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Abstract

Transcription factor FoxO1 is a key regulator of the insulin-signaling pathway, and is

reported to play important roles in pancreatic β cell differentiation, proliferation, apoptosis

and stress resistance. The multifunctional nature of FoxO1 is due to its regulation of various

downstream targets. Previous studies in our lab identified potential FoxO1 target genes

using the ChIP-DSL technique and one of those genes, Pdcd2l, was selected for further

study. We found that the expression of Pdcd2l was increased with palmitate treatment; the

luciferase assay result revealed that enhanced Pdcd2l promoter activity was responsible for

the elevation of Pdcd2l expression. ChIP-PCR was performed to confirm the combination of

FoxO1 to Pdcd2l promoter, result showing that FoxO1 could bind to Pdcd2l promoter and

this binding was further enhanced after palmitate treatment. Overexpression of FoxO1 sig-

nificantly induced Pdcd2l promoter activity, leading to increased mRNA level; consistently,

interference of FoxO1 abolished the increment of Pdcd2l gene expression triggered by pal-

mitate treatment. In addition, overexpression of Pdcd2l could further increase the percent-

age of apoptotic cells induced by palmitate incubation, whilst interference of Pdcd2l partially

reversed the palmitate-induced apoptosis together with activated Caspase-3, indicating that

the latter may play a part in this process. Therefore, in this study, we confirmed the binding

of FoxO1 to the Pdcd2l gene promoter and studied the role of Pdcd2l in β cells for the first

time. Our results suggested that FoxO1 may exert its activity partially through the regulation

of Pdcd2l in palmitate-induced β cell apoptosis and could help to clarify the molecular mech-

anisms of β cell failure in type 2 diabetes.

Introduction

Type 2 diabetes mellitus is a metabolic disease characterized by hyperglycemia, and is caused by

a combination of genetic and environmental factors [1, 2]. The prevalence of diabetes has been

continuously growing for the last few decades, and is becoming a worldwide epidemic [3].

Increased dietary fat intake and decreased daily physical activities are contributing to the boom

in obesity, which is well known as being associated with the development of diabetes [4, 5].
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Elevated plasma free fatty acid (FFA) often occurs in people with obesity, especially those

with central obesity [6, 7]. Circulating FFA is known to have important physiological func-

tions; it can be utilized by many tissues to yield large quantities of ATP. However, many stud-

ies have also suggested that an overabundance of circulating fatty acids can cause many

adverse metabolic effects, most notably insulin resistance [8]. However, insulin resistance will

not lead to the onset of type 2 diabetes unless it is accompanied by pancreatic β cell failure, as

β-cells can respond by upregulating insulin secretion to maintain normoglycemia when insu-

lin resistance occurs, a process known as β-cell compensation [9]. Increased nutrient supply,

especially of FFA, is widely suggested as the main cause of compensatory β cell mass expansion

observed in obese people [10, 11]. However, sustaining enhanced circulating FFA may aggra-

vate insulin resistance and the chronic compensation process may promote β cell dysfunction,

eventually leading to the development of type 2 diabetes [9, 12]. Chronically elevated FFA lev-

els can also have direct negative effects on pancreatic β-cells through lipotoxicity. Long-term

exposure of pancreatic islets to saturated FFA has been reported to impair not only proinsulin

synthesis, but also insulin storage and secretion, and will lead to β cell apoptosis [13, 14].

Although many factors and signaling pathways have been suggested as being involved in satu-

rated FFA-induced β cell dysfunction and apoptosis, the precise mechanisms are not fully

understood.

The transcription factor FoxO1 has been reported to be a key regulator in the insulin-sig-

naling pathway, and plays an important role in β cell function and survival. Four FoxO iso-

forms: FoxO1, FoxO3, FoxO4, and FoxO6 have been identified in mammalian cells; of these,

FoxO1 is the most abundant, existing in the liver, adipose tissue, and β cells [15]. FoxO1 can

be phosphorylated by kinases including AKT, JNKs, NF-κB, and CDK2, promoting the trans-

location from nucleus to cytoplasm and leading to the inactivation of FoxO1 [16, 17]. FoxO1 is

a multifunction protein which has been reported to regulate metabolism, apoptosis, autophagy

and cellular proliferation in various tissues [18]. FoxO1 regulates the differentiation of muscle

cells and adipocytes, and also plays an important role in lipid and glucose metabolism in the

liver [19–21].

A series of studies also suggested that FoxO1 has a central role in β cell differentiation, stress

resistance, proliferation, and apoptosis. FoxO1 is broadly expressed in the pancreatic epithe-

lium of the early mouse embryo, but is subsequently restricted in endocrine cells, and finally

limited in β cells during pancreatic organogenesis [22]. Studies have shown that FoxO1 may

negatively control β cell differentiation by regulating key transcriptional factors, including

NGN-3 and NKX6-1, and siRNA knockdown of FoxO1 significantly increases insulin gene

expression [23]. Ablation of FoxO1 in Nuerog3+ enteroendocrine progenitor cells can cause

gut Ins+ cells to secrete insulin in response to glucose; and inducible ablation of FoxO1 in

adult mice also resulted in generation of gut Ins+ cells, indicating that active FoxO1 is essential

for preventing the differentiation of enteroendocine cells into β cells [24]. FoxO1 also plays an

important role in β cell proliferation and apoptosis; it can inhibit β cell proliferation through

negative regulation of PDX-1 transcription and activity. First, FoxO1 can compete with

FoxA2, the positive regulator of PDX-1, for binding to the Pdx-1 promoter; second, the

nuclear translocation of FoxO1 is prone to exclude PDX-1 from the nuclei [25]. FoxO1 has

also been reported to prevent compensational β cell mass in insulin resistance. Constitutive

nuclear expression of FoxO1 in both pancreatic ductal and endocrine β cells inhibits β cell rep-

lication without affecting insulin secretion [26]. Although FoxO1 plays a negative role in β cell

replication and neogenesis, it is also required to maintain β-cell function and identity under

increased metabolic stress. Mice with FoxO1 ablation in β cells exhibited hyperglycemia with a

loss of β cell mass, due to β cell dedifferentiation following physical stress [27]. Overexpression

of FoxO1 has been reported to act against hyperglycemia-induced oxidative stress, and prevent
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β cell replication in an insulin-resistant state through decreasing glucose utilization and insulin

secretion, a process known as “metabolic diapause” [28]. Additionally, β-cell-specific knockout

FoxO1 in db/db mice showed more severe glucose intolerance compared with control db/db
mice, indicating the protective effect of FoxO1 in β cells [29]. Therefore, FoxO1 can perform

different activities in response to various stimulations in β cells. The multifunctional roles of

FoxO1 are probably due to its involvement in various signaling pathways. However, current

studies are mainly focused on the function and regulators of FoxO1; future studies should be

designed to explore the target genes regulated by FoxO1 in β cells.

Pdcd2l (programmed cell death 2-like) has the same C terminal domain as Pdcd2, which is

a highly conserved eukaryotic protein with undefined function. Previous studies suggested

that Pdcd2 may play an important role in cell proliferation and differentiation [30, 31]. How-

ever, little is known about Pdcd2l since there is very few study about this protein.

