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Abstract

The FOXO1 (forkhead box O1) transcription factor influences many key cellular processes, 

including those important in metabolism, proliferation and cell death. Reversible phosphorylation 

of FOXO1 at Thr24 and Ser256 regulates its subcellular localization, with phosphorylation 

promoting cytoplasmic localization, whereas dephosphorylation triggers nuclear import and 

transcriptional activation. In the present study, we used biochemical and molecular approaches to 

isolate and link the serine/threonine PP2A (protein phosphatase 2A) holoenzyme containing the 

B55α regulatory subunit, with nuclear import of FOXO1 in pancreatic islet β-cells under oxidative 

stress, a condition associated with cellular dysfunction in Type 2 diabetes. The mechanism of 

FOXO1 dephosphorylation and nuclear translocation was investigated in pancreatic islet INS-1 

and βTC-3 cell lines subjected to oxidative stress. A combined chemical cross-linking and MS 

strategy revealed the association of FOXO1 with a PP2A holoenzyme composed of the catalytic C, 

structural A and B55α regulatory subunits. Knockdown of B55α in INS-1 cells reduced FOXO1 

dephosphorylation, inhibited FOXO1 nuclear translocation and attenuated oxidative stress-induced 

cell death. Furthermore, both B55α and nuclear FOXO1 levels were increased under 

hyperglycaemic conditions in db/db mouse islets, an animal model of Type 2 diabetes. We 

conclude that B55α-containing PP2A is a key regulator of FOXO1 activity in vivo.
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INTRODUCTION

The FOXO (forkhead box O) transcription factors control many fundamental cellular 

processes, including glucose and lipid metabolism, cell proliferation, cell-cycle arrest, 

apoptosis and signalling of other cellular stresses [1–3]. Four distinct FOXO isoforms have 

been identified in mammals: FOXO1 [FKHR (fork-head in rhabdosarcoma)], FOXO3 

[FKHRL1 (FKHR-like 1)], FOXO4 [AFX (acute lymphocytic leukaemia 1-fused gene from 

chromosome X)] and FOXO6. FOXO proteins shuttle between the cytoplasm and the 

nucleus as a result of reversible phosphorylation. Akt/PKB (protein kinase B) 

phosphorylation of FOXO1 at Thr24, Ser256 and Ser319 drives export from the nucleus to the 

cytoplasm, whereas dephosphorylation regulates nuclear import [4–6]. Although many 

kinases have been associated with this process, little is known about the phosphatases 

controlling FOXO protein subcellular redistribution.

PP2A (protein phosphatase 2A) is important to the activity of pancreatic islet β-cells [7], 

which uniquely secrete the hormone insulin in response to elevated blood glucose levels to 

regulate glucose homoeostasis and metabolic balance. Oxidative stress contributes to both β-

cell dysfunction and reduced cell mass in Type 2 diabetes [8–11]. Emerging evidence 

indicates that PP2A-catalysed FOXO1 dephosphorylation contributes to nuclear 

translocation and activation in β-cell lines and islet β-cells of Type 2 diabetes rodent models 

[12–16].

The PP2A holoenzymes are ubiquitously expressed serine/ threonine phosphatases, each 

consisting of a catalytic C subunit, a structural scaffolding A subunit and a variable B 

regulatory subunit. Subunits A and C form a stable core dimer. There are just two isoforms 

(α and β) of the catalytic subunit C and scaffolding subunit A, with α isoforms being much 

more abundant than β isoforms. In contrast, there are four B subunit families (B, B′, B″ and 

