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Abstract
Aims/hypothesis The transcription factor, forkhead box
(FOX)O1, is involved in fatty acid-induced apoptosis in
pancreatic beta cells, but the precise mechanism is poorly
understood. We aimed to identify which direct downstream
targets of FOXO1 are involved in palmitate-induced apo-
ptosis in the pancreatic beta cell line MIN6.
Methods Chromatin immunoprecipitation (ChIP) coupled to
a DNA selection and ligation technique (ChIP–DSL) was
used to identify the direct targets of FOXO1. The mRNA
level was examined by real-time PCR assay. The ChIP–DSL
results were verified using ChIP-PCR and luciferase assay,
respectively. The cell apoptosis rate was determined by
TUNEL assay and by scoring cells with pycnotic nuclei.
Results We identified 189 target genes and selected 106 tar-
gets for expression analysis in MIN6 cells treated with palmi-
tate. The results showed that six genes were significantly
upregulated and four were downregulated. Binding of FOXO1
to the promoters was determined by ChIP-PCR and confirmed
by luciferase assay. Among the ten up- and downregulated
genes, mRNA expression of A930038C07Rik was significant-
ly decreased and that of Ppa1was increased in 8-week-old db/
db mice. The apoptosis assay showed that overproduction of

the protein ‘RIKEN cDNA A930038C07’ (A930038C07Rik)
drastically enhanced palmitate-induced apoptosis, while pyro-
phosphatase (inorganic) 1 (PPA1) partially protected the cells
from apoptosis. Knockdown of PPA1, moreover, significantly
increased apoptosis.
Conclusions/interpretation We identified for the first time
FOXO1 targets in MIN6 cells treated with palmitate, thus
revealing the important roles of A930038C07Rik and PPA1
in palmitate-induced cell apoptosis. These results shed light
on the mechanisms of palmitate-induced apoptosis in pan-
creatic beta cells.
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ChIP–DSL ChIP coupled to a DNA selection and

ligation technology
DBE Daf-16 family protein-binding element
DDX5 DEAD (Asp–Glu–Ala–Asp) box poly-

peptide 5
DEX Dexamethasone
DSL DNA selection and ligation
FOX Forkhead box
GALNT14 Polypeptide N-acetylgalactosaminyl-

transferase 14
GCDH Glutaryl-coenzyme A dehydrogenase
GFP Green fluorescent protein
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MAFA V-maf musculoaponeurotic fibrosarcoma
oncogene family protein A (avian)

ORF Open reading frame
PFN1 Profilin 1
PGE2 Prostaglandin E2
PLTP Phospholipid transfer protein
PPA1 Pyrophosphatase (inorganic) 1
PPi Inorganic pyrophosphate
siRNA Small interfering RNA
TRAF5 TNF receptor-associated factor 5

Introduction

Type 2 diabetes mellitus is characterised by peripheral insulin
resistance and defects in insulin secretion [1, 2]. Obesity is a
well-known diabetes risk factor, the main feature of which is
elevated serum NEFA. There is evidence that excess circulat-
ing NEFA plays a key role in abnormal insulin secretion and
reduced pancreatic beta cell mass. Chronic elevation of satu-
rated NEFA such as palmitate promotes insulin resistance in
target tissues and has detrimental effects on beta cells, result-
ing in reduced insulin content, abnormally elevated insulin
release in the absence of stimuli, diminished capacity to
secrete insulin in response to glucose and aggravated beta cell
apoptosis [3–7]. Compared with palmitate, unsaturated fatty
acids such as oleate are considered to be less cytotoxic and in
some cases protective against palmitate toxicity [7–9].
Palmitate-induced apoptosis has been attributed to oxidative
stress [10] and endoplasmic reticulum stress [11], as well as
other pathways [12]. Nevertheless, the precise mechanisms
are not fully understood.

Forkhead box (FOX)O1 is a multifunctional transcription
factor that plays an important role in the regulation of
cellular processes, including metabolism, cell differentia-
tion, cell cycle arrest, DNA repair and other reactions to
cellular stress [13, 14]. In pancreatic beta cells, FOXO1
haploinsufficiency restored beta cell mass and prevented
diabetes in Irs2 knockout mice [15]. We also found that
the activation of FOXO1 was integrally involved in prosta-
glandin E2 (PGE2) and dexamethasone (DEX)-induced
pancreatic beta cell dysfunction [16–18]. Martinez et al
reported that inhibition of FOXO1 reduced palmitate- and
endoplasmic reticulum stress-induced apoptosis, and pro-
moted beta cell survival [19], suggesting that FOXO1 may
be a key regulator in palmitate-induced apoptosis. Conse-
quently, the identification of specific and direct downstream
targets of FOXO1 is crucial for an understanding of the
mechanisms of palmitate-induced apoptosis in pancreatic
beta cells.