Previously, we used ChIP-DSL technique to search FoxO1 targets on palmitate-induced β
cell apoptosis model. The results showed that the binding of FoxO1 to promoters of multiple

genes changed in palmitate-induced apoptotic β cells, indicating that these genes may act as

downstream targets of FoxO1 during cell apoptosis [32], and Pdcd2l was one of these target

genes. In this study, we have further determined the regulation of FoxO1 on Pdcd2l expression

and explored the role of Pdcd2l on palmitate-induced β cell apoptosis.

Materials and Method

Reagents

Fatty acid-free bovine serum albumin (BSA; fraction V), palmitic acid, Propidium iodide (PI)

and Hochest-33342 were purchased from Sigma-Aldrich (St Louis, MO, USA). High-glucose

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were obtained

from Invitrogen Life Technologies (Grand Island, NY, USA). The Luciferase Assay System was

obtained from Promega (Madison, WI, USA). Antibodies used in this study were listed in

Antibody Table (S1 Table).

Islet isolation and cell culture

All animal studies were performed according to the Principles of Laboratory Animal Care

established by the National Institutes of Health. All experiments were approved by the

Research Animal Care Committee of Nanjing Medical University. Male Sprague-Dawley rats

(200–250 g, purchased from the Animal Center of Nanjing Medical University, Nanjing,

China) were used in the study. Islet isolation and culturing techniques have been described

previously [33]. Freshly isolated islets were transferred to sterile six-well plates, and cultured in

DMEM containing 11.1 mM glucose supplemented with 10% FBS. The islets were allowed to

equilibrate for three h, after which they were counted and middle-sized islets with intact cap-

sule were repacked into six well plates and cultured overnight at 37˚C for further study. MIN6

cells (passages 20–30) were grown in a DMEM medium containing 15% FBS, 25 mM glucose,

50 μM 2-mercaptoethanol, 100 U/ml penicillin, and 100 μg/ml streptomycin [34]. INS-1 cells

were grown in a DMEM medium containing 10% FBS, 11.1 mM glucose, 50 μM 2-mercap-

toethanol, 100 U/ml penicillin, and 100 μg/ml streptomycin.

Dissolution of palmitic acid

The 0.4 mmol/l fatty acid media was prepared as previously described, with slight modification

[35, 36]. Briefly, palmitate was dissolved in ethanol at a final concentration of 0.2mol/l. The

solution could be stored at –20˚C for months. Before treatment of β cells, an appropriate
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amount of palmitate was incubated with 10% BSA at 37˚C for 1–2 h, and an equal volume of

ethanol was incubated with BSA as a control. The final concentration of BSA in the medium

was 0.5% and the percentage of ethanol was less than 0.2%. The approximate molar ratio of

fatty acids to BSA was 6:1, with 0.4 mmol/l palmitate.

Real-time RT-PCR assay

The total RNA was extracted using a Trizol reagent. First-strand cDNA synthesis was per-

formed using 1 μg of total RNA and an avian myeloblastosis virus reverse transcription system.

The primers were designed using primer express software (Applied Biosystems, Foster City,

CA, USA). Real-time quantitative PCR was performed using the SYBR Green PCR Master Mix

and ABI Prism 7000 Sequence Detection System (Applied Biosystems). All data was analyzed

using the expression of the gene encoding β-actin as a reference. Specific primers are listed in

Table 1.

Western blot analysis

INS-1 cells and isolated rat islets were lysed with an ice-cold lysis buffer containing 50 mmol/l

Tris-HCl, pH 7.4; 1% NP-40; 150 mmol/l NaCl; 1 mmol/l EDTA; 1 mmol/l phenylmethylsul-

phonyl fluoride; and a complete proteinase inhibitor mixture (one tablet per 10 ml; Roche

Molecular Biochemicals, Indianapolis, IN, USA). After protein content determination using a

DC protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA), western blotting was per-

formed as described previously [37].

Apoptosis analysis

Rat islets were plated on glass coverslips within the wells of 24-well plates, and incubated with

the control or 0.4 mM palmitate for 48 h in a serum-free medium. The cells were then fixed

and permeabilized, and a TUNEL assay was performed according to the manufacturer’s

instructions (In Situ Cell Death Detection Kit, AP, Roche) [38]. To assess the role of Pdcd2l in

palmitate-induced apoptosis, plasmids or siRNA were transfected into INS-1 cells grown on

glass coverslips within the wells of 24-well plates, using the NanoJuice™ transfection kit. Eigh-

teen hours after transfection, cells were treated with 0.2 mM palmitate for another 24 h, and

then stained with Hoechst 33342 and propidium iodide before being observed under an

inverted fluorescence microscope [39, 40]. Cell apoptosis was determined by counting PI-posi-

tive cells against Hoechst-positive cells. Apoptotic cells were counted in three different fields

under 100× vision in each well, in three independent experiments.

Table 1. The primers used in Q-PCR.

Gene name Gene ID Primers

β-actin (rat) NM_031144 Forward: GAACACGGCATTGTCACCAACT

Reverse: GCCTGGATGGCTACGTACATG

β-actin (mouse) NM_007393 Forward:GACCTCTATGCCAACACAGTGCT

Reverse:ACCGATCCACACAGAGTACTTGC

Pdcd2l (rat) NM_001109544 Forward: TTGCCGCTGAGAACTGGTGT

Reverse: GCAGGTGAAGAGCTTGGAGCTT

Pdcd2l (mouse) NM_026549 Forward: TTCGTGGAGTGGAGAGCCTCT

Reverse:AAGACCTAGATTAGCACTGCTGAGCAT

FoxO1 (rat) NM_001191846 Forward: CGGAGATACCTTGGATTTTAACTTTG

Reverse: GGTGAAGGGCATCTTTGGACT

doi:10.1371/journal.pone.0166692.t001
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Plasmid construction

A luciferase reporter construct, containing a Pdcd2l promoter, was prepared using the

pGL3-promoter vector (Promega). The promoter fragments, which were about 1.5 kb in

length before transcription start site of Pdcd2l, were amplified by PCR using the primers

listed below (including the sites of restriction enzymes): forward, 5’-TAAGATCTGTCC

CAGCATTTGGAAAGTAGT-3’; reverse, 5’- AATAAAGCTTACAACTGGGTTCTCCA

CG -3’. PCR products were then digested with BglII/HindIII, cloned into the corresponding

sites of the pGL3-basic vector, and further confirmed by sequencing. Overproduction

plasmids producing Pdcd2l were obtained by cloning the coding sequence (CDS) into

pcDNA3.0 with HindIII and EcoRV, using primers: forward, 5’- CCCAAGCTTATGGC

GGCCGTCAGGAA -3’; reverse, 5’-GCGCGGGATATCCTACTTAAATAAAAATGCAT

CTGGGTC-3’. The FoxO1 overexpression plasmids (pCMV5-FoxO1) were obtained from

our laboratory stock.