B‴), each consisting of several members encoded by distinct genes [17–19], which together 

amount to a large number of B subunits. The multiple isoforms of the regulatory B subunits 

give rise to the diversity of PP2A holoenzymes. Whereas the A and C subunits are 

ubiquitously expressed, the B subunits are more specific to tissue and cell type or 

developmental stage. The dynamic interaction of the B subunits with the core AC dimer 

contributes to the target specificity and subcellular localization of individual PP2A 

holoenzymes [20–22]. Our previous studies have shown that PP2A regulates FOXO1 

subcellular localization in response to cell death stimuli [23]. However, the crucial question 

of which regulatory B subunit is targeting PP2A to FOXO1 remains largely unanswered. In 

the present study, we investigated the role of PP2A in oxidative signalling in a diabetic 

model and demonstrated that the B55α subunit regulates PP2A-catalysed FOXO1 

dephosphorylation and nuclear translocation in pancreatic β-cells.
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EXPERIMENTAL

Reagents

The following antibodies were used. For Western blots: phospho-Thr24-FOXO1, phospho-

Ser256-FOXO1, phospho-Ser473-Akt, Akt and PP2A/A subunit (Cell Signaling Technology); 

PP2A/C subunit (BD Biosciences); and FOXO1 (H-128 and N-18) and PP2A/B55α (2G9) 

(Santa Cruz Biotechnology). For immunohistochemistry: insulin (Jackson 

ImmunoResearch), PP2A/B55α (2G9) and PP2A/B56α (C-19) (Santa Cruz Biotechnology); 

Rbbp5 (retinoblastoma-binding protein 5) (ab84511, Abcam), PABP [poly(A)-binding 

protein] (ab21060, Abcam), KAP1 (Krüppel-associated box zinc-finger protein 1) (ab10438, 

Abcam); Pdx1 (pancreatic and duodenal homeobox 1) (BCBC Consortium); FOXO1 

(C29H4) (Cell Signaling Technology); and Cy3 (indocarbocyanine)-conjugated anti-(rabbit 

IgG), Cy3-conjugated anti-(mouse IgG), Cy3-conjugated anti-(goat IgG), and Cy2 

(carbocyanine)-conjugated anti-(guinea pig IgG) (Jackson ImmunoResearch). PP2A/B55α 
siRNA (small interfering RNA) and scrambled siRNA were purchased from Santa Cruz 

Biotechnology, anti-HA (haemagglutinin)–agarose and anti-FLAG M2 affinity gel were 

from Sigma–Aldrich, and Colloidal Blue kit was from Invitrogen. The pcDNA3-GFP-

FOXO1, pcDNA3-FLAG-FOXO1 and pcDNA3-HA-FOXO1 plasmids were kindly provided 

by Dr William R. Sellers (Harvard Medical School, Boston, MA, U.S.A.).

Cell lines and cultures

Rat insulinoma INS-1 cells were cultured in RPMI 1640 medium containing 11 mM glucose 

supplemented with 10 % (v/v) fetal bovine serum, 10 mM Hepes, 1 mM sodium pyruvate 

and 0.05 mM 2-mercaptoethnaol. Mouse islet β-cell-derived βTC-3 and HEK (human 

embryonic kidney)-293 cells were grown in DMEM (Dulbecco’s modified Eagle’s medium) 

containing 10 % (v/v) fetal bovine serum.

Immunohistochemical analysis of pancreatic islets and β-cell lines

Tissue fixation, embedding and immunofluorescence labelling were performed as described 

previously [24]. Briefly, pancreatic tissues from 10-week-old db/db and wild-type mice were 

fixed with 4 % (w/v) paraformaldehyde for 3 h on ice and then embedded in paraffin. 

Pancreatic sections were incubated with rabbit anti-FOXO1 (1:300), anti-PP2A/B55α 
(1:100), anti-PP2A/B56α (1:100), anti-Rbbp5 (1:500), anti-PP2A/C (1:500), anti-PABP 

(1:1000), anti-KAP1 (1:1000) or anti-Pdx1 (1:10000), or guinea pig anti-insulin (1:2000) 

antibodies at the dilutions indicated in parentheses. Immune complexes were detected using 

Cy2-conjugated anti-(guinea pig IgG) (1:1000), Cy3-conjugated anti-(rabbit IgG) (1:1000), 

Cy3-conjugated anti-(mouse IgG) (1:1000) or Cy3-cojugated goat-(rabbit IgG) (1:1000) 

antibodies at the dilutions indicated in parentheses. The images were visualized using a 

Zeiss Imager M2 microscope.

