO-2 GCACCTACAAGTACTTGAA, shFTO-3,
CGAGACACCAGGATTAACA.

Lentivirus package and transduction

Package of pseudotyped recombinant lentivirus was performed by transfection of 293T cells.
Briefly, FTO-overexpressed vector pLVX-IRES-ZsGreen-FTO or shRNA expression vector
pLentiLox3.7-shFTO-1, pLentiLox3.7-shFTO-2 and pLentilLox3.7-FTO-3 was respectively co-
transfected with package vectors pPCMV A8.91 and pMD.G into 293T cells using Lipofectamine
2000 (Invitrogen, Paisley, Scotland, UK). Lentivirus in the culture media was harvested at 72 h
and filtered through a 0.45 um low protein binding polysulfonic filter (Millipore, Bedford,
MA). The virus was frozen and kept in -70°C freezer for future use. For virus infection, MIN6
cells were plated into 6-cm dishes in advance and cultured for nearly 18 h with about 50% con-
fluence before transduction. The lentivirus suspension in the presence of 8 pg/ml polybrene
(Chemicon, Temecula, CA) was added to the cells. After transduction for 48 h, green fluores-
cence was observed to indicate the transduction efficiency.

Western blot

Cells were lysed and equally loaded to 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and then transferred to nitrocellulose membrane (Axygen, Union City,
CA). The membrane was stained with 0.2% Ponceau S Red to ensure equal protein loading.
Following block in phosphate-buffered saline containing 5% fat-free milk, the membrane

was incubated with primary antibody of FTO (AdipoGen, San Diego, CA) or B-actin (Cell
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Signaling, Danvers, MA) overnight at 4°C and then incubated with horseradish peroxidase-
conjugated anti-rat IgG for 1 h at room temperature. Detection was performed by enhanced
chemiluminescence phototope-HRP kit according to the manufacturer’s instruction (Millipore,
Bedford, MA).

Insulin secretion assays

MING cells delivered with pLVX-IRES-ZsGreen-FTO or pLVX-IRES-ZsGreen lentivirus

were plated into dishes with the same number and cultured for nearly 18 h with about 60%
confluence. Then the cells were washed with Krebs-Ringer bicarbonate (KRB) buffer. After
preincubation in the presence of 2 mM glucose for additional 60 min, MING6 cells were further
incubated with KRB buffer containing 2 mM glucose, 20 mM glucose or 50 mM KCl for 10 min
or 60 min in 5% CO,/95% air in a humidified atmosphere at 37°C. The culture supernatant was
collected for analysis of insulin secretion using the Iodine ['2°I] Insulin Radioimmunoassay Kit
(Beijing North Institute of Biological Technology, Beijing, China). Insulin analysis was performed
according to the manufacturer’s instruction.

Measurement of intracellular ROS

Intracellular ROS was measured with 2’, 7-dichlorofluorescein diacetate (DCFH-DA) accord-
ing to the manufacturer’s instruction (Beyotime, shanghai, China). Briefly, MING6 cells were
harvested and incubated with 10 pM DCFH-DA for 20 min at 37°C in the dark. Then cells
were washes with 1xPBS three times and then the relative intensity of fluorescence were quan-
tified by multi-detection microplate reader (488 nm excitation and 525 nm emission).

Microarray

RNA quantity and quality were measured by NanoDrop ND-1000. RNA integrity was assessed
by standard denaturing agarose gel electrophoresis. Sample labeling and array hybridization
were performed according to the Agilent One-Color Microarray-Based Gene Expression Anal-
ysis protocol (Agilent Technology). Briefly, total RNA from each sample was linearly amplified
and labeled with Cy3-UTP. The Labeled cRNAs were purified using RNeasy Mini Kit (Qiagen).
The concentration of the labeled cRNAs (pmol Cy3/ug cRNA) was measured by NanoDrop
ND-1000. One microgram of each labeled cRNA was fragmented by adding 11 pl 10 x Blocking
Agent and 2.2 yl of 25xFragmentation Buffer, then heated at 60°C for 30 min, and finally 55 ul
2 x GE Hybridization buffer was added to dilute the labeled cRNA. 100 pl of hybridization so-
lution was dispensed into the gasket slide and assembled to the gene expression microarray
slide. The slides were incubated for 17 h at 65°C in an Agilent Hybridization Oven. The hybrid-
ized arrays were washed, fixed and scanned using the Agilent DNA Microarray Scanner (part
number G2505C). Agilent Feature Extraction software (version 11.0.1.1) was used to analyze
the acquired array images. Quantile normalization and subsequent data processing were per-
formed with using the GeneSpring GX v11.5 software package (Agilent Technologies). Differ-
entially detected signals were those with P value of <0.05. The dataset has been submitted in
Gene Expression Omnibus (GEO) with the accession number of GSE64668.