Transient transfection and luciferase reporter assay

INS-1 cells were plated in 24-well plates 24 h before transfection. At 60–70% confluence, each

well was transiently transfected with 200 ng pCMV5-FoxO1, 200 ng luciferase reporter plas-

mid, and 100 ng plasmid expressing the gene-encoding β-galactosidase as internal control,

using a NanoJuice™ transfection kit reagent (Merck KGaA, Darmstadt, Germany) according to

the manufacturer’s instructions. The cells were then incubated and harvested for luciferase

reporter assays. Luciferase activity was determined as previously described [41].

Preparation and infection of adenoviruses

The adenoviruses of the FoxO1-specific small interfering RNA Ad-siFoxO1 were obtained

from our laboratory stock. The sequence and preparations have previously been described in

detail [42, 43]. INS-1 cells were inoculated on 3.5 cm plates for 24 h before being infected with

adenoviruses at an infection multiplicity of 200. Two hours after infection, the cells were cul-

tured in a fresh medium for 18 h and then treated with or without 0.2 mM palmitate for

another 24 h before being harvested for total RNA isolation.

Silencing of Pdcd2l by RNA interference

The Pdcd2l-specific small interfering RNA (siPdcd2l) and control siRNA were designed and

synthesized by Ribobio (Guangzhou, China). The sequence of the designed siRNA fragment

was as follows: siPdcd2l, 5’- GCUCAACAGUACUAAUCUA dTdT -3’. INS-1 cells were trans-

fected with 100 nM siRNA using a NanoJuice™ transfection kit reagent.

ChIP-PCR assays

Four 10-cm plates containing INS-1 or Min6 cells were incubated with either control or 0.4

mM palmitate for 12 h and a ChIP assay was performed using the Chromatin Immunoprecipi-

tation Assay kit (Upstate Biotechnology, Lake Placid, NY) according to the manufacturer’s

protocol; details have been described previously [32]. The primers used are as follows: rat, for-

ward, 5’- TTGATCCAGTCCCAATTTCAG -3’; reverse, 5’- AGTACCAGGAACACACACG

GT -3’; mouse, forward, 5’- GGCTTATAATTTCCGGTCATGAT -3’; reverse, 5’- CCCAGCT

CTGGCTTGAGAGT-3’.
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Statistical analysis

Comparisons were performed using students’ t tests for both groups. Data was presented as

mean ± SEM. P values of less than 0.05 were considered statistically significant, and are pro-

vided in the figures.

Results

Treatment of palmitate increased Pdcd2l mRNA expression and protein

level in pancreatic β cells

INS-1 cells were incubated with different concentrations of palmitate for 48 h. As shown in the

results, the mRNA expression of Pdcd2l increased dose dependently with the treatment of pal-

mitate (Fig 1A); the protein level of Pdcd2l was also enhanced, as shown in Fig 1B. To further

verify the effect of palmitate treatment on Pdcd2l expression, the mRNA level of Pdcd2l in

MIN6 cells and primary rat islets was also detected; similar results were observed, as shown in

Fig 1C and 1D.

Fig 1. Treatment of Palmitate dose-dependently increased the mRNA level and protein level of Pdcd2l in β cells. INS-1 cells were treated with

indicated dose of palmitate for 24 h, Pdcd2l mRNA level was detected by Q-PCR(A) and protein level was analyzed by western blot (B). MIN6 cells (C) and

primary rat islets (D) were incubated with indicated concentrations of palmitate for 48 h, and the mRNA levels were detected by Q-PCR. Data shown are

means±SEM and representative of three separate experiments. *, p<0.05 compared with control; **, p<0.01 compared with control.

doi:10.1371/journal.pone.0166692.g001
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Treatment of palmitate induced β-cell apoptosis in a dose-dependent

manner

Prolonged exposure to palmitate could have a deleterious impact on beta cell function and sur-

vival. Cell apoptosis was assessed with the treatment of 0.1, 0.2, or 0.4 mM palmitate for 24 h

in a serum-free medium. Hoechst and PI staining results indicated that cell apoptosis was

markedly increased dose dependently as shown in Fig 2A and 2B. Given that activated caspases

Fig 2. Treatment of Palmitate induced cell apoptosis dose-dependently. A: INS-1 cells were incubated with indicated concentration of palmitate for 24 h,

cell apoptosis was detected by PI staining. PI-positive cells (red) indicate apoptotic cells and Hoechst-positive cells (blue) indicate live cells. Images shown

here are representatives of three independent experiments. Scale bar, 20 μm. B: Quantification of the percentage of PI-positive INS-1 cells treated with

palmitate. C: INS-1 cells were incubated with palmitate for 24 h, and expression of cleaved Caspase-3 was detected by western blot. Data shown are means

±SEM and representative of three separate experiments. *, p<0.05 compared with control; **, p<0.01 compared with control.

doi:10.1371/journal.pone.0166692.g002
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play a crucial role in cell apoptosis, cleaved caspase-3 was also detected after palmitate treat-

ment. As shown in Fig 2C, caspase-3 activity was also increased with palmitate incubation.

Palmitate induced Pdcd2l mRNA expression through enhancement of its

transcriptional efficiency

The above results suggest that treatment by palmitate increases Pdcd2l’s protein levels by up-

regulating the gene expression. Based on this, we investigated whether palmitate induced

Pdcd2l expression by increasing its transcriptional efficiency. INS-1 cells were transfected with

a luciferase reporter plasmid containing a Pdcd2l promoter, and then treated with 0.2 mM pal-

mitate. Pdcd2l’s transcriptional activity was examined by luciferase assay at various time

points. As shown in Fig 3A, Pdcd2l’s promoter activity increased significantly with palmitate

treatment, reaching a peak at six hours. In addition, Pdcd2l’s mRNA level showed continuous

increments at the above time points, as shown in Fig 3B.

Palmitate induced binding of FoxO1 to the Pdcd2l promoter to increase

the latter’s activity

Previous studies in our lab had reported an increased FoxO1 expression with palmitate treat-

ment, and found that the FoxO1 increment might be involved in palmitate-induced β-cell apo-

ptosis. In addition, in our previous research, the ChIP-DSL technique was used to identify

possible target genes of FoxO1 under palmitate treatment. The results suggested that Pdcd2l is

one of the target genes of FoxO1, and may play an important role during palmitate-induced

β-cell apoptosis. Therefore, we first verified the specific binding of FoxO1 to the Pdcd2l pro-

moter using ChIP-PCR. As shown in Fig 4A, FoxO1 can indeed bind to the Pdcd2l promoter

and the binding was significantly increased after palmitate treatment, which indicated that

FoxO1 may participate in palmitate-induced β-cell apoptosis through up-regulation of Pdcd2l

expression. To rule out the possible influence of different pancreatic β cell lines, the same

experiment was performed on the Min6 cell line, and similar results were obtained, as shown

in Fig 4B.

FoxO1 is involved in palmitate-induced Pdcd2l expression

To further confirm the regulation of FoxO1 on Pdcd2l, we detected the effect of FoxO1

over-expression or interference on Pdcd2l expression. INS-1 cells were transfected with

pCMV5-FoxO1 and pGL3-Pdcd2l; the luciferase assay result suggested that overexpression of

FoxO1 significantly enhanced Pdcd2l’s promoter activity (Fig 5A). In addition, Pdcd2l’s

mRNA expression was also upregulated after FoxO1 overexpression, as shown in Fig 5B. We

also assessed whether interference of FoxO1 can reverse a palmitate-induced Pdcd2l incre-

ment. As shown in Fig 5C and 5D, increased Pdcd2l expression, caused by palmitate treat-

ment, can be reversed by FoxO1 interference. The above results suggest that the participation

of FoxO1 is essential for a palmitate-induced Pdcd2l increment.