βTC-3 or INS-1 cells were cultured on 22 mm×22 mm coverslips in six-well plates for 24 h. 

Cells were incubated with 50 μM hydrogen peroxide (H2O2) for 60 min, fixed with 4% 

(w/v) paraformaldehyde for 12 min and permeabilized with 0.5% Triton X-100 for 5 min at 

room temperature (25°C). FOXO1 localization was detected with rabbit anti-FOXO1 
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antibody and nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole). Images were 

taken with a Zeiss Imager M2 microscope.

IP (immunoprecipitation) and immunoblotting

Cell lysates for Western blotting were prepared in RIPA (radioimmunoprecipitation assay) 

buffer (100 mM NaCl, 1% Nonidet P40, 0.5% deoxycholic acid, 0.1% SDS, 50 mM Tris/

HCl, pH 8.0, and 1 mM EDTA). For IP, cells were lysed in isotonic IP buffer (142.5 mM 

KCl, 5 mM MgCl2, 10 mM Hepes and 0.25% Nonidet P40) with protease inhibitors and 

incubated with anti-HA–agarose or anti-FLAG M2 affinity gel. HA–FOXO1 or FLAG–

FOXO1 complexes precipitated with affinity agarose were fractionated by SDS/PAGE 

(12.5% gels), and transferred on to PVDF membranes. Blots were probed with the indicated 

antibodies.

Cross-linking and MS identification of FOXO1-associated proteins

The pcDNA3-HA-FOXO1 expression plasmid was transfected into HEK-293 cells. Whole-

cell extracts of untransfected and HA–FOXO1-transfected cells prepared in IP buffer 48 h 

after transfection were incubated with 2 mM DTSSP [3,3′-

dithiobis(sulfosuccinimidylpropionate)] cross-linker (Thermo Scientific) at 4°C for 2 h. 

Cross-linking reactions were quenched by adding Tris/HCl to a final concentration of 20 

mM (pH 7.5). The cross-linked samples were incubated with anti-HA–agarose for 2 h at 

4 °C, and washed with RIPA buffer. The HA–agarose pull-downs were boiled in 2× gel 

loading buffer and separated by SDS/PAGE (12.5% gels). Then, 20% of the samples were 

separated by SDS/PAGE for silver staining and 80% were separated by SDS/PAGE with 

Colloidal Blue staining for MS. The improved silver staining method was used. Briefly, the 

polyacrylamide gel was fixed in 40% ethanol, 12% acetic acid and 0.02% formaldehyde 

overnight, washed with 50% ethanol three times, then treated with 0.02% sodium thiosulfate 

for 1 min. The gel was then rinsed in ultrapure water three times for 20 s each and 

impregnated in staining buffer (0.2% silver nitrate and 0.03% formaldehyde) for 20 min. 

Next, the gel was incubated in developing solution (6% sodium carbonate, 0.02% 

formaldehyde and one drop of 10% sodium thiosulfate) for 2–5 min until the desired band 

intensity was reached. The reaction was stopped by immersing the gel in 12% acetic acid. 

For Colloidal Blue-stained gels, sections were excised to avoid the Ig heavy chain and light 

chain, which were separately excised and analysed. Excised gel sections from both the 

control and HA–FOXO1 lanes were submitted to the Vanderbilt Proteomics Laboratory for 

in-gel tryptic digest and analysis by C18 reverse-phase liquid chromatography–MS/MS 

(tandem MS) using a Thermo LTQ ion-trap mass spectrometer equipped with a Thermo 

MicroAS autosampler and Eksigent HPLC nanoLC pump system, nanospray source and 

Xcalibur 2.0 instrument control. MS/MS data were analysed with the Sequest algorithm. 

Peptides from the control sample were subtracted from the HA–FOXO1 sample, and the 

remaining peptides were considered to be specific to the HA–FOXO1 interaction.