At present, chromatin immunoprecipitation (ChIP) and
ChIP-based approaches are widely used to identify DNA
elements bound by proteins such as histones or transcription

factors. The ChIP-based techniques used to identify the
direct targets of a transcription factor include ChIP cloning,
ChIP-paired end tag, a ChIP coupled to DNA selection and
ligation technology (ChIP–DSL) [20, 21] and several varia-
tions of ChIP-on-chip [22]. Oh et al identified 103 direct
targets of Caenorhabditis elegans abnormal DAuer forma-
tion family member (daf-16) (DAF-16) using ChIP cloning
in Caenorhabditis elegans; they also found that 18 of the 33
targets selected by them were associated with life span, fat
storage, and diapause [23]. In pancreatic beta cells, only a
few direct targets of FOXO1 are known. In this study, we
used ChIP–DSL to identify the downstream targets of
FOXO1 that are involved in palmitate-induced apoptosis
in the pancreatic beta cell line MIN6.

Methods

Reagents See electronic supplementary material (ESM).

Cell culture MIN6 cells were grown in DMEM containing
25 mmol/l glucose, 15% FBS (vol./vol.), 100 U/ml penicillin,
100 mg/ml streptomycin, 100 mg/ml L-glutamine and
5 μl/l beta-mercaptoethanol; culture was at 37°C in a humid-
ified atmosphere containing 95% air and 5% CO2 [24]. MIN6
cells were used between passages 21 and 35.

Islet isolation All animal studies were performed according
to guidelines established by the Research Animal Care Com-
mittee of Nanjing Medical University, Nanjing, China. A
mouse model of type 2 diabetes (db/db mice; BKS.Cg-m +/+
Leprdb/J) was used (Model Animal Research Center of Nanj-
ing University, Nanjing, China). Islet isolation and culturing
techniques have been described previously [25].

Treatment of MIN6 cells with palmitic acid MIN6 cells were
incubated for 24, 48 or 72 h in modified DMEMmediumwith
control solution, or with 0.2, 0.3 or 0.4 mmol/l palmitate
complexed with 0.5% BSA (wt/vol.). The 0.4 mmol/l fatty
acid medium was prepared as previously described [26, 27]
with slight modifications. Briefly, palmitate was dissolved in
ethanol at a final concentration of 0.2 mol/l. Before treatment
of MIN6 cells, an appropriate amount of palmitate was incu-
bated for 1 to 2 h at 37°C, with 10% BSA (wt/vol.); an equal
volume of ethanol was incubated with BSA as control. The
final concentration of BSA in the mediumwas 0.5% (wt/vol.).
The approximate molar ratio of fatty acids to BSAwas 6:1 at
0.4 mmol/l palmitate.

ChIP-PCR assays Four 10-cm plates of MIN6 cells were
incubated with control solution or 0.4 mmol/l palmitate for
12 h and a ChIP assay performed using a kit (Upstate
Biotechnology, Lake Placid, NY, USA) according to the
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manufacturer's protocol. Briefly, the cells were fixed with
1% formaldehyde (wt/vol.) for 10 min at room temperature.
Fixation was terminated by adding glycine to 0.125 mol/l and
washing twice in PBS. The cells were collected, washed twice
with 10 ml cold 1× PBS and lysed with 400 μl SDS lysis
buffer (1% SDS (wt/vol.), 10 mmol/l EDTA and
50 mmol/l TRIS–HCl [pH 8.1]) containing 1× protease
inhibitor cocktail II (Sigma-Aldrich, St Louis, MO, USA). The
lysate was sonicated (VCX130; Sonics&Materials, Newtown,
CT, USA) at 40% amplitude (AMPL) and 4°C with eight
cycles consisting of a 10 s on pulse and a 20 s off pulse. After
centrifugation (10,000×g), the lysates were diluted with dilu-
tion buffer (1% Triton X-100 (vol./vol.), 2 mmol/l EDTA,
20 mmol/l TRIS–HCl [pH 8.1] and 150 mmol/l NaCl) and
pre-cleared for 1 h at 4°C with 50 μl salmon sperm DNA/
protein A-Sepharose. After removal of the Sepharose beads by
centrifugation (500×g), the immunoprecipitate was incubated
for 2 h at 4°C with anti-FOXO1 antiserum or an equal amount
of normal rabbit IgG (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), after which the antibody–protein–DNA complexes
were precipitated with salmon sperm DNA/protein A-
Sepharose. After extensive washing with immunoprecipitation
buffer, complexes were eluted from beads. Then, according to
the manufacturer's instructions, samples were de-cross-linked
at 65°C and treated with proteinase K. The DNA was recov-
ered by phenol/chloroform extraction and ethanol precipita-
tion, and the purified DNA was dissolved in 20 μl double
distilled H2O. Then, 2 μl samples were subjected to PCR using
the primers listed in ESM Table 1. The reaction conditions
were standard with 32 cycles of amplification.