Pdcd2l participates in palmitate-induced β-cell apoptosis

FoxO1 is known as a key regulator in palmitate-induced β-cell apoptosis; it may exert activity

through the regulation of different target genes. Our results showed that palmitate treatment

increased the binding of FoxO1 to the Pdcd2l promoter, and further increased Pdcd2l’s pro-

tein level, suggesting that Pdcd2l may play an important role in palmitate-induced cell apopto-

sis as a FoxO1 target gene. Therefore, we further evaluated the direct effect of Pdcd2l on

palmitate-associated cell apoptosis. As shown in Fig 6H and 6I, overexpression of Pdcd2l
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increased palmitate-induced β-cell apoptosis; the same tendency was observed with FoxO1

overproduction. Moreover, we further determined cell apoptosis after Pdcd2l interference. As

shown in the results, silencing of Pdcd2l reduced the proportion of apoptotic cells and partially

protected cells against palmitate-induced β-cell apoptosis (Fig 6B and 6C). To further verify

this result, primary rat islets were isolated and incubated with palmitate; the same tendency

was observed in primary rat islets with Pdcd2l interference, as shown in Fig 6F. The above

results reveal that increased Pdcd2l expression participates in palmitate-induced β-cell

Fig 3. Treatment of Palmitate enhanced Pdcd2l promoter activity and gene expression time-dependently. A: INS-1 cells were

transfected with pGL3-Pdcd2l luciferase reporter plasmid for 18 h and then exposure to 0.2 mol/L palmitate, cells were collected at

indicated time points for luciferase reporter assays. B: INS-1 cells were incubated with 0.2 mol/L palmitae for indicated time points and

gene expression was detected by Q-PCR. Data shown are means±SEM and representative of three separate experiments. *, p<0.05

compared with control; **, p<0.01 compared with control.

doi:10.1371/journal.pone.0166692.g003
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apoptosis. This finding leads us to further explore how Pdcd2l regulates cell apoptosis. Cas-

pase-3 activation is involved in the palmitate-induced cell apoptosis progress (Fig 2C), so we

further detected whether activated Caspase-3 also participates in Pdcd2l-mediated β-cell apo-

ptosis. As shown in Fig 6G, palmitate treatment increased the cleaved Caspase-3 expression;

the increment can be reversed by silencing Pdcd2l.

Fig 4. Treatment of Palmitate further increased the binding of FoxO1 to Pdcd2l promoter. INS-1 cells (A) and MIN6 cells (B) were treated with 0.4

mol/L palmitate for 12 h, and then cells were collected for ChIP-PCR. Input chromatin from control and immunoprecipitated DNA was PCR-amplified

using primers specific to suspected FOXO1 target regions. Sequence enrichment in immunoprecipitated DNA from antibody (Ab, anti-FOXO1 serum) vs

IgG chromatin indicated FOXO1 binding within the genomic region. Results shown here are representatives for three independent experiments.

doi:10.1371/journal.pone.0166692.g004
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Discussion

Transcription factor FoxO1 plays an important role in palmitate-induced β-cell apoptosis.

Activation of FoxO1 has been identified as essential in this process, and inhibition of FoxO1

can effectively protect β-cells from palmitate-induced lipotoxicity [44]. Previous studies in our

lab reported that FoxO1 activation was involved in PEG2- and Dex-induced pancreatic β-cell

dysfunction, while the interference of FoxO1 significantly improved insulin secretion in β cells

[37, 42, 43]. However, there are also studies suggest that FoxO1 can protect β-cells from gluco-

toxicity-induced oxidative stress by increasing the production of NeuroD and MafA, two

important transcription factors controlling insulin2 gene expression [45]. Therefore, FoxO1

can exert opposite activities in β-cell survival and function by regulating different target genes;

known about the downstream genes of FoxO1 during this process would help us to better

understand the role of FoxO1 in β cell survival. However, current reports are mainly focused

on the activation process and upstream regulators of FoxO1; little is known about the down-

stream genes regulated by FoxO1 in β cells.

Previous studies in our lab had identified FoxO1 target genes by ChIP-DSL in MIN6 cells

treated with palmitate [32]. Pdcd2l, one of FoxO1 target genes according to the results, was

selected for further study. We first determined the binding of FoxO1 on the Pdcd2l promoter

using ChIP-PCR. The results showed that FoxO1 can bind to the promoter of Pdcd2l, and this

Fig 5. Regulation of FoxO1 on Pdcd2l promoter activity and gene expression. A: INS-1 cells were co-transfected with pGL3-Pdcd2l luciferase reporter

plasmid and pCMV5 or pCMV5-FoxO1 plasmid for 24 h, and then cells were harvested for luciferase reporter assays. B: INS-1 cells were transfected with

pCMV5 or pCMV5-FoxO1 for 48 h and then Pdcd2l gene expression was detected by Q-PCR. C and D: INS-1 cells were infected with Ad-siGFP or Ad-

siFoxO1 for 18 h and then incubated with or without 0.2 mol/L palmitate for another 24 h, after which gene expression of FoxO1 (C) and Pdcd2l (D) were

measured by Q-PCR. Data shown are means±SEM and representative of three separate experiments. *, p<0.05 compared with control; **, p<0.01

compared with control.

doi:10.1371/journal.pone.0166692.g005
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binding was further increased after palmitate incubation (Fig 4A). Additionally, the binding of

FoxO1 to the Pdcd2l promoter was further verified by EMSA, and similar results were

observed (data not shown). Therefore, this result demonstrated that increased binding of

FoxO1 to the Pdcd2l promoter is responsible for the enhanced Pdcd2l luciferase activity and

mRNA expression that we observed (Fig 3). Moreover, interference of FoxO1 can totally

reverse the increment of Pdcd2l that is induced by palmitate treatment (Fig 5). This result fur-

ther supports our finding that FoxO1 upregulates Pdcd2l expression in β-cells after palmitate

incubation. As shown in the result, overexpression of FoxO1 further elevated palmitate caused

β-cell apoptosis, while it has little effect on untreated INS-1 cells; a similar tendency was

observed with Pdcd2l overexpression. Interference of Pdcd2l can also partially reverse

Fig 6. Effect of Pdcd2l in palmitate induced β cell apoptosis. A-G: Silencing of Pdcd2l partially reversed cell apoptosis caused by palmitate incubation.

INS-1 cells were transiently transfected with Control-siRNA or si-Pdcd2l for 18 h, and then were incubated with or without 0.2 mol/L palmitate for another 24 h.

A: Representative western blot and densitometric analysis of Pdcd2l relative to tubulin. B: Cell apoptosis was detected by PI staining. PI-positive cells (red)

indicate apoptotic cells and Hoechst-positive cells (blue) indicate live cells. Scale bar, 20 μm. C: Apoptotic rate was calculated by counting PI-positive cells

verse Hoechst-positive cells. G: Representative western blot and densitometric analysis of Pdcd2l and cleaved Caspase-3 relative to tubulin. D: Primary rat

islets were isolated and cultured in vitro, and then transfected with Cy3-NControl (fluorescence-labeled siRNA) for 48 h to confirm the transfection efficiency.