PP2A/B55α subunit knockdown and nuclear translocation assays

INS-1 cells were co-transfected with pcDNA3-GFP-FOXO1 and PP2A/B55α siRNA or 

scrambled siRNA using the Invitrogen Lipofectamine™ 2000 kit. FOXO1 and PP2A/B55α 
levels were assayed 30–48 h after transfection by Western blotting. Transfected cells were 
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treated with 100 μM H2O2 for 1 h, and subcellular GFP (green fluorescent protein) 

localization was assessed by fluorescence microscopy. Cell death was measured in untreated 

and H2O2-treated cells using the propidium iodide exclusion assay, analysed by flow 

cytometry [23].

RESULTS

Oxidative stress induces FOXO1 dephosphorylation at Thr24 and Ser256 and nuclear 
translocalization

Since β-cell dysfunction has been related to hyperglycaemia-induced oxidative stress, we 

used H2O2 as an oxidative stressor to investigate FOXO1 dephosphorylation and localization 

in pancreatic β-cell lines. FOXO1 dephosphorylation after H2O2 treatment has been reported 

previously in HEK-293 cells [25]. We determined the phosphorylation states of Thr24 and 

Ser256 in rat insulinoma INS-1 cells following H2O2 treatment. Steady-state phosphorylation 

levels of FOXO1 Thr24 and Ser256 were reduced significantly by Western blot analysis 

(Figure 1A, left-hand panel). The activity of the FOXO1 kinase Akt is also regulated by 

phosphorylation events, one of which is phospho-Ser473 [26]. The phosphorylation status of 

Akt Ser473 did not change appreciably following H2O2 treatment, suggesting that decreased 

FOXO1 phosphorylation resulted from dephosphorylation and not reduced Akt kinase 

activity (Figure 1A, right-hand panel). Consistent with FOXO1 dephosphorylation, GFP–

FOXO1 was relocalized to the nucleus after H2O2 treatment (Figure 1B). Immunostaining 

showed that endogenous FOXO1 also translocated into the nucleus of H2O2-treated β-cells, 

including INS-1 and βTC-3 cells (Figures 1C and 1D). Not unexpectedly, our results suggest 

a link between FOXO1 phosphorylation levels and subcellular localization in β-cells under 

oxidative stress.

B55α and PP2A/AC specifically interact with FOXO1

The catalytic and structural subunits of PP2A have been shown to interact with FOXO1, but 

the specific regulatory B subunit targeting PP2A to FOXO1 was not identified [23]. We used 

a combined cross-linking and MS strategy to determine the complete composition of the 

PP2A holoenzyme that dephosphorylates FOXO1. Cross-linking was performed in 

untransfected and HA–FOXO1-transfected HEK-293 whole-cell extracts using the cross-

linker DTSSP, which targets protein amino groups (Figure 2A). Cross-linked lysates from 

untreated cells and cells treated with the apoptosis stimulator STS (staurosporine) were 

incubated with anti-HA–sepharose. Precipitated proteins were analysed by MS (Figure 2B). 

Peptides matching the PP2A catalytic (PP2A/C) and structural (PP2A/A) subunits were only 

recovered from the HA–FOXO1 and not the control immunocomplex (results not shown). 

Additionally, peptides matching the B55α regulatory subunits were detected in the HA–

FOXO1 complex. The proportions of the cognate protein sequence covered by the peptides 

were robust at 47, 70 and 58% of B55α, PP2A/A and PP2A/C respectively (Figures 2C and 

2D). No other regulatory B subunit peptides were detected in the HA–FOXO1 complex from 

STS-treated cells.