Promoter microarray experiments The promoter microarray
procedure for FOXO1 in MIN6 cells was performed by Cap-
italBio (Peking, China) using a ChIP–DSL system (M8K;
Aviva Systems Biology, San Diego, CA, USA) according to
the manufacturer's protocol.

Real-time PCR assay MIN6 cells were treated with BSA
and 0.4 mmol/l palmitate, or infected with adenovirus for
24 h, after which total RNA was extracted with a reagent
(Trizol; Invitrogen, Grand Island, NY, USA) according to
the manufacturer's protocol. For total RNA from islets,
approximately 200 islets were used. mRNA quantification
was performed as described previously [17]. The primers
used in real-time PCR are listed in ESM Table 2.

Plasmid construction Promoter fragments of about 1 to
1.5 kb length located before the transcription start sites of
the genes A930038C07Rik, Ddx5, Galnt14, Gcdh, Mcm3ap,
Pltp and Ppa1were amplified using the primers listed in ESM
Table 3 with appropriate restriction sites at the 5′ end. The
PCR products were then respectively digested with MluI/
XhoI (A930038C07Rik), XhoI/HindIII (Ddx5), BglII/HindIII

(Galnt14) and XhoI/HindIII (Gcdh, Mcm3ap, Pltp and Ppa1),
and cloned into the corresponding sites of the vector of
pGL3-basic. The overproduction plasmids producing poly-
peptide N-acetylgalactosaminyltransferase 14 (GALNT14),
TNF receptor-associated factor 5 (TRAF5), profilin 1
(PFN1), DEAD (Asp–Glu–Ala–Asp) box polypeptide 5
(DDX5), glutaryl-coenzyme A dehydrogenase (GCDH),
RIKEN cDNA A930038C07 (A930038C07Rik) and pyro-
phosphatase (inorganic) 1 (PPA1) were obtained by cloning
the open reading frame (ORF) fragments into pCMV5-
MYC with ClaI/BamHI (GALNT14, TRAF5, PFN1,
DDX5 and A930038C07Rik) and HindIII/XbaI (GCDH
and PPA1), respectively. The overproduction plasmids with
a green fluorescent protein (GFP) tag of A930038C07Rik
and PPA1were constructed by cloning the same ORF frag-
ments into pEGFP-N2 using XhoI/BamHI and BglII/SalI,
respectively.

Luciferase assay MIN6 cells were plated in 24-well plates
24 h before transfection. At 60% to 70% confluence, each
well was transiently transfected with 200 ng pCMV5-MYC
or pCMV5-FOXO1, 200 ng luciferase reporter plasmid
and 100 ng plasmid expressing the gene that encodes β-
galactosidase, as internal control. To do this, a transfection
kit reagent (NanoJuice; Merck, Darmstadt, Germany) was
used according to the manufacturer's instructions. At 24 h
after transfection, cells were collected for the luciferase assay
as described previously [25].

Apoptosis analysis MIN6 cells were grown on glass cover-
slips in the wells of 24-well plates and incubated for 24, 48
or 72 h in serum-free medium with control, or with 0.2, 0.3
or 0.4 mmol/l palmitate complexed with BSA. Cells were
then fixed and permeabilised, and the TUNEL assay per-
formed according to the manufacturer's instructions (In Situ
Cell Death Detection Kit; Roche, Basel, Switzerland) [28].
To assess the roles of A930038C07Rik and PPA1 in
palmitate-induced apoptosis, the overproduction plas-
mids or corresponding vectors were transfected into
MIN6 cells grown on glass coverslips in the wells of 24-
well plates using a transfection kit (NanoJuice; Merck).
At 24 h after transfection, the cells were treated with
0.4 mmol/l palmitate for another 72 h, and apoptosis
was determined by TUNEL assay and by scoring cells dis-
playing pycnotic nuclei (visualised by staining with the DNA-
binding dye, Hoechst 33342 [Roche, Basel, Switzerland]
[29]).

Preparation of and infection with adenoviruses The adeno-
viruses for Foxo1-specific small interfering RNA (siRNA)
(AD-siFoxo1) and for the constitutively active (CA)-Foxo1
were obtained from our laboratory stock. The sequence and
preparations have been described in detail previously [16,
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18]. MIN6 cells were inoculated on 3.5 cm plates 24 h
before infection with adenovirus at a multiplicity of infec-
tion of 200. At 2 h after infection, the cells were cultured in
fresh medium for another 48 h before collection for total
RNA isolation.