GO terms and KEGG pathway annotation of the differentially expressed
genes
All the differentially expressed genes were subjected to Gene Ontology (GO) analysis. The GO

categories are derived from Gene Ontology (www.geneontology.org). To identify the signifi-
cant function items, GO enrichment analysis was performed according to the p-values which
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were calculated by Fisher’s exact test and Chi-square test and then corrected by the false dis-
covery rate (FDR). The less the P-value is, the more significant of the GO Term is (P-
value<0.05). Similarly, significant pathway analysis was performed basing on the latest KEGG
(Kyoto Encyclopedia of Genes and Genomes) database.

Statistics

Statistical differences were determined by one-way ANOVA or student’s T-test. Differences
are considered as significant when the P value is lower than 0.05.

Results
FTO expression in various mouse tissues

To better understand the FTO biological role, we firstly determine the FTO expression in vari-
ous mouse tissues using the Quantitative PCR. Our results show that FTO is widely expressed
in central and peripheral tissues of mouse. Relative high expression of FTO was observed in
lung, ovary, spleen, testis, septal organ, uterus, pancreas, diaphragm, cerebellum, vomeronasal
organ, seminal vesicle and hypothalamus (Fig 1A). The same finding is also observed in the tis-
sue FTO expression determined by Western blot (Fig 1B). Our data indicates that the expres-
sion of FTO is not tissue specific and FTO may play important biological roles in various
tissues such as lung and pancreas. We further analyzed the FTO expression in the endocrine
pancreas and pancreas tissue using semi-quantitative PCR. As shown in Fig 1C, a relative
higher expression of FTO is observed in endocrine pancreas compared with pancreas gland.

FTO overexpression inhibits the insulin secretion in MING cells

FTO polymorphisms are associated with type 2 diabetes which is a metabolic disorder in the
context of insulin resistance and relative lack of insulin due to dysfunction of pancreas islet
cells. Our profile data shows FTO gene may play an important role in pancreas tissues. We fur-
ther explore the biological role of FTO in pancreas islet cells. FTO overexpression in MIN6
cells was archived by lentivirus delivery and was detected by Western blot analysis (Fig 2A).
Furthermore, we knock down FTO in MING cells via RN Ai lentivirus. FTO expression was ef-
tectively silenced by shFTO-2 and 3 (Fig 2B). Insulin secretion assay was employed to deter-
mine whether FTO affects insulin secretion. MING6 cells were incubated with glucose at
different concentration and insulin secretion was determined at 10 min and 60 min when incu-
bation. Our results show that FTO overexpression significantly suppresses the insulin secretion
at 10 min (S1A Fig) and the secretion at 60 min (Fig 2C) in the presence of low and high con-
centration of glucose. Glucose-free secretagogues were also performed and the same effect was
observed in potassium chloride (KCI) treatment (S1A Fig and Fig 2C). Insulin secretion experi-
ment shows that FTO knockdown only slightly increase the insulin secretion compared with
the control group (Fig 2D and S1B Fig). Our results indicated that FTO affect the insulin secre-
tion in pancreas islet cells and this may contribute type 2 diabetes occurrences.

FTO doesn’t affect the transcription of insulin1/2

To investigate the mechanism that FTO regulates the insulin secretion, we determined the
mRNA level of insulin 1 and insulin 2 in MING6 cells stably overexpressed pLVX-IRES-Zs-
Green-FTO or pLVX-IRES-ZsGreen using QPCR. Both the expression of insulin 1 and 2 are
not affected by FTO overexpression compared with that in control group (Fig 3A and 3B).
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Fig 1. Expression of FTO gene in different tissues of mouse. (A) FTO expression in various mouse
tissues measured by Real-time PCR. The data were calculated as relative fold changes between each
sample and the one with the lowest expression level of FTO. GAPDH gene is used as internal reference gene
for the normalization. Data were presented as mean * SD. (B) Validation of FTO expression in mouse tissues
by Western blot. B-Actin was served as an internal control. (C) Semi-quantitative PCR analysis of FTO
expression in endocrine pancreas and pancreas tissue. GAPDH is used as an internal control.