To determine whether the FOXO1–PP2A/AB55αC complex could be detected in cells, 

INS-1 and HEK-293 cells were transfected with FLAG–FOXO1. The presence of the PP2A 

Yan et al. Page 5

Biochem J. Author manuscript; available in PMC 2016 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subunits was analysed in anti-FLAG immunoprecipitates by Western blotting (Figure 3). All 

three PP2A subunits, A, C and B55α, were associated with FLAG–FOXO1. Moreover, the 

level of the PP2A holoenzyme complex recruited by FOXO1 was increased upon exposure 

to STS in HEK-293 cells or to H2O2 in INS-1 cells (Figures 3A and 3B, compare lanes 2 

and 3). Thus we have identified B55α as the specific regulatory subunit in the PP2A 

holoenzyme associated with FOXO1, and showed that recruitment is mediated by exposure 

to an apoptotic or oxidative stimulus.

FOXO1 phosphorylation level and nuclear distribution is regulated by PP2A/AB55αC

To determine the functional significance of the association of FOXO1 with B55α, FOXO1 

phosphorylation state was analysed in INS-1 cells with reduced B55α protein levels (Figure 

4). Transfection of INS-1 cells with B55α siRNA led to a greater than 50% reduction of 

B55α protein in immunoblots, when compared with scrambled siRNA (Figure 4A, compare 

lanes 1 and 2 with lanes 3 and 4), but B55α siRNA did not alter the phosphorylation levels 

of FOXO1 Thr24 or Ser256 in the absence of H2O2 treatment (Figure 4A, lanes 1 and 3). 

However, the phosphorylation level of Thr24 was reduced by 75% and that of Ser256 was 

reduced by 65% both in transfected GFP–FOXO1 and endogenous FOXO1 after scrambled 

siRNA and H2O2 treatment, whereas total FOXO1 level remained constant (Figures 4A and 

4B, lanes 1 and 2). In contrast, there was only a 25% reduction in FOXO1 phospho-Thr24 

and no change in phospho-Ser256 level in cells transfected with B55α siRNA and treated 

with H2O2 (Figures 4A and 4B, lanes 3 and 4). This result demonstrated a crucial role of 

B55α in FOXO1 dephosphorylation in oxidatively stressed INS-1 cells.

To determine whether the B55α regulatory subunit also affected FOXO1 nuclear 

translocation, the subcellular localization of GFP–FOXO1 was determined in INS-1 cells 

transfected with B55α or scrambled control siRNA and then treated with H2O2 . Roughly 

82% of scrambled siRNA cells showed green nuclear fluorescence, whereas only 34% of 

cells transfected with B55α siRNA contained nuclear GFP–FOXO1 (Figures 4C and 4D). 

Thus GFP–FOXO1 was preferentially retained in the cytoplasm in B55α-knockdown cells. 

Collectively, these results demonstrate that PP2A/AB55αC catalyses FOXO1 

dephosphorylation at Thr24 and Ser256, allowing nuclear translocation in stressed islet β-

cells.

B55α knockdown rescues oxidative stress-induced β-cell death

FOXO1 functions in multiple contexts, including transcription of pro-apoptotic genes as 

well as induction of antioxidant enzymes. We next analysed whether reducing B55α levels, 

and consequently PP2A-mediated FOXO1 dephosphorylation, would also reduce H2O2-

induced INS-1 cell death. Cell viability was assayed by propidium iodide exclusion after 

B55α or scrambled siRNA transfection and H2O2 treatment. INS-1 cell death was measured 

by flow cytometry as low FSC (forward scatter) and high propidium iodide fluorescence (PI 

+) in the lower right (LR) quadrant (Figure 5A). Cell death was lowered by approximately 

50% in B55α siRNA compared with scrambled siRNA transfected cultures (Figure 5B). 

Hence decreasing B55α expression significantly enhanced the survival of INS-1 cells under 

oxidative stress conditions, indicating a pro-apoptotic role for B55α.
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FOXO1 is nuclear and B55α increased in islet β-cells of diabetic db/db mice

FOXO1 plays an essential regulatory role in the maintenance of pancreatic β-cell mass and 

function, in part through changes in its subcellular localization. Chronic hyperglyacemia 

causes oxidative stress, which can lead to β-cell dysfunction [27–29]. The leptin receptor-

deficient db/db mice develop hyperglycaemia, with plasma glucose reaching a plateau 

approximately 10–12 weeks after birth. The diabetic phenotype of the db/db mice is 

reversible by β-cell-specific transgenic overexpression of the antioxidant enzyme glutathione 

peroxidase-1, demonstrating the importance of oxidative damage in this model of Type 2 

diabetes [30,31].