Silencing of Ppa1 by RNA interference The Ppa1-specific
siRNA and control siRNA were designed and synthesised
by Ribobio (Guangzhou, China). The sequences of the three
designed siRNA fragments were as follows: siRNA1: 5′
CAGACAAGGAUGUGUUCCA dTdT 3′; siRNA2: 5′
GGACGCAGCC AA UUAUAAA dTdT 3′; siRNA3: 5′
GGAAUCAGUUGCAUGAACA dTdT 3′. MIN6 cells
were transfected with 100 nmol/l siRNA using a transfection
kit reagent (NanoJuice; Merck). After 24 h, the cells were
treated with 0.4 mmol/l palmitate for another 72 h and
apoptosis was determined by scoring cells displaying pyc-
notic nuclei (visualised by staining with the DNA-binding
dye, Hoechst 33342).

Immunoprecipitation and western blot The 293 cells trans-
fected with pCMV5-FOXO1 in three 6-cm dishes were
lysed in 500 μl RIPA buffer (50 mmol/l TRIS–HCl
[pH 7.5], 0.1% NP-40 [vol./vol.], 0.5% deoxycholate [wt/
vol.], 10 mmol/l EDTA, 150 mmol/l NaCl, 50 mmol/l NaF,
1 mmol/l leupeptin and 0.1 mmol/l aprotinin). After centri-
fugation (10,000×g), cell lysates were incubated with 5 μl
myc or FOXO1 antibody, and 5 μl prewashed agarose A/G
beads. Immunoprecipitates were washed four times in lysis
buffer and cleared of all supernatant fractions, after which
35 μl 2× SDS sample buffer was added. Samples were
subjected to SDS-PAGE and transferred to polyvinyl
difluoride (PVDF) (Perkin Elmer, Waltham, MA, USA).
Western blot analysis was performed under standard con-
ditions as described previously [18], using the indicated
antibodies.

Statistical analysis Comparisons between two groups were
performed using Student's t test. Results are presented as
means ± SEM. A value of p<0.05 was considered statisti-
cally significant.

Results

Exposure to NEFA induced beta cell apoptosis in a both
time- and dose-dependent manner Prolonged exposure to
NEFA has deleterious impacts on pancreatic beta cell func-
tion, including alterations in insulin secretion and sensitisation
to apoptosis [3, 4]. We assessed apoptosis at 24, 48 and 72 h
after treatment with 0.2, 0.3 or 0.4 mmol/l palmitate in serum-
free medium. The TUNEL assay showed that prolonged in-
cubation (72 h) with palmitate resulted in apoptosis in a

significant number of cells with the proportion of apoptotic
cells being dose-dependent (Fig. 1, ESM Fig. 1). Moreover,
0.4 mmol/l palmitate induced apoptosis in a significant
number of cells at 24 h (p<0.05), 48 h (p<0.01) and
72 h (p<0.01), with the proportion of apoptotic cells in-
creasing with the incubation time. However, 0.2 mmol/l pal-
mitate did not induce significant apoptosis until 72 h.
Therefore, 0.4 mmol/l palmitate was used in the subsequent
experiments and apoptosis detection was performed after
72 h incubation.

Identification of FOXO1 targets using ChIP–DSL Accord-
ing to a previous report, fatty acid treatment resulted in an
increase in FOXO1 activity; moreover, inhibition of FOXO1
reduced palmitate-induced apoptosis in pancreatic beta cells
[19]. However, it is still not known which downstream targets
of FOXO1 are involved in the signalling pathway of apopto-
sis. To identify the downstream target genes of FOXO1 in
MIN6 cells treated with palmitate, we performed promoter
microarray analysis of FOXO1 by the ChIP–DSL method,
using a specific FOXO1 antibody (ESM Fig. 2a). V-maf
musculoaponeurotic fibrosarcoma oncogene family, protein
A (avian) (MAFA), a known direct target of FOXO1 [30],
was used to determine the efficiency of the antibody (ESM
Fig. 2b). The microarray analysis revealed 189 genes that had
an antibody/IgG ratio of >2.0 andmay be directly regulated by
FOXO1. These genes represent various biological processes,
such as metabolism, growth, transport, protein biosynthesis
and proteolysis, transcription, apoptosis, signal transduction,
RNA splicing, and DNA replication and repair (Fig. 2, ESM
Table 4). Several of these genes have been previously sug-
gested to be FOXO1 targets, e.g. the DNA-damage inducible
transcript 3 gene, Ddit3 [31], the cyclin-dependent kinase
inhibitor 1B (P27) gene, p27 (also known as Cdkn1b) [32],
and the Mus musculus inhibitor of kappa light polypeptide
enhancer in B cells gene, Ikbkap [33]. Notably, we identified