doi:10.1371/journal.pone.0127705.g001
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Fig 2. The effect of FTO expression on insulin secretion. (A) FTO overexpression in MING cells via
lentivirus delivery using Western blot. B-actin was loaded as an internal control. (B) Detection of FTO in MIN6
cells transfected with FTO shRNA and control shRNA. B-actin was loaded as an internal control. (C) Insulin
secretion of MING cells with FTO overexpression at 60 min after 2 mM, 20 mM glucose or 50 mM KClI
stimulation. MING cells were stably transfected with pLVX-IRES-ZsGreen (CON) or pLVX-IRES-ZsGreen-
FTO (pLVX-FTO). (D) Effect of FTO silence on the insulin secretion in MIN6 cells. MING cells transfected with
FTO shRNA 2 or shRNA 3 were analyzed with insulin secretion at 60 min after the glucose or KCI stimulation.
Data were presented as mean + SD. The symbol ** denotes significant statistical difference (p < 0.01).

doi:10.1371/journal.pone.0127705.g002
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Fig 3. FTO doesn’t affect the transcription of insulin 1/2. The expression level of insulin 1 (A) and insulin 2
(B) in MINS cells delivered with FTO expression lentivirus or control vector using Real-time PCR.

doi:10.1371/journal.pone.0127705.g003

FTO promotes the ROS production and NF-kB activation in MING cells

It has been reported that increased FTO expression was detected in muscle from type 2 diabetic
patients and FT'O overexpression enhances the oxidative stress in human myotubes [20].

To gain more insight of the biological role of FTO in pancreas islet cells, we therefore investi-
gate whether FTO overexpression could alter the ROS production in MING6 cells. As shown in
Fig 4A, a significant increased production of ROS was observed in MING6 cells with FT'O over-
expression compared with that in the control group. Increased ROS production may lead to
the activation of NF-xB pathway involved in the pancreas inflammation response [21]. We
perform the Western blot assay to determine the activation of NF-«kB pathway. There is a re-
markably phosphorylation of IkBa in the whole cell lysates of MING cells delivered with
pLVX-IRES-ZsGreen-FTO lentivirus, which indicated the activation of NF-«B pathway (Fig
4B). Furthermore, the nuclear translocation of p65 was also observed in FTO-overexpressed
MING cells, which demonstrates the activation of NF-«xB pathway (Fig 4C). To further verify
the role of ROS in the activation of NF-«xB pathway, N-acetyl-L-cysteine (NAC), ROS scaven-
ger, was used to decrease the intracellular ROS level in MING cells with FTO overexprssion.
NAC significantly decreases the ROS level in FTO-overexpressed MING cells (Fig 4A) and alle-
viates the NF-«xB pathway activation (Fig 4B and 4C). Our data indicates that FTO overexpres-
sion enhanced the intracellular ROS production which further mediated the activation of NF-
kB pathway.

NAC treatment partly rescues the effect of FTO overexpression on the
inhibition of insulin secretion

As mentioned before, FTO overexpression decreased the insulin secretion and promotes ROS
production and activation of NF-«xB pathway. To further explore the relation between the ROS
production and insulin secretion inhibition resulted from FTO overexpression, MING6 cells

B
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Fig 4. FTO promotes the ROS production and then induces NF-kB activation in MING cells. (A)
Detection of ROS production in FTO-overexpressed cells or control cells with or without NAC treatment. (B)
Total and phosphorylated IkBa immunoblotting in whole cell lysates. 3-actin was used as an internal control.
(C) Detection of p65 in nuclear fraction using Western blot. Lamin B was used as an internal control. Data
were presented as mean + SD. The symbol ** denotes significantly statistical difference (p <0.01).

doi:10.1371/journal.pone.0127705.g004
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doi:10.1371/journal.pone.0127705.g005

with FT'O overexpression or control were pretreated with NAC. Then the intracellular ROS
and insulin secretion in respond to glucose and KCl stimulation were analyzed. Consistently,
higher ROS level was observed in MING6 cells with FTO overexpression than that in control
MING cells in the presence of 2 mM and20 mM glucose. NAC treatment significantly decreases
the ROS production in MING6 cells (Fig 5A and 5B). Insulin secretion showed that NAC treat-
ment partly restores the insulin secretion in FTO-overexpressed MING6 cells in respond to

2 mM and 20 mM glucose stimulation at 10 min (Fig 5C) and at 60 min (Fig 5D). Similarly,
NAC treatment also partly restores the insulin secretion in MING cells with FTO overexpres-
sion in respond to KCl stimulation (S2A Fig and S2B Fig). Our data indicates that the effect of
FTO on insulin secretion is mediated by ROS production.

Analysis of gene expression using Whole Mouse Genome Oligo
Microarrays

To explore an overall view of early molecular events occurring after FTO overexpression, a
transcriptomic study was performed using a whole-transcript microarray. There are a total of
885 named genes modulated by the overexression of FTO according to the criteria that the rela-
tive fold change of expression is above 2 or below 0.5. Among these differential expression
genes, there are 343 upregulated genes and 542 downregulated genes. Especially, 21 differential
expression genes with more than 10-fold changes are listed in S2 Table and S3 Table.