We first examined whether the subcellular site of FOXO1 was affected in 10-week-old 

diabetic db/db mice. FOXO1 was principally cytoplasmic in wild-type non-diabetic mice, 

yet nuclear in db/db islet cells (Figure 6A). This finding is consistent with previous studies 

illustrating that FOXO1 is translocated into the nucleus under H2O2-induced oxidative stress 

in βTC-3 cells and primary islets [32,33]. In contrast, Pdx1, an essential β-cell transcription 

factor, was only found in the nucleus of wild-type and db/db islets (Figure 6B). As expected, 

insulin levels were lower in db/db islets (Figure 6).

Since PP2A/AB55αC was found to catalyse FOXO1 dephosphorylation and nuclear 

translocation in INS-1 cells (Figure 4), we investigated whether the levels of PP2A/C and 

B55α were different in 10-week-old non-diabetic wild-type and diabetic db/db islet cells. 

Interestingly, B55α levels by immunostaining were very low in wild-type islets relative to 

surrounding acinar cells, but the B55α signal in db/db islets was much stronger and was 

comparable with that in the acinar cells (Figure 7). In support of the specificity of the 

increase in B55α, the signal intensities of PP2A/C and another regulatory subunit B56α 
were similar between wild-type and db/db islets under these conditions, a pattern also 

observed for PABP, KAP1 and Rbbp5, a common subunit in the histone H3 lysine 4 

methyltransferase nuclear MLL (mixed lineage leukaemia) coactivator complex (Figure 7). 

In summary, the increase in B55α levels concomitant with FOXO1 redistribution to the 

nucleus in db/db islet β-cells provides compelling support for the PP2A/AB55αC 

holoenzyme regulating FOXO1 activity under oxidative stress conditions associated with 

Type 2 diabetes in vivo.

DISCUSSION

FOXO1 is constitutively expressed in pancreatic β-cells and plays a key role in the 

regulation of β-cell mass and function [34,35]. The activity of FOXO1 is profoundly 

influenced by post-translational modification mechanisms, with dephosphorylation at 

specific residues required for nuclear localization. We showed previously a role for PP2A in 

nuclear translocation and FOXO1-mediated apoptosis in haemopoietic cells, but the full 

composition of the PP2A holoenzyme was not characterized. The principal aims of the 

present study were to identify the regulatory B subunit of the PP2A holoenzyme required in 

this process, and to investigate the role of this enzyme complex in FOXO1 activity in 

pancreatic β-cells exposed to oxidative stress. We have shown that B55α regulates 

dephosphorylation of FOXO1 by PP2A, which is required for oxidative-stress-induced 

nuclear localization of FOXO1 in β-cells. In addition, we found that B55α was elevated in 
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islet cells of diabetic db/db mice, which represent cells undergoing adaptive processes in 

response to hyperglycaemia and oxidative stress requiring nuclear FOXO1 activity.

The substrate specificity of PP2A holoenzyme is largely determined by the specific 

regulatory subunit [20–22]. We first used a proteomics approach to identify B55α as a PP2A 

regulatory subunit in STS-treated HEK-293 cells (Figure 2), and subsequently demonstrated 

the importance of this regulatory subunit in PP2A-mediated dephosphorylation and nuclear 

translocation of FOXO1 in INS-1 cells (Figure 4). A stimulus-induced increase in B55α 
association with FOXO1 suggested a dynamic regulatory response to cellular stresses 

leading to cell death (Figure 3). We considered the possibility that the decrease in FOXO1 

phosphorylation observed could be due to reduced Akt kinase activity instead of 

dephosphorylation by PP2A. Two pieces of data strongly indicated that this is unlikely. First, 

H2O2 treatment did not significantly alter Akt phosphorylation, suggesting that H2O2 

treatment did not change Akt activity (Figure 1A). Secondly, the phosphorylation levels of 

FOXO1 were the same between scrambled and B55α siRNA samples before H2O2 treatment 

(Figure 4A). These findings indicated that, in the context of these experiments, neither H2O2 

treatment nor B55α knockdown significantly affected Akt phosphorylation of FOXO1.