Fig. 1 Palmitic acid treatment resulted in a dose- and time-dependent
increase in apoptosis in MIN6 cells. Quantification of the percentage of
TUNEL-positive MIN6 cells treated for times as shown without
(control, white bars), or with 0.2 mmol/l (black bars), 0.3 mmol/l (dark
grey bars) and 0.4 mmol/l (light grey bars) palmitate. Data shown are
means ± SEM and representative of three separate experiments. *p<0.05
and **p<0.01 vs control
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genes with functions that are directly related to the insulin
signalling pathway, including: (1) Tbc1d4, which encodes the
Rab GTPase-activating protein AS160, a regulator of insulin-
stimulated glucose transport in skeletal muscles [34]; and (2)
the gene encoding the calcium/calmodulin-dependent protein
serine kinase (CASK), which plays a role in connecting the
CASK-mediated pathways to the insulin signalling pathways
[35]. In addition, we found that Mttp, which encodes the
microsomal triacylglycerol transfer protein MTP, is a target
of FOXO1. Interestingly, the excessive VLDL production
associated with insulin resistance was caused by the inability
of insulin to regulate FOXO1, which activates MTP at the
transcriptional level [36]. Thus, the ChIP–DSL microarray
identified several putative and relevant direct downstream
targets of FOXO1.

Effect of NEFA on the expression of FOXO1 target genes
both in vitro and in vivo Microarray analysis showed that
106 of the downstream target genes of FOXO1 were anno-
tated with the basic function and had an antibody/IgG ratio
of >3.0. The expression of these genes was examined in
MIN6 cells after incubation with 0.4 mmol/l palmitate for
24 h. Of these 106 genes, 86 were successfully amplified
and ten of them were found to have altered transcription
levels, with six being upregulated and four downregulated.
The upregulated genes included A930038C07Rik, Mapt,
Pltp, Mcm3ap, Pfn1 and Ppa1; the downregulated genes
included Galnt14, Gcdh, Traf5 and Ddx5 (Fig. 3a).

It has been reported that FOXO1 inhibitors drasti-
cally decreased plasma glucose levels in db/db mice
[37, 38] and suggested that FOXO1 might be a poten-
tial target for treatment of type 2 diabetes mellitus.
However, the expression of the above-mentioned targets of
FOXO1 in pancreatic islets of db/db mice is poorly
understood. Here, the expression of nine of the ten
genes was examined in primary islets from 4-, 8- and
12-week-old db/db mice using real-time PCR. The results

showed that Pltp expression gradually increased with age.
Interestingly, expression of A930038C07Rik and Mapt was
significantly decreased, whereas that of Ppa1 was in-
creased in 8-week-old mice (Fig. 3b). On the other
hand, the transcription levels of Gcdh and Galnt14 were
clearly increased in 4-week-old mice, but reverted to
normal in 12-week-old mice (Fig. 3b). However, in
contrast to findings in MIN6 cells treated with palmi-
tate, the expression of Mcm3ap, Traf5 and Ddx5 in db/
db mice was not significantly altered. These results
show that the transcription of FOXO1 target genes,
including Pltp, A930038C07Rik, Mapt, Gcdh, Galnt14
and Ppa1, was changed in db/db mice.

Specific binding of FOXO1 to and regulation effect of
FOXO1 on its target genes Next, the specificity of
FOXO1 binding to A930038C07Rik, Mapt, Pltp, Mcm3ap,
Pfn1, Ppa1, Galnt14, Gcdh, Traf5 and Ddx5 was determined
by ChIP-PCR. We found that eight of the ten genes were
directly bound to FOXO1 (Fig. 4a) and that the promoter
regions of Traf5 and Pfn1 could not be successfully amplified.
Notably, binding of FOXO1 to Galnt14, Mapt and Ppa1 was
not observed in the control group at our detection limit, and
specific binding occurred only after incubation with palmitate
(Fig. 4a). To further demonstrate that FOXO1 does indeed
regulate its binding targets, luciferase reporter plasmids of
Ddx5 , Ganlt14 , Gcdh , Pltp , Mcm3ap , Ppa1 and
A930038C07Rik were successfully constructed and co-
transfected with pCMV5-MYC or pCMV5-FOXO1 into
MIN6 cells. The plasmid p6xDBE-luc containing six copies
of the daf-16 family protein-binding element (DBE) was used
as a positive control. The results showed that as the FOXO1
content increased (Fig. 4b), the luciferase activity of
A930038C07Rik (1.45±0.05), Ppa1 (1.46±0.06), Pltp (1.88
±0.13) and Mcm3ap (2.12±0.25) was significantly increased,
and that of Ddx5 (0.73±0.08), Ganlt14 (0.69±0.10) andGcdh
(0.75±0.11) decreased (Fig. 4e).