Scale bar, 100 μm. Islets were transfected with Control-siRNA or si-Pdcd2l for 24 h, and then were treated with or without 0.4 mol/L palmitate for another 48 h.

E: Representative western blot and densitometric analysis of Pdcd2l relative to tubulin. F: Cell apoptosis was detected by TUNEL staining. TUNEL-positive cells

(green) indicate apoptotic cells and Hoechst/Insulin double positive cells indicate live β cells. Scale bar, 20 μm. H and I: Overexpression of FoxO1 or Pdcd2l

further increased cell apoptosis caused by palmitate treatment. INS-1 cells were transiently transfected with pCMV5 or pCMV5-FoxO1 or pcDNA3.0-Pdcd2l for

18 h, and then were incubated with or without 0.2 mol/L palmitate for another 24 h. H: Cell apoptosis was detected by PI staining. Scale bar, 20 μm. I: Apoptotic

rate was calculated by counting PI-positive cells verse Hoechst-positive cells. Images shown here are representatives for three independent experiments. Data

shown are means±SEM and representative of three separate experiments. **, p<0.01 compared with control without treatment of palmitate; ##, p<0.01 or #,

p<0.05 compared with control treated with palmitate.

doi:10.1371/journal.pone.0166692.g006
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palmitate-induced β-cell apoptosis both in INS-1 cells and primary rat islets (Fig 6). Therefore,

we conclude that FoxO1 may exert the activity in β-cell survival partially by up-regulating

Pdcd2l expression.

Currently, there are very few reports about Pdcd2l, and little is known about this gene. Pre-

vious studies have reported that Pdcd2l mRNA expression was increased in Daudi cells

exposed to LPS. Overexpression of Pdcd2l attenuated TNF-α releasing but upregulated IL-6

and Pdcd2 expression that was induced by LPS, suggesting that Pdcd2l may have an impor-

tant role during inflammation [46]. Chen et al. reported that overexpression of Pdcd2l in

HEK293 cells can inhibit cell proliferation through cell cycle arresting; transcription factors

including AP-1, NF-κB, and CREB were involved in the process [47]. In our study, we

found that Pdcd2l increased with palmitate treatment, and this increment was partially

responsible for palmitate-induced β-cell apoptosis (Fig 1). Considering that Pdcd2l regu-

lated cell cycle arrest in HEK293 cells, we explored whether Pdcd2l exerts its activity in pal-

mitate induced β-cell apoptosis also through cell cycle regulation. However, neither

overexpression nor interference of Pdcd2l had any effect on cell cycle arrest according to

our results (data not shown).

Hyperlipidemia is also a major cause of β-cell impairment in Type 2 diabetes, in addition to

hyperglycemia. Compared with unsaturated fatty acids (e.g. oleate), saturated fatty acids have

been proven to be more toxic to the pancreatic islets. Palmitate, as the most abundant satu-

rated fatty acid in human plasma, can induce cell apoptosis in various β-cell lines and primary

pancreatic islets. Cellular stresses, such as ER stress and oxidative stress, can be induced by pal-

mitate; these stresses can further promote β-cell death through intrinsic apoptosis pathways

[48, 49]. Activation of caspase cascades, such as caspase-9 as well as downstream caspase-3 and

caspase-7, could eventually cause cell apoptosis [50]. As shown in our results, treatment of pal-

mitate for 24 h triggered cell apoptosis dose-dependently, accompanied by elevated cleaved

caspase-3 expression (Fig 2). In addition, our findings suggested that Pdcd2l interference

reversed palmitate-induced β-cell apoptosis through inhibition of caspase-3 activation (Fig 6).

However, whether Pdcd2l exerts a direct or indirect effect on caspase-3 activation still needs to

be explored.

In this study, we identified Pdcd2l as a FoxO1 target gene in β cells for the first time. We

also found that palmitate triggered Pdcd2l expression through FoxO1, and that increments of

Pdcd2l may contribute to palmitate-induced β-cell apoptosis through regulation of caspase-3

activation. Our study has discovered a new gene participating in saturated fatty acid caused β-

cell death. This finding will help us to better understand the molecular mechanism of lipotoxi-

city-induced β-cell loss and impairment, and provides a new target for the treatment of type 2

diabetes.

Conclusions

Our results found that palmitate treatment could increase Pdcd2l gene expression dose-depen-

dently in β cells. FoxO1 is an upstream regulator of Pdcd2l and is required for palmitate caused

Pdcd2l increment. FoxO1 may exert its activity partially through the regulation of Pdcd2l in β
cells. Pdcd2l participated in palmitate induced β cell apoptosis, and interference of Pdcd2l can

partially protect β cell from apoptosis. Our study had identified Pdcd2l as a novel target of

FoxO1 and explored the role of Pdcd2l in β cell apoptosis for the first time.

Supporting Information

S1 Table. Antibody.

(DOC)

Pdcd2l Promotes Beta-Cell Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0166692 November 18, 2016 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166692.s001


Acknowledgments

This work was supported by grants from: (1) the National Natural Science Foundation of China

(81300638) to Ye Yin; (2) the Natural Science Foundation of Jiangsu Province (BK20130889) to

Ye Yin; (3) the Natural Science Foundation of Jiangsu Province (BK20131389) to Haiyan Lin.

Xiao Han is a fellow at the Collaborative Innovation Center for Cardiovascular Disease Transla-

tional Medicine.

Author Contributions

Conceptualization: YY WY XH.

Data curation: YY WY.

Formal analysis: YY WY XZ YXZ XH.

Funding acquisition: YY HYL.

Investigation: YY WY JNY HYL.

Methodology: YY WY JNY XZ HYL.

Project administration: YY WY JNY HYL YXZ XH.

Resources: YXZ XH.

Supervision: YY WY JNY HYL YXZ XH.

Visualization: YY.

Writing – original draft: YY.

Writing – review & editing: YY WY JNY HYL YXZ XH.

References
1. Sladek R, Rocheleau G, Rung J, Dina C, Shen L, Serre D, et al. A genome-wide association study iden-

tifies novel risk loci for type 2 diabetes. Nature. 2007; 445(7130):881–5. Epub 2007/02/13. doi: 10.1038/

nature05616 PMID: 17293876.

2. Roep BO. Diabetes: missing links. Nature. 2007; 450(7171):799–800. Epub 2007/12/08. doi: 10.1038/

450799a PMID: 18063992.

3. Shaw JE, Sicree RA, Zimmet PZ. Global estimates of the prevalence of diabetes for 2010 and 2030.

Diabetes Res Clin Pract. 2010; 87(1):4–14. Epub 2009/11/10. doi: 10.1016/j.diabres.2009.10.007

PMID: 19896746.

4. Zimmet P, Alberti KG, Shaw J. Global and societal implications of the diabetes epidemic. Nature. 2001;

414(6865):782–7. Epub 2001/12/14. doi: 10.1038/414782a PMID: 11742409.