Several groups have investigated the physiological function of FOXO1 in multiple metabolic 

pathways, usually focusing on FOXO1 downstream target gene profiles or its regulation in 

the nucleus [36,37]. Our experiments were designed to examine the FOXO1 

dephosphorylation process, which leads to its translocation to the nucleus where it is 

transcriptionally active. We found B55α to be the major regulatory subunit mediating 

FOXO1 dephosphorylation in signalling pathways associated with oxidative and apoptotic 

stress. Although we concentrated our studies in β-cells, MS and IP results suggested that 

B55α is also the PP2A regulatory subunit involved in STS-induced cell death. Thus B55α 
could be the regulatory subunit for the PP2A activation of FOXO1 in response to a variety of 

different cellular stresses in multiple distinct cell types.

B55α is in one of four families of B subunits, each with several members that mediate 

substrate specificity and subcellular localization of PP2A holoenzymes. In the cellular 

models used in the present study, acute oxidative stress induced the interaction of B55α-

containing PP2A with cytoplasmic FOXO1, leading to dephosphorylation of this 

transcription factor and translocation to the nucleus. Various mechanisms have been 

described for altering the interaction of PP2A with other key regulatory proteins exposed to 

oxidative stress. These include regulation of PP2A association with Bcl-xL by 

neuroprotectin D in H2O2-treated retinal pigment epithelial cells [38], release of PP2A from 

microtubules to bind and dephosphorylate tau protein [39] and activation of PP2A by p38 

MAPK (mitogen-activated protein kinase) to bind and dephosphorylate ERK (extracellular-

signal-regulated kinase) in cardiomyocytes [40]. Interestingly, PP2A also promoted 

autophagy in neuroblastoma cells via ectopic transfer of mitochondrially targeted B subunit 

PPP2R2B, or Bβ2, in response to H2O2 and t-butyl hydroperoxide treatment [41].

The expression pattern of B55α was compared with that of B56α and FOXO1 in 10-week-

old non-diabetic control and diabetic pancreatic sections by immunohistochemistry. As 

expected, FOXO1 was cytoplasmic in wild-type control islets and nuclear in the 
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dysfunctional β-cells of the db/db mouse (Figure 6). B55α levels were significantly 

increased in db/db islets (Figure 7). This contrasted with the immunostaining pattern of 

B56α, which did not appear to differ between control and diabetic islet cells. Moreover, 

B55α levels in INS-1 cells were also unchanged upon a relatively brief 1 h exposure to 

H2O2 (Figure 4A). Collectively, these results suggest that B55α expression is induced by the 

chronic hyperglycaemic conditions associated with diabetes, presumably involving 

signalling from reactive oxygen species. How B55α levels are increased in this context is 

unknown. In another context, elevation in intracellular calcium concentration induced by 

H2O2 treatment directly regulated the increase of another B subunit, PR70/B″, resulting in 

PP2A activation [42–46].