Fig. 2 The results of
microarray analysis. ChIP–DSL
identified 189 downstream
target genes of FOXO1
involved in the biological
processes indicated
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To further confirm that FOXO1 regulates these targets,
AD-siFoxo1 and (CA)-Foxo1 ADA were used. When
infected with Ad-siFoxo1 (Fig. 4c), mRNA expression of
A930038C07Rik (0.55±0.14), Pltp (0.8±0.02), Mcm3ap
(0.66±0.16) and Ppa1 (0.79±0.04) was decreased signifi-
cantly, whereas that of Ddx5 (1.64±0.22), Ganlt14 (1.80±
0.25) and Gcdh (1.61±0.21) displayed a pronounced in-
crease (Fig. 4f). Correspondingly, infection with (CA)-
Foxo1 ADA (Fig. 4d) significantly increased the mRNA
expression of A930038C07Rik (1.65±0.11), Pltp (1.32±
0.07), Mcm3ap (1.76±0.14) and Ppa1 (1.81±0.21), while,
notably, that of Ddx5 (0.55±0.11), Ganlt14 (0.80±0.08) and
Gcdh (0.74±0.08) was decreased (Fig. 4g). All of these
events demonstrate that FOXO1 binds to and regulates the
target genes A930038C07Rik, Pltp, Mcm3ap, Ppa1, Ddx5,
Ganlt14 and Gcdh.

Effect of A930038C07Rik and PPA1 on pancreatic beta cell
apoptosis FOXO1 is known to regulate palmitate-induced
apoptosis in pancreatic beta cells [19], prompting us to search
for the role played by FOXO1 target genes in the process of
palmitate-associated apoptosis. We therefore constructed

plasmids overproducing GALNT14, TRAF5, PFN1, DDX5,
GCDH, A930038C07Rik and PPA1, and examined their ef-
fect on palmitate-induced apoptosis in MIN6 cells. The apo-
ptosis assay showed that overproduction of A930038C07Rik
drastically enhanced apoptosis and that the proportion of
apoptotic cells increased 2.9-fold. Overproduction of
PPA1 reduced the proportion of apoptotic cells to 67%
and partially protected cells against palmitate-induced ap-
optosis (Fig. 5a). Overproduction of FOXO1 also caused a
1.5-fold increase in the proportion of apoptotic cells
(Fig. 5a). However, overproduction of GALNT14, TRAF5,
PFN1, DDX5 and GCDH had no significant effect on
palmitate-induced apoptosis (data not shown). To rule out
any effect of the transfection rate on the apoptosis assay,
the overproduction plasmids of A930038C07Rik and
PPA1 were fused with a GFP tag and apoptosis deter-
mined by scoring cells that simultaneously displayed pyc-
notic nuclei and green fluorescence. Surprisingly, after
treatment with palmitate, the apoptosis rate reached about
90% in MIN6 cells transfected with A930038C07Rik-GFP
(Fig. 5b). However, when we tried to confirm apoptosis
after silencing of A930038C07Rik, we were unable to

Fig. 3 The expression of the downstream targets of FOXO1 was deter-
mined in MIN6 cells treated with palmitate and confirmed in db/dbmice.
(a) MIN6 cells were treated without (control, white bars) or with
0.4 mmol/l palmitate (black bars) for 24 h and the expression of 106 of
the 189 FOXO1 target genes was examined by quantitative PCR. Values
here are for ten of the above genes. (b) The expression of nine of the ten
genes in primary pancreatic islets from db/db mice. Approximately 200

islets were isolated from 4-week-old (white bars), 8-week-old (grey bars)
and 12-week-old (black bars) db/db mice and the corresponding normal
control mice, respectively. Expression of nine of the ten genes was
examined by quantitative PCR. Values (a, b) are means ± SEM and
representative of three (a) or more than three (b) separate experiments;
β-actin was used as internal control; *p<0.05 and **p<0.01 vs control or
normal control mice. A930, A930038C07Rik
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obtain effective silencing of A930038C07Rik, even though
several pairs of siRNA fragments for A930038C07Rik
were synthesised (data not shown). On the other hand,
as overproduction of PPA1 should partially protect MIN6
cells from palmitate-induced apoptosis (Fig. 5a, b), we
further determined apoptosis in MIN6 cells with silencing

of Ppa1 (Fig. 6a, b). Our results showed that interference of
PPA1 production significantly increased palmitate-induced ap-
optosis in MIN6 cells (Fig. 6c). Surprisingly, the silencing of
Ppa1 resulted in obvious apoptosis without palmitate treat-
ment, suggesting an essential role of PPA1 in MIN6 cell
survival.