GO and KEGG pathway

In order to reveal the related functions and pathways, the differential genes modulated by FTO
overexpression in MING6 cells were classified by a functional enrichment analysis using GO and
KEGG annotation databases. Under the criteria of p-value less than 1.0x107>,58 GO categories
were chosen and schematically represented according to their p-values (Fig 6). The most signif-
icant GO categories were related to G-protein coupled receptor signaling, sensory perception
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of smell, response to stimulus and signal transduction. Besides, the GO term related to regula-
tion of IxB kinase / NF-kB signaling is also of significance and consistent with our above find-
ings. The KEGG enrichment analysis indicated modulated pathways involved in olfactory
transduction, hematopoietic cell lineage, dilated cardiomyopathy, and NF-«B signaling path-
way for upregualted genes, as well as the pathways related to olfactory transduction, viral myo-
carditis and nature killer cell mediated cytotoxicity for the down regulated genes (Fig 7).

Analysis of the gene expression affected by FTO overexpression

In order to validate the microarray data, quantitative PCR was performed from MING cells de-
livered with pLVX-IRES-ZsGreen-FTO or pLVX-IRES-ZsGreen lentivirus. We are focused on
the genes related with NF-kB pathway, metabolism and energy balance as well as insulin secre-
tion. These genes modulated by FTO overexpression according to microarray data were con-
firmed by quantitative PCR. Among the FTO-upregualted genes, Btk and PRKCQ were
involved in the phosphorylation and activation of NF-«xB pathway. Btk induces the phosphory-
lation of NF-kB p65 which can be induced by the expression of inflammation cytokines [22].
PRKCQ belongs to Protein kinase C family which is required for the activation of NF-xB path-
way. Upregulated gene Cacnale is involved in the regulation of second-phase insulin release
and the polymorphism of Cacnale is associated with type 2 diabates [23-25]. The expression
pattern of these upregulated genes were confirmed by the QPCR analysis using the samples
from the MING cells with FTO overexpression (Fig 8A). For FTO-downregualted genes, several
genes were previous implicated in metabolism regulation and energy balance, including
Mup20, Apoa4 and Otc. Dopamine receptor D2 (Drd2), another FTO-downregualted gene,
has been reported that its expression is reduced in the diet-induced obese companied with in-
sulin resistance [26]. Modulation of Drd2 activity can affect insulin secretion and metabolism
process [26, 27]. These down-regulate genes were validated by QPCR (Fig 8B).
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Discussion

Previous studies have demonstrated that FTO polymorphisms are associated with obesity and
the risk of type 2 diabetes in various human populations [1, 7, 8]. The expression of FTO gene
is observed in various tissues including the brain, lung and pancreatic tissues. Our study also
detected the FTO expression in mouse various tissues and the finding confirmed the wide ex-
pression pattern of FTO. It has been reported that the expression of FT'O in brain tissue con-
trols appetite and feeding behavior which is consistent with the role of this gene in the
regulation of body mass. But the role of FTO in other tissues including pancreas is still not
clear. Our tissue expression profile of FTO indicated that FTO may play an important role in
pancreas in consideration of its relative high expression level.

To address the functional role of FTO in pancreatic islet B cells, we increase or silence the
expression of FTO in mouse MING cells and explore related molecular mechanism underlying
the functional changes mediated by FTO. GSIS experiments showed that FTO overexpresssion
significantly inhibits insulin secretion in response to glucose stimulus. However, FTO silence
doesn’t affect the insulin secretion. We further analyze the mRNA level of insulin 1 and 2 in
MING cells with stably overexpressed FTO. FTO overexpression has no effect on insulin 1 and
2 transcription according to QPCR data. Furthermore, Mark et al. reported that induced-ex-
pression of FTO enhance the first phase of insulin secretion in response to glucose stimulus in
islet cells, while the second phase of insulin secretion was not changed [17]. Taken together,
these results offer the evidences that FTO overexpression inhibits insulin release from islet cells
but without any effect on the transcription of insulin. However, our data show that FTO silence
doesn’t affect insulin secretion. This result could be explained with the reasons that FTO si-
lence just partly knock down FTO expression but the remaining FTO still can maintain the bio-
logical function in islet cells. This explanation need to be further verified with experiments.