5. Farag YM, Gaballa MR. Diabesity: an overview of a rising epidemic. Nephrol Dial Transplant. 2011; 26

(1):28–35. Epub 2010/11/04. doi: 10.1093/ndt/gfq576 PMID: 21045078.

6. Kahn BB, Flier JS. Obesity and insulin resistance. J Clin Invest. 2000; 106(4):473–81. Epub 2000/08/

23. doi: 10.1172/jci10842 PMID: 10953022; PubMed Central PMCID: PMCPMC380258.

7. Despres JP, Lemieux I. Abdominal obesity and metabolic syndrome. Nature. 2006; 444(7121):881–7.

Epub 2006/12/15. doi: 10.1038/nature05488 PMID: 17167477.

8. Karpe F, Dickmann JR, Frayn KN. Fatty acids, obesity, and insulin resistance: time for a reevaluation.

Diabetes. 2011; 60(10):2441–9. Epub 2011/09/29. doi: 10.2337/db11-0425 PMID: 21948998; PubMed

Central PMCID: PMCPMC3178283.

9. Prentki M, Nolan CJ. Islet beta cell failure in type 2 diabetes. J Clin Invest. 2006; 116(7):1802–12. Epub

2006/07/11. doi: 10.1172/jci29103 PMID: 16823478; PubMed Central PMCID: PMCPMC1483155.

10. Steil GM, Trivedi N, Jonas JC, Hasenkamp WM, Sharma A, Bonner-Weir S, et al. Adaptation of beta-

cell mass to substrate oversupply: enhanced function with normal gene expression. Am J Physiol Endo-

crinol Metab. 2001; 280(5):E788–96. Epub 2001/04/05. PMID: 11287362.

Pdcd2l Promotes Beta-Cell Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0166692 November 18, 2016 14 / 16

http://dx.doi.org/10.1038/nature05616
http://dx.doi.org/10.1038/nature05616
http://www.ncbi.nlm.nih.gov/pubmed/17293876
http://dx.doi.org/10.1038/450799a
http://dx.doi.org/10.1038/450799a
http://www.ncbi.nlm.nih.gov/pubmed/18063992
http://dx.doi.org/10.1016/j.diabres.2009.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19896746
http://dx.doi.org/10.1038/414782a
http://www.ncbi.nlm.nih.gov/pubmed/11742409
http://dx.doi.org/10.1093/ndt/gfq576
http://www.ncbi.nlm.nih.gov/pubmed/21045078
http://dx.doi.org/10.1172/jci10842
http://www.ncbi.nlm.nih.gov/pubmed/10953022
http://dx.doi.org/10.1038/nature05488
http://www.ncbi.nlm.nih.gov/pubmed/17167477
http://dx.doi.org/10.2337/db11-0425
http://www.ncbi.nlm.nih.gov/pubmed/21948998
http://dx.doi.org/10.1172/jci29103
http://www.ncbi.nlm.nih.gov/pubmed/16823478
http://www.ncbi.nlm.nih.gov/pubmed/11287362


11. Boden G. Free fatty acids and insulin secretion in humans. Curr Diab Rep. 2005; 5(3):167–70. Epub

2005/06/03. PMID: 15929861.

12. Saltiel AR. New perspectives into the molecular pathogenesis and treatment of type 2 diabetes. Cell.

2001; 104(4):517–29. Epub 2001/03/10. PMID: 11239409.

13. Boucher A, Lu D, Burgess SC, Telemaque-Potts S, Jensen MV, Mulder H, et al. Biochemical mecha-

nism of lipid-induced impairment of glucose-stimulated insulin secretion and reversal with a malate ana-

logue. J Biol Chem. 2004; 279(26):27263–71. Epub 2004/04/10. doi: 10.1074/jbc.M401167200 PMID:

15073188.

14. Janikiewicz J, Hanzelka K, Kozinski K, Kolczynska K, Dobrzyn A. Islet beta-cell failure in type 2 diabe-

tes—Within the network of toxic lipids. Biochem Biophys Res Commun. 2015; 460(3):491–6. Epub

2015/04/07. doi: 10.1016/j.bbrc.2015.03.153 PMID: 25843796.

15. Daitoku H, Sakamaki J, Fukamizu A. Regulation of FoxO transcription factors by acetylation and pro-

tein-protein interactions. Biochim Biophys Acta. 2011; 1813(11):1954–60. Epub 2011/03/15. doi: 10.

1016/j.bbamcr.2011.03.001 PMID: 21396404.

16. Kops GJ, Burgering BM. Forkhead transcription factors: new insights into protein kinase B (c-akt) sig-

naling. J Mol Med (Berl). 1999; 77(9):656–65. Epub 1999/11/24. PMID: 10569203.

17. Kitamura T. The role of FOXO1 in beta-cell failure and type 2 diabetes mellitus. Nat Rev Endocrinol.

2013; 9(10):615–23. Epub 2013/08/21. doi: 10.1038/nrendo.2013.157 PMID: 23959366.

18. Kitamura T, Ido Kitamura Y. Role of FoxO Proteins in Pancreatic beta Cells. Endocr J. 2007; 54(4):507–

15. Epub 2007/05/19. PMID: 17510498.

19. Nakae J, Kitamura T, Kitamura Y, Biggs WH 3rd, Arden KC, Accili D. The forkhead transcription factor

Foxo1 regulates adipocyte differentiation. Dev Cell. 2003; 4(1):119–29. Epub 2003/01/18. PMID:

12530968.

20. Kitamura T, Kitamura YI, Funahashi Y, Shawber CJ, Castrillon DH, Kollipara R, et al. A Foxo/Notch path-

way controls myogenic differentiation and fiber type specification. J Clin Invest. 2007; 117(9):2477–85.

Epub 2007/08/25. doi: 10.1172/jci32054 PMID: 17717603; PubMed Central PMCID: PMCPMC1950461.

21. Matsumoto M, Han S, Kitamura T, Accili D. Dual role of transcription factor FoxO1 in controlling hepatic

insulin sensitivity and lipid metabolism. J Clin Invest. 2006; 116(9):2464–72. Epub 2006/08/15. doi: 10.

1172/jci27047 PMID: 16906224; PubMed Central PMCID: PMCPMC1533874.

22. Kitamura T, Kitamura YI, Kobayashi M, Kikuchi O, Sasaki T, Depinho RA, et al. Regulation of pancreatic

juxtaductal endocrine cell formation by FoxO1. Mol Cell Biol. 2009; 29(16):4417–30. Epub 2009/06/10.

doi: 10.1128/mcb.01622-08 PMID: 19506018; PubMed Central PMCID: PMCPMC2725741.

23. Al-Masri M, Krishnamurthy M, Li J, Fellows GF, Dong HH, Goodyer CG, et al. Effect of forkhead box O1

(FOXO1) on beta cell development in the human fetal pancreas. Diabetologia. 2010; 53(4):699–711.

Epub 2009/12/25. doi: 10.1007/s00125-009-1632-0 PMID: 20033803.