Fig. 4 The binding of FOXO1 to and its regulation of target genes
were verified through ChIP-PCR, luciferase assay and real-time PCR
in MIN6 cells. (a) ChIP-PCR determined FOXO1 binding to the
promoter elements of eight of ten genes whose expression significantly
changed after incubation with palmitate. Input chromatin from control
and immunoprecipitated DNA was PCR-amplified using primers spe-
cific to suspected FOXO1 target regions (ESM Table 1). Sequence
enrichment in immunoprecipitated DNA from antibody (Ab, anti-
FOXO1 serum) vs IgG chromatin indicated FOXO1 binding within
the genomic region. Each experiment was repeated at least three times.
Results shown were reproducible for all targets. (b) FOXO1 protein
levels and fold changes were determined in the cells co-transfected
with pCMV5-FOXO1, or infected with (c) AD-siFoxo1 and (d) (CA)-
Foxo1 ADA. (e) MIN6 cells were plated in 24-well plates 24 h before
co-transfection with pCMV5-MYC or pCMV5-FOXO1, luciferase

reporter plasmids and the plasmid expressing the gene encoding
β-galactosidase (internal control). After 24 h, cells were collected for
luciferase reporter assays. The luciferase fold change is given as the
ratio of the relative luciferase activity obtained from co-transfection
with pCMV-FOXO1 vs that obtained with pCMV-MYC. The plasmid
containing six copies of DBE p6xDBE-luc was used as positive con-
trol. Values are representative of more than three separate experiments.
(f) The mRNA expression of the genes shown was determined after
infection with AD-siFoxo1 and (g) (CA)-Foxo1 ADA adenovirus for
24 h using quantitative PCR. Values (b–d, f–g) are represented as
means ± SEM of three or (e) more than three separate experiments;
*p<0.05 and **p<0.01 compared with corresponding controls co-
transfected with pCMV-MYC (e) or (f, g) infected with control adeno-
virus. A930, A930038C07Rik
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Discussion

In the present study, we identified for the first time 189 direct
targets of the transcription factor, FOXO1, in the pancreatic
beta cell line MIN6 using ChIP–DSL technology. The tran-
scriptional levels of 106 targets were examined after incuba-
tion with palmitate for 24 h and ten of these targets were
significantly altered. Of these ten genes, six were significantly
upregulated, while four were downregulated. The ChIP-PCR
assay revealed that eight of the ten targets were directly bound
to FOXO1. The expression of nine of the ten genes was further
examined in primary islets from 4-, 8- and 12-week-old db/db
mice; the results showed that: (1) Pltp was gradually upregu-
lated with age; (2) A930038C07Rik and Mapt were sig-
nificantly downregulated; and (3) Ppa1was upregulated in 8-
week-old mice. TUNEL and pycnotic nuclei assays revealed
that the overproduction of A930038C07Rik significantly

enhanced palmitate-induced apoptosis in MIN6 cells and that
PPA1 partially protected cells from apoptosis.

In pancreatic beta cells, the roles of the transcription
factor, FOXO1, have something of a double-edged sword.
On the one hand, FOXO1 is integrally involved in PGE2-
[16, 17] and DEX-induced [18] islet dysfunction, and
palmitate-induced apoptosis [19], and also was able to in-
hibit beta cell proliferation via suppression of Pdx1 tran-
scription [15]. On the other hand, FOXO1 protects beta cells
from oxidative stress by forming a complex with the pro-
myelocytic leukaemia protein (PML) and the NAD-
dependent deacetylase sirtuin-1 isoform 2 (SIRT1) to acti-
vate production of neurogenic differentiation factor 1
(NEUROD) and MAFA [30]. In this study, we obtained a
promoter microarray of FOXO1 using ChIP–DSL technol-
ogy. The FOXO1 target genes are involved in various bio-
logical processes such as metabolism, growth, transport,
protein biosynthesis and proteolysis, transcription, apopto-
sis, signal transduction, RNA splicing, and DNA replication
and repair. The identification of FOXO1 targets will help
understand the detailed functions of FOXO1 in different
signalling pathways.

ChIP coupled with microarray is a powerful tool to deter-
mine the in vivo binding profile of transcription factors and

Fig. 5 Effect of A930038C07Rik and PPA1 on palmitate-induced
apoptosis in MIN6 cells. MIN6 cells were transiently transfected with
the pCMV5-MYC vector, pCMV5-FOXO1, and the A930038C07Rik
and PPA1 overproduction plasmids, or pEGFP-N2, A930-GFP and
PPA1-GFP. After 24 h, cells were incubated with 0.4 mmol/l palmitate
for another 72 h. (a) The number of TUNEL-positive cells was deter-
mined and divided by the total number of cells stained by Hoechst.
About 2,000 cells were scored for each group in one experiment. (b)
The cells that displayed pycnotic nuclei and were simultaneously GFP-
positive were counted, and about 200 cells were scored in one exper-
iment. Values are means ± SEM and representative of three separate
experiments; *p<0.05 and **p<0.01 vs the corresponding control