Bravard et al. reported that increased expression of FTO in muscle of type 2 diabetic patients
enhanced oxidative stress and reduced mitochondrial oxidative function [20]. Increased gener-
ation of reactive oxygen species (ROS) activates NF-kB which is involved in inflammation re-
sponse and endoplasmic reticulum stress in pancreatic cells [28, 29]. Salem et al. reported that
the activation of NF-xB pathway trigger the immune-mediated injury of pancreatic islet f cells
and diabetes incurrence [30]. In our study, ROS production was analyzed in MING6 cells with
FTO overexpression or control. Our data showed that FTO overexpression significantly in-
creases the ROS generation. Meanwhile, the activation of NF-«kB is observed in MING6 cells
with FTO overexpression. To further explore the role of ROS in the activation of NF-kB path-
way, NAC was employed to decrease the intracellular ROS level in MING6 cells with FTO over-
exprssion. NAC treatment decreased the intracellular ROS production and alleviates the
activation of NF-xB. Our study indicated that FTO overexpression activates NF-kB via ROS
generation. The activation of NF-kB may further cause the endoplasmic reticulum stress and
damaged mitochondrial oxidative function which resulted in the GSIS reduction.

GO analysis basing on the differential gene expression profile showed that FTO-modulated
genes are involved in the G-protein coupled receptor signaling, sensory perception of smell, re-
sponse to stimulus and signal transduction as well as IxB kinase / NF-«B signaling. Our gene
expression profile showed that several olfactory-related genes are significantly modulated by
FTO expression. Why these genes changed in pancreatic cells and the related biological func-
tion are rarely reported. As illustrated in GO annotation, there are a total of 46 differential
genes related to metabolism, energy balance and insulin secretion regulation. CACNAL1E, one
of the upregulated genes, encodes the voltage-dependent Ca(2+) channel Ca(V) 2.3. It has been
reported this gene is involved in the regulation of second-phase insulin secretion and its poly-
morphism contributes to an increased risk of the development of type 2 diabetes [23-25].
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Another upregulated gene, Ptpre, encoding protein tyrosine phosphatases, is a negative regula-
tor of insulin receptor (IR) signaling and involved in the insulin-induced glucose metabolism
through inactivation of IR [31, 32]. Dopamine receptor D2 (Drd2) gene is downregulated in
MING cells with FTO overexpression. It has been reported that diet-induced obese mice are in-
sulin resistance and have a reduced expression of Drd2. The study further showed that the
Drd2 agonist reduced the body weight and reinforced insulin action in the diet-induced mice.
Conversely, treatment with Drd2 antagonist in diet resistant mice reduced the voluntary activi-
ty and induced insulin resistance in these mice [26]. Drd2 is involved in the regulation of insu-
lin secretion and the balance of metabolism [27]. Whether the expression of these modulated
genes is directly regulated by FTO and their biological roles of these genes in pancreatic islet
cells need to be further explored.

In conclusion, our study revealed that FTO expression doesn’t show temporal specificity,
but relative high expression level of FTO is observed in pancreas tissues. Furthermore, it has
been demonstrated that FTO overexpression can inhibit insulin secretion in response to glu-
cose stimulus rather than insulin synthesis in transcription level in pancreas islet f cells. FTO
overexpression enhances ROS production and activates NF-xB pathway. Whole-transcript mi-
croarray analysis was performed and the differential expression genes modulated by FTO are
involved in many important biological pathways such as G-protein coupled receptor signaling
and NF-«B signaling. Therefore, our study proposes that upregulated FTO may contribute to
pancreas islet B cells dysfunction and diabetes incurrence.
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with FTO overexpression at 10 min after the stimulation of 2 mM or 20 mM glucose or 50 mM
KCL. (B) Detection of secreted insulin in MING6 cells transfected with FTO shRNA 2 or shRNA
3 at 10 min after the stimulation of 2 mM or 20 mM glucose or 50 mM KCI. Data were pre-
sented as mean * SD. The symbol * denotes statistical difference (p < 0.05).

(TIF)

S2 Fig. Inhibition of insulin secretion mediated by FTO overexpression was partially re-
versed by NAC treatment. Detection of insulin secretion in MING6 cells pretreated with NAC
or not at 10 min (A) and 60 min (B) after the stimulation of 50 mM KCL. Data was presented as
mean * SD. The symbol ** denotes significantly statistical difference (p < 0.01).

(TIF)

S1 Table. Primers for Real-time PCR.
(DOC)

S2 Table. Up-regulated genes with fold changes of more than 10 times.
(DOCX)

$3 Table. Down-regulated genes with fold changes of more than 10 times.
(DOCX)

Acknowledgments

We appreciated the collaboration from all the participants and the grants. This study was sup-
ported by grants from the National Natural Science Foundation of China (81100578), Special-
ized Research Fund for the Doctoral Program of Higher Education (20113234120011), and a
project funded by the Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD).