24. Talchai C, Xuan S, Kitamura T, DePinho RA, Accili D. Generation of functional insulin-producing cells in

the gut by Foxo1 ablation. Nat Genet. 2012; 44(4):406–12, S1. Epub 2012/03/13. doi: 10.1038/ng.2215

PMID: 22406641; PubMed Central PMCID: PMCPMC3315609.

25. Gross DN, van den Heuvel AP, Birnbaum MJ. The role of FoxO in the regulation of metabolism. Onco-

gene. 2008; 27(16):2320–36. Epub 2008/04/09. doi: 10.1038/onc.2008.25 PMID: 18391974.

26. Okamoto H, Hribal ML, Lin HV, Bennett WR, Ward A, Accili D. Role of the forkhead protein FoxO1 in

beta cell compensation to insulin resistance. J Clin Invest. 2006; 116(3):775–82. Epub 2006/02/18. doi:

10.1172/jci24967 PMID: 16485043; PubMed Central PMCID: PMCPMC1370178.

27. Talchai C, Xuan S, Lin HV, Sussel L, Accili D. Pancreatic beta cell dedifferentiation as a mechanism of

diabetic beta cell failure. Cell. 2012; 150(6):1223–34. Epub 2012/09/18. doi: 10.1016/j.cell.2012.07.029

PMID: 22980982; PubMed Central PMCID: PMCPMC3445031.

28. Buteau J, Shlien A, Foisy S, Accili D. Metabolic diapause in pancreatic beta-cells expressing a gain-of-

function mutant of the forkhead protein Foxo1. J Biol Chem. 2007; 282(1):287–93. Epub 2006/11/17.

doi: 10.1074/jbc.M606118200 PMID: 17107961.

29. Kobayashi M, Kikuchi O, Sasaki T, Kim HJ, Yokota-Hashimoto H, Lee YS, et al. FoxO1 as a double-

edged sword in the pancreas: analysis of pancreas- and beta-cell-specific FoxO1 knockout mice. Am J

Physiol Endocrinol Metab. 2012; 302(5):E603–13. Epub 2012/01/05. doi: 10.1152/ajpendo.00469.2011

PMID: 22215655.

30. Kramer J, Granier CJ, Davis S, Piso K, Hand J, Rabson AB, et al. PDCD2 controls hematopoietic stem

cell differentiation during development. Stem Cells Dev. 2013; 22(1):58–72. Epub 2012/07/18. doi: 10.

1089/scd.2012.0074 PMID: 22800338.

31. Barboza N, Minakhina S, Medina DJ, Balsara B, Greenwood S, Huzzy L, et al. PDCD2 functions in can-

cer cell proliferation and predicts relapsed leukemia. Cancer Biol Ther. 2013; 14(6):546–55. Epub 2013/

06/14. doi: 10.4161/cbt.24484 PMID: 23760497; PubMed Central PMCID: PMCPMC3813571.

Pdcd2l Promotes Beta-Cell Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0166692 November 18, 2016 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/15929861
http://www.ncbi.nlm.nih.gov/pubmed/11239409
http://dx.doi.org/10.1074/jbc.M401167200
http://www.ncbi.nlm.nih.gov/pubmed/15073188
http://dx.doi.org/10.1016/j.bbrc.2015.03.153
http://www.ncbi.nlm.nih.gov/pubmed/25843796
http://dx.doi.org/10.1016/j.bbamcr.2011.03.001
http://dx.doi.org/10.1016/j.bbamcr.2011.03.001
http://www.ncbi.nlm.nih.gov/pubmed/21396404
http://www.ncbi.nlm.nih.gov/pubmed/10569203
http://dx.doi.org/10.1038/nrendo.2013.157
http://www.ncbi.nlm.nih.gov/pubmed/23959366
http://www.ncbi.nlm.nih.gov/pubmed/17510498
http://www.ncbi.nlm.nih.gov/pubmed/12530968
http://dx.doi.org/10.1172/jci32054
http://www.ncbi.nlm.nih.gov/pubmed/17717603
http://dx.doi.org/10.1172/jci27047
http://dx.doi.org/10.1172/jci27047
http://www.ncbi.nlm.nih.gov/pubmed/16906224
http://dx.doi.org/10.1128/mcb.01622-08
http://www.ncbi.nlm.nih.gov/pubmed/19506018
http://dx.doi.org/10.1007/s00125-009-1632-0
http://www.ncbi.nlm.nih.gov/pubmed/20033803
http://dx.doi.org/10.1038/ng.2215
http://www.ncbi.nlm.nih.gov/pubmed/22406641
http://dx.doi.org/10.1038/onc.2008.25
http://www.ncbi.nlm.nih.gov/pubmed/18391974
http://dx.doi.org/10.1172/jci24967
http://www.ncbi.nlm.nih.gov/pubmed/16485043
http://dx.doi.org/10.1016/j.cell.2012.07.029
http://www.ncbi.nlm.nih.gov/pubmed/22980982
http://dx.doi.org/10.1074/jbc.M606118200
http://www.ncbi.nlm.nih.gov/pubmed/17107961
http://dx.doi.org/10.1152/ajpendo.00469.2011
http://www.ncbi.nlm.nih.gov/pubmed/22215655
http://dx.doi.org/10.1089/scd.2012.0074
http://dx.doi.org/10.1089/scd.2012.0074
http://www.ncbi.nlm.nih.gov/pubmed/22800338
http://dx.doi.org/10.4161/cbt.24484
http://www.ncbi.nlm.nih.gov/pubmed/23760497


32. Lin HY, Yin Y, Zhang JX, Xuan H, Zheng Y, Zhan SS, et al. Identification of direct forkhead box O1 tar-

gets involved in palmitate-induced apoptosis in clonal insulin-secreting cells using chromatin immuno-

precipitation coupled to DNA selection and ligation. Diabetologia. 2012; 55(10):2703–12. Epub 2012/

07/20. doi: 10.1007/s00125-012-2643-9 PMID: 22810813.

33. Meng ZX, Nie J, Ling JJ, Sun JX, Zhu YX, Gao L, et al. Activation of liver X receptors inhibits pancreatic

islet beta cell proliferation through cell cycle arrest. Diabetologia. 2009; 52(1):125–35. Epub 2008/10/

25. doi: 10.1007/s00125-008-1174-x PMID: 18949453.

34. Miyazaki J, Araki K, Yamato E, Ikegami 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. Epub 1990/07/01. doi: 10.1210/endo-127-

1-126 PMID: 2163307.

35. Chavez JA, Knotts TA, Wang LP, Li G, Dobrowsky RT, Florant GL, et al. A role for ceramide, but not dia-

cylglycerol, in the antagonism of insulin signal transduction by saturated fatty acids. J Biol Chem. 2003;

278(12):10297–303. Epub 2003/01/15. doi: 10.1074/jbc.M212307200 PMID: 12525490.

36. Chavez JA, Summers SA. Characterizing the effects of saturated fatty acids on insulin signaling and

ceramide and diacylglycerol accumulation in 3T3-L1 adipocytes and C2C12 myotubes. Arch Biochem

Biophys. 2003; 419(2):101–9. Epub 2003/11/01. PMID: 14592453.