Fig. 6 Silencing of Ppa1 significantly increased palmitate-induced
apoptosis. (a) The 293 cells were co-transfected with overproduction
plasmid PPA1-GFP and Ppa1 siRNAs (siPpa1) or control siRNAs
(siNC) respectively. After 24 h, green fluorescence was examined
using fluorescence microscopy. Images are representative of three
independent experiments. (b) MIN6 cells were transiently transfected
without (white bars) or with siRNAs (black bars). After 24 h, mRNA
expression of Ppa1 was determined by quantitative PCR. (c) MIN6
cells were transiently transfected with siNC (white bars) or si-Ppa1-2
(black bars) for 24 h and then incubated with 0.4 mmol/l palmitate for
another 72 h, followed by staining with Hoechst. Apoptosis was
determined by scoring cells displaying pycnotic nuclei. About 2,000
cells were scored for each group in one experiment. Values are means ±
SEM and representative of three separate experiments; *p<0.05 and
**p<0.01 vs (b) the corresponding control or (c) compared with
controls transfected with siNC
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thus deduce regulatory circuits in mammalian cells. In contrast
to conventional ChIP-on-chip, the ChIP–DSLmethod involves
the use of DSL, permitting robust analysis with consider-
ably fewer materials, and higher specificity and sensitivity
[20]. The chip analysis identified several genes that have
previously been suggested or found to be FOXO1 targets,
e.g. Ddit3 [31], Mttp [36], Ikbkap [33], p27 [32] etc. This
suggests that the microarray analysis identified putative and
relevant direct downstream targets of FOXO1. Moreover,
the ChIP-PCR results revealed that eight of the ten genes
were directly bound to FOXO1, confirming the credibility
and specificity of the microarray analysis results. The lu-
ciferase assay also verified the regulatory effect of FOXO1
on its target genes.

In primary islets from 4-, 8- and 12-week-old diabetic db/
db mice, the expression of Pltp gradually increased with
age. Plasma phospholipid transfer protein (PLTP) is a lipid
transfer glycoprotein that transfers and binds to a number of
amphipathic compounds. The amount and activity of PLTP
have been reported to be abnormally elevated in type 2
diabetes mellitus and insulin-resistant conditions, a devel-
opment frequently associated with hypertriacylglycerolae-
mia and obesity [39]. In this study, we report for the first
time that FOXO1 binds to the promoter element of Pltp, but
the roles of FOXO1 in PLTP activity remain to be studied.
The expression of A930038C07Rik was significantly de-
creased in 8-week-old mice and increased in 12-week-old
mice, while Ppa1 was significantly increased in 8-week-old
mice and returned to normal levels in 12-week-old mice.
A930038C07Rik encodes a hypothetical protein that has
been reported to be a downstream target of T-cell leukaemia
homeobox protein 1 (HOX11) function in the developing
kidney [40]. The apoptosis assay in MIN6 cells revealed that
overproduction of A930038C07Rik drastically enhanced
palmitate-induced apoptosis. However, we were unable to
obtain effective siRNA fragments for A930038C07Rik and
the lack of a commercial antibody for A930038C07Rik also
created difficulties during further analysis. PPA1, a cyto-
plasmic pyrophosphatase, was found to be required for cell
growth in yeast [41] and was reported to be essential for life
through provision of a thermodynamic pull for biosynthetic
reactions [42]. In this study, we found that overproduction
of PPA1 partially reduced palmitate-induced cell apoptosis,
while silencing of Ppa1 significantly increased MIN6 cell
apoptosis in the presence or absence of palmitate, thus
indicating the important role of PPA1 in cell survival.
PPA1 is an essential enzyme for controlling cellular levels
of inorganic pyrophosphate (PPi) [43], and silencing of
Ppa1 might result in increased PPi in cells. Indeed, abnor-
mal cellular PPi production has been reported to be associ-
ated with disease [44]; however, the question of whether

increased PPi is responsible for MIN6 cell apoptosis has yet
to be answered. Our study is the first to report on the
functions of A930038C07Rik and PPA1 in pancreatic beta
cell apoptosis.

In summary, we have, for the first time, successfully
identified the direct targets of FOXO1 in pancreatic MIN6
cells treated with palmitate. Further comprehensive sorting
and characterisation of these downstream targets will lead to
a better understanding of the contribution of FOXO1 sig-
nalling pathways to the proliferation and apoptosis of pan-
creatic beta cells in the development of type 2 diabetes
mellitus. Our findings also suggest that ten target genes of
FOXO1 are involved in the signalling pathway of palmitate-
induced apoptosis. In addition, the roles of A930038C07Rik
and PPA1 in beta cell apoptosis have been identified for the
first time. Overall, our results provide a useful insight into
the mechanism of palmitate-induced apoptosis in pancreatic
beta cells.
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