PLOS ONE | DOI:10.1371/journal.pone.0127705 May 27,2015 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127705.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127705.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127705.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127705.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127705.s005

@’PLOS ‘ ONE

Functional Role of FTO in Pancreatic B Cells

Author Contributions

Conceived and designed the experiments: HQF. Performed the experiments: HQF WH KFX
ZXW XYX HC. Analyzed the data: HQF WH KFX. Contributed reagents/materials/analysis
tools: HQF WH KFX ZXW XYX HC. Wrote the paper: HQF.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Frayling TM, Timpson NJ, Weedon MN, Zeggini E, Freathy RM, Lindgren CM, et al. A common variant
in the FTO gene is associated with body mass index and predisposes to childhood and adult obesity.
Science. 2007; 316(5826):889-94. PMID: 17434869

Peters T, Ausmeier K, Ruther U. Cloning of Fatso (Fto), a novel gene deleted by the Fused toes (Ft)
mouse mutation. Mamm Genome. 1999; 10(10):983-6. PMID: 10501967

Gao X, Shin YH, Li M, Wang F, Tong Q, Zhang P. The fat mass and obesity associated gene FTO func-
tions in the brain to regulate postnatal growth in mice. PLoS One. 5(11):e14005. doi: 10.1371/journal.
pone.0014005 PMID: 21103374

Stratigopoulos G, Padilla SL, LeDuc CA, Watson E, Hattersley AT, McCarthy M, et al. Regulation of
Fto/Ftm gene expression in mice and humans. Am J Physiol Regul Integr Comp Physiol. 2008; 294(4):
R1185-96. doi: 10.1152/ajpregu.00839.2007 PMID: 18256137

Gerken T, Girard CA, Tung YC, Webby CJ, Saudek V, Hewitson KS, et al. The obesity-associated FTO
gene encodes a 2-oxoglutarate-dependent nucleic acid demethylase. Science. 2007; 318(5855):1469—
72. PMID: 17991826

Church C, Lee S, Bagg EA, McTaggart JS, Deacon R, Gerken T, et al. A mouse model for the metabolic
effects of the human fat mass and obesity associated FTO gene. PLoS Genet. 2009; 5(8):e1000599.
doi: 10.1371/journal.pgen.1000599 PMID: 19680540

Scuteri A, Sanna S, Chen WM, Uda M, Albai G, Strait J, et al. Genome-wide association scan shows
genetic variants in the FTO gene are associated with obesity-related traits. PLoS Genet. 2007; 3(7):
e115. PMID: 17658951

Dina C, Meyre D, Gallina S, Durand E, Korner A, Jacobson P, et al. Variation in FTO contributes to
childhood obesity and severe adult obesity. Nat Genet. 2007; 39(6):724—6. PMID: 17496892

de Luis DA, Aller R, Conde R, Izaola O, de la Fuente B, Sagrado MG. Relation of the rs9939609 gene
variant in FTO with metabolic syndrome in obese female patients. J Diabetes Complications. 27
(4):346-50. doi: 10.1016/j.jdiacomp.2013.02.003 PMID: 23490278

Zdrojowy-Welna A, Tupikowska M, Kolackov K, Bednarek-Tupikowska G. The role of fat mass and obe-
sity-associated gene (FTO) in obesity—an overview. Endokrynol Pol. 65(3):224—31. doi: 10.5603/EP.
2014.0031 PMID: 24971924

Wen W, Cho YS, Zheng W, Dorajoo R, Kato N, Qi L, et al. Meta-analysis identifies common variants as-
sociated with body mass index in east Asians. Nat Genet. 44(3):307—-11. doi: 10.1038/ng.1087 PMID:
22344219

Church C, Moir L, McMurray F, Girard C, Banks GT, Teboul L, et al. Overexpression of Fto leads to in-
creased food intake and results in obesity. Nat Genet. 42(12):1086—92. doi: 10.1038/ng.713 PMID:
21076408

Fischer J, Koch L, Emmerling C, Vierkotten J, Peters T, Bruning JC, et al. Inactivation of the Fto gene
protects from obesity. Nature. 2009; 458(7240):894—8. doi: 10.1038/nature07848 PMID: 19234441

Merkestein M, McTaggart JS, Lee S, Kramer HB, McMurray F, Lafond M, et al. Changes in gene ex-
pression associated with FTO overexpression in mice. PLoS One. 9(5):e97162. doi: 10.1371/journal.
pone.0097162 PMID: 24842286

Yajnik CS, Janipalli CS, Bhaskar S, Kulkarni SR, Freathy RM, Prakash S, et al. FTO gene variants are
strongly associated with type 2 diabetes in South Asian Indians. Diabetologia. 2009; 52(2):247-52. doi:
10.1007/s00125-008-1186-6 PMID: 19005641