37. Zhang X, Yong W, Lv J, Zhu Y, Zhang J, Chen F, et al. Inhibition of forkhead box O1 protects pancreatic

beta-cells against dexamethasone-induced dysfunction. Endocrinology. 2009; 150(9):4065–73. Epub

2009/05/16. doi: 10.1210/en.2009-0343 PMID: 19443572.

38. Gavrieli Y, Sherman Y, Ben-Sasson SA. Identification of programmed cell death in situ via specific

labeling of nuclear DNA fragmentation. J Cell Biol. 1992; 119(3):493–501. Epub 1992/11/01. PMID:

1400587; PubMed Central PMCID: PMCPMC2289665.

39. Liu D, Pavlovic D, Chen MC, Flodstrom M, Sandler S, Eizirik DL. Cytokines induce apoptosis in beta-

cells isolated from mice lacking the inducible isoform of nitric oxide synthase (iNOS-/-). Diabetes. 2000;

49(7):1116–22. Epub 2000/07/26. PMID: 10909967.

40. Cnop M, Hannaert JC, Hoorens A, Eizirik DL, Pipeleers DG. Inverse relationship between cytotoxicity of

free fatty acids in pancreatic islet cells and cellular triglyceride accumulation. Diabetes. 2001; 50

(8):1771–7. Epub 2001/07/27. PMID: 11473037.

41. Han X, Sun Y, Scott S, Bleich D. Tissue inhibitor of metalloproteinase-1 prevents cytokine-mediated

dysfunction and cytotoxicity in pancreatic islets and beta-cells. Diabetes. 2001; 50(5):1047–55. PMID:

11334407.

42. Meng Z, Lv J, Luo Y, Lin Y, Zhu Y, Nie J, et al. Forkhead box O1/pancreatic and duodenal homeobox 1

intracellular translocation is regulated by c-Jun N-terminal kinase and involved in prostaglandin E2-

induced pancreatic beta-cell dysfunction. Endocrinology. 2009; 150(12):5284–93. Epub 2009/10/20.

doi: 10.1210/en.2009-0671 PMID: 19837872.

43. Meng ZX, Sun JX, Ling JJ, Lv JH, Zhu DY, Chen Q, et al. Prostaglandin E2 regulates Foxo activity via

the Akt pathway: implications for pancreatic islet beta cell dysfunction. Diabetologia. 2006; 49

(12):2959–68. Epub 2006/10/13. doi: 10.1007/s00125-006-0447-5 PMID: 17033838.

44. Martinez SC, Tanabe K, Cras-Meneur C, Abumrad NA, Bernal-Mizrachi E, Permutt MA. Inhibition of

Foxo1 protects pancreatic islet beta-cells against fatty acid and endoplasmic reticulum stress-induced

apoptosis. Diabetes. 2008; 57(4):846–59. Epub 2008/01/05. doi: 10.2337/db07-0595 PMID: 18174526.

45. Kitamura YI, Kitamura T, Kruse JP, Raum JC, Stein R, Gu W, et al. FoxO1 protects against pancreatic

beta cell failure through NeuroD and MafA induction. Cell Metab. 2005; 2(3):153–63. Epub 2005/09/13.

doi: 10.1016/j.cmet.2005.08.004 PMID: 16154098.

46. Chen Q, Yan CQ, Liu FJ, Tong J, Miao SL, Chen JP. Overexpression of the PDCD2-like gene results in

inhibited TNF-alpha production in activated Daudi cells. Hum Immunol. 2008; 69(4–5):259–65. Epub

2008/05/20. doi: 10.1016/j.humimm.2008.01.020 PMID: 18486760.

47. Chen Q, Yan C, Yan Q, Feng L, Chen J, Qian K. The novel MGC13096 protein is correlated with prolif-

eration. Cell Biochem Funct. 2008; 26(2):141–5. Epub 2007/03/30. doi: 10.1002/cbf.1410 PMID:

17393540.

48. Laybutt DR, Preston AM, Akerfeldt MC, Kench JG, Busch AK, Biankin AV, et al. Endoplasmic reticulum

stress contributes to beta cell apoptosis in type 2 diabetes. Diabetologia. 2007; 50(4):752–63. Epub

2007/02/03. doi: 10.1007/s00125-006-0590-z PMID: 17268797.

49. Cunha DA, Hekerman P, Ladriere L, Bazarra-Castro A, Ortis F, Wakeham MC, et al. Initiation and exe-

cution of lipotoxic ER stress in pancreatic beta-cells. J Cell Sci. 2008; 121(Pt 14):2308–18. Epub 2008/

06/19. doi: 10.1242/jcs.026062 PMID: 18559892; PubMed Central PMCID: PMCPMC3675788.

50. Thomas HE, McKenzie MD, Angstetra E, Campbell PD, Kay TW. Beta cell apoptosis in diabetes. Apo-

ptosis. 2009; 14(12):1389–404. Epub 2009/03/27. doi: 10.1007/s10495-009-0339-5 PMID: 19322660.

Pdcd2l Promotes Beta-Cell Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0166692 November 18, 2016 16 / 16

http://dx.doi.org/10.1007/s00125-012-2643-9
http://www.ncbi.nlm.nih.gov/pubmed/22810813
http://dx.doi.org/10.1007/s00125-008-1174-x
http://www.ncbi.nlm.nih.gov/pubmed/18949453
http://dx.doi.org/10.1210/endo-127-1-126
http://dx.doi.org/10.1210/endo-127-1-126
http://www.ncbi.nlm.nih.gov/pubmed/2163307
http://dx.doi.org/10.1074/jbc.M212307200
http://www.ncbi.nlm.nih.gov/pubmed/12525490
http://www.ncbi.nlm.nih.gov/pubmed/14592453
http://dx.doi.org/10.1210/en.2009-0343
http://www.ncbi.nlm.nih.gov/pubmed/19443572
http://www.ncbi.nlm.nih.gov/pubmed/1400587
http://www.ncbi.nlm.nih.gov/pubmed/10909967
http://www.ncbi.nlm.nih.gov/pubmed/11473037
http://www.ncbi.nlm.nih.gov/pubmed/11334407
http://dx.doi.org/10.1210/en.2009-0671
http://www.ncbi.nlm.nih.gov/pubmed/19837872
http://dx.doi.org/10.1007/s00125-006-0447-5
http://www.ncbi.nlm.nih.gov/pubmed/17033838
http://dx.doi.org/10.2337/db07-0595
http://www.ncbi.nlm.nih.gov/pubmed/18174526
http://dx.doi.org/10.1016/j.cmet.2005.08.004
http://www.ncbi.nlm.nih.gov/pubmed/16154098
http://dx.doi.org/10.1016/j.humimm.2008.01.020
http://www.ncbi.nlm.nih.gov/pubmed/18486760
http://dx.doi.org/10.1002/cbf.1410
http://www.ncbi.nlm.nih.gov/pubmed/17393540
http://dx.doi.org/10.1007/s00125-006-0590-z
http://www.ncbi.nlm.nih.gov/pubmed/17268797
http://dx.doi.org/10.1242/jcs.026062
http://www.ncbi.nlm.nih.gov/pubmed/18559892
http://dx.doi.org/10.1007/s10495-009-0339-5
http://www.ncbi.nlm.nih.gov/pubmed/19322660