Tan S, Scherag A, Janssen OE, Hahn S, Lahner H, Dietz T, et al. Large effects on body mass index
and insulin resistance of fat mass and obesity associated gene (FTO) variants in patients with polycys-
tic ovary syndrome (PCOS). BMC Med Genet. 11:12. doi: 10.1186/1471-2350-11-12 PMID: 20092643

Russell MA, Morgan NG. Conditional expression of the FTO gene product in rat INS-1 cells reveals its
rapid turnover and a role in the profile of glucose-induced insulin secretion. Clin Sci (Lond). 120
(9):403-13. doi: 10.1042/CS20100416 PMID: 21070190

Miyazaki J, Araki K, Yamato E, [kegami H, Asano T, Shibasaki Y, et al. Establishment of a pancreatic
beta cell line that retains glucose-inducible insulin secretion: special reference to expression of glucose
transporter isoforms. Endocrinology. 1990; 127(1):126-32. PMID: 2163307

PLOS ONE | DOI:10.1371/journal.pone.0127705 May 27,2015 13/14


http://www.ncbi.nlm.nih.gov/pubmed/17434869
http://www.ncbi.nlm.nih.gov/pubmed/10501967
http://dx.doi.org/10.1371/journal.pone.0014005
http://dx.doi.org/10.1371/journal.pone.0014005
http://www.ncbi.nlm.nih.gov/pubmed/21103374
http://dx.doi.org/10.1152/ajpregu.00839.2007
http://www.ncbi.nlm.nih.gov/pubmed/18256137
http://www.ncbi.nlm.nih.gov/pubmed/17991826
http://dx.doi.org/10.1371/journal.pgen.1000599
http://www.ncbi.nlm.nih.gov/pubmed/19680540
http://www.ncbi.nlm.nih.gov/pubmed/17658951
http://www.ncbi.nlm.nih.gov/pubmed/17496892
http://dx.doi.org/10.1016/j.jdiacomp.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23490278
http://dx.doi.org/10.5603/EP.2014.0031
http://dx.doi.org/10.5603/EP.2014.0031
http://www.ncbi.nlm.nih.gov/pubmed/24971924
http://dx.doi.org/10.1038/ng.1087
http://www.ncbi.nlm.nih.gov/pubmed/22344219
http://dx.doi.org/10.1038/ng.713
http://www.ncbi.nlm.nih.gov/pubmed/21076408
http://dx.doi.org/10.1038/nature07848
http://www.ncbi.nlm.nih.gov/pubmed/19234441
http://dx.doi.org/10.1371/journal.pone.0097162
http://dx.doi.org/10.1371/journal.pone.0097162
http://www.ncbi.nlm.nih.gov/pubmed/24842286
http://dx.doi.org/10.1007/s00125-008-1186-6
http://www.ncbi.nlm.nih.gov/pubmed/19005641
http://dx.doi.org/10.1186/1471-2350-11-12
http://www.ncbi.nlm.nih.gov/pubmed/20092643
http://dx.doi.org/10.1042/CS20100416
http://www.ncbi.nlm.nih.gov/pubmed/21070190
http://www.ncbi.nlm.nih.gov/pubmed/2163307

@’PLOS ‘ ONE

Functional Role of FTO in Pancreatic B Cells

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Wang X, Zhou L, Li G, Luo T, Gu Y, Qian L, et al. Palmitate activates AMP-activated protein kinase and
regulates insulin secretion from beta cells. Biochem Biophys Res Commun. 2007; 352(2):463-8.
PMID: 17118340

Bravard A, Lefai E, Meugnier E, Pesenti S, Disse E, Vouillarmet J, etal. FTO is increased in muscle dur-
ing type 2 diabetes, and its overexpression in myotubes alters insulin signaling, enhances lipogenesis
and ROS production, and induces mitochondrial dysfunction. Diabetes. 60(1):258-68. doi: 10.2337/
db10-0281 PMID: 20943749

Maurya CK, Singh R, Jaiswal N, Venkateswarlu K, Narender T, Tamrakar AK. 4-Hydroxyisoleucine
ameliorates fatty acid-induced insulin resistance and inflammatory response in skeletal muscle cells.
Mol Cell Endocrinol. 395(1-2):51-60. doi: 10.1016/j.mce.2014.08.003 PMID: 25109280

Doyle SL, Jefferies CA, O'Neill LA. Bruton's tyrosine kinase is involved in p65-mediated transactivation
and phosphorylation of p65 on serine 536 during NFkappaB activation by lipopolysaccharide. J Biol
Chem. 2005; 280(25):23496-501. PMID: 15849198

Jing X, Li DQ, Olofsson CS, Salehi A, Surve VV, Caballero J, et al. CaV2.3 calcium channels control
second-phase insulin release. J Clin Invest. 2005; 115(1):146-54. PMID: 15630454

Holmkvist J, Tojjar D, Almgren P, Lyssenko V, Lindgren CM, Isomaa B, et al. Polymorphisms in the
gene encoding the voltage-dependent Ca(2+) channel Ca (V)2.3 (CACNA1E) are associated with type
2 diabetes and impaired insulin secretion. Diabetologia. 2007; 50(12):2467—-75. PMID: 17934712

Trombetta M, Bonetti S, Boselli M, Turrini F, Malerba G, Trabetti E, et al. CACNA1E variants affect beta
cell function in patients with newly diagnosed type 2 diabetes. the Verona newly diagnosed type 2 dia-
betes study (VNDS) 3. PLoS One. 7(3):e32755. doi: 10.1371/journal.pone.0032755 PMID: 22427875

de Leeuw van Weenen JE, Parlevliet ET, Schroder-van der Elst JP, van den Berg SA, Willems van Dijk
K, Romijn JA, et al. Pharmacological modulation of dopamine receptor D2-mediated transmission alters
the metabolic phenotype of diet induced obese and diet resistant C57BI6 mice. Exp Diabetes Res.
2011:928523.

Guigas B, de Leeuw van Weenen JE, van Leeuwen N, Simonis-Bik AM, van Haeften TW, Nijpels G,
et al. Sex-specific effects of naturally occurring variants in the dopamine receptor D2 locus on insulin
secretion and Type 2 diabetes susceptibility. Diabet Med. 31(8):1001-8. doi: 10.1111/dme.12464
PMID: 24724616

Schreck R, Rieber P, Baeuerle PA. Reactive oxygen intermediates as apparently widely used messen-
gers in the activation of the NF-kappa B transcription factor and HIV-1. EMBO J. 1991; 10(8):2247-58.
PMID: 2065663

Zhang Y, Chen F. Reactive oxygen species (ROS), troublemakers between nuclear factor-kappaB
(NF-kappaB) and c-Jun NH(2)-terminal kinase (JNK). Cancer Res. 2004; 64(6):1902-5. PMID:
15026320

Salem HH, Trojanowski B, Fiedler K, Maier HJ, Schirmbeck R, Wagner M, et al. Long-term IKK2/NF-
kappaB signaling in pancreatic beta-cells induces immune-mediated diabetes. Diabetes. 63(3):960—
75. doi: 10.2337/db13-1037 PMID: 24296718

Aga-Mizrachi S, Brutman-Barazani T, Jacob Al, Bak A, Elson A, Sampson SR. Cytosolic protein tyro-
sine phosphatase-epsilon is a negative regulator of insulin signaling in skeletal muscle. Endocrinology.
2008; 149(2):605—-14. PMID: 18006633

Nakagawa Y, Aoki N, Aoyama K, Shimizu H, Shimano H, Yamada N, et al. Receptor-type protein tyro-
sine phosphatase epsilon (PTPepsilonM) is a negative regulator of insulin signaling in primary hepato-
cytes and liver. Zoolog Sci. 2005; 22(2):169—-75. PMID: 15738637

PLOS ONE | DOI:10.1371/journal.pone.0127705 May 27,2015 14/14


http://www.ncbi.nlm.nih.gov/pubmed/17118340
http://dx.doi.org/10.2337/db10-0281
http://dx.doi.org/10.2337/db10-0281
http://www.ncbi.nlm.nih.gov/pubmed/20943749
http://dx.doi.org/10.1016/j.mce.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25109280
http://www.ncbi.nlm.nih.gov/pubmed/15849198
http://www.ncbi.nlm.nih.gov/pubmed/15630454
http://www.ncbi.nlm.nih.gov/pubmed/17934712
http://dx.doi.org/10.1371/journal.pone.0032755
http://www.ncbi.nlm.nih.gov/pubmed/22427875
http://dx.doi.org/10.1111/dme.12464
http://www.ncbi.nlm.nih.gov/pubmed/24724616
http://www.ncbi.nlm.nih.gov/pubmed/2065663
http://www.ncbi.nlm.nih.gov/pubmed/15026320
http://dx.doi.org/10.2337/db13-1037
http://www.ncbi.nlm.nih.gov/pubmed/24296718
http://www.ncbi.nlm.nih.gov/pubmed/18006633
http://www.ncbi.nlm.nih.gov/pubmed/15738637