We believe that B55α may be required under the experimental conditions used in the present 

study for FOXO1 to protect β-cells against oxidative damage, through stimulating key 

transcriptional regulators, such as MafA and NeuroD1 [32]. In addition, B55α may also be 

important in regulating β-cell expansion in diabetic islets, either independently or through 

FOXO1. For example, PP2A/AB55αC was found recently to control FoxM1 (forkhead box 

M1) transcription factor activity [47], a key regulator of β-cell replication [48]. Future 

efforts should be focused on determining the significance of B55α in regulating β-cell 

activity in vivo under the stress-induced conditions associated with diabetes.
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Abbreviations used

Cy2 carbocyanine

Cy3 indocarbocyanine

DAPI 4′,6-diamidino-2-phenylindole

DTSSP 3,3′-dithiobis(sulfosuccinimidyl-propionate)

FKHR forkhead in rhabdosarcoma

FOXO forkhead box O

FSC forward scatter

GFP green fluorescent protein

HA haemagglutinin

HEK human embryonic kidney
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IP immunoprecipitation

KAP1 Krüppel-associated box zinc-finger protein 1

MS/MS tandem MS

PABP poly(A)-binding protein

Pdx1 pancreatic and duodenal homeobox 1

PP2A protein phosphatase 2A

Rbbp5 retinoblastoma-binding protein 5

RIPA radioimmunoprecipitation assay

siRNA small interfering RNA

STS staurosporine
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Figure 1. FOXO1 was dephosphorylated and translocated into the nucleus in H2O2-treated islet 
β-cell lines
(A) INS-1 cells were untreated or treated with 100 μM H2O2 for 1 h, and lysates were 

immunoblotted for FOXO1 phosphorylated (p) at Thr24 or Ser256 and total FOXO1 (left-

hand panel), or Akt phosphorylated at Ser473 and total Akt, FOXO1 phosphorylated at Thr24 

and total FOXO1, and actin (right-hand panel). (B) Representative micrographs of GFP–

FOXO1 fluorescence in INS-1 cells treated or not treated with 100 μM H2O2 . The 

localization of endogenous FOXO1 was determined by immunohistochemistry in INS-1 (C) 

and βTC-3 (D) cells treated with 50 μM H2O2 for 90 min. DAPI staining served as a nuclear 

marker (C and D).
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Figure 2. B55α was identified by MS in the PP2A/C complex cross-linked to FOXO1
(A) The strategy used to purify and identify DTSSP-cross-linked HA–FOXO1 proteins is 

outlined. NP40, Nonidet P40. (B) Colloidal Blue staining of anti-HA affinity gel-

precipitated proteins from untransfected HEK-293 [control (ctrl)] or HA–FOXO1-

transfected HEK-293 cells (HA–FOXO1) treated with STS. Brackets show the regions of the 

lanes excised and analysed separately to avoid interference by Ig heavy chain (HC) and light 

chain (LC). Molecular masses are indicated in kDa. (C) The number of peptides identified 

by MS from the HA–FOXO1 sample, after subtracting the control, and percentage coverage 

of each protein. *12 peptides were specific to B55α, three peptides were common to B55α, 

B55γ, B55β and B55δ. No PP2A peptides were found in the control sample. (D) Tryptic 

peptides identified by MS are underlined in the amino acid sequence of each subunit of 

human PP2A.
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Figure 3. PP2A subunits C, A and B55α associated with FOXO1
FLAG–FOXO1 was transfected into HEK-293 cells (A) and INS-1 cells (B). Proteins 

precipitated by anti-FLAG–agarose before and after treatment of (A) HEK-293 cells with 2 

μM STS for1 h or (B) INS-1 cells with 100 μM H2O2 for 1 h were analysed for FLAG–

FOXO1, and the PP2A subunits A, C and B55α by Western blot analysis. Sepharose beads 

alone were incubated with lysates from transfected cells as control (Ctrl). Portions of the 

lysates were loaded as ‘input’.
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Figure 4. B55α knockdown inhibited oxidative stress-induced FOXO1 dephosphorylation and 
nuclear translocation
(A) INS-1 cells were co-transfected with GFP–FOXO1 and B55α siRNA or scrambled 

siRNA, and immunoblotted for GFP–FOXO1 and endogenous FOXO1 using antibodies 

against phosphorylated (p) Thr24 and Ser256 and total FOXO1, as well as against B55α. 

Cells were incubated in the presence (+) or absence (−) of 100 μM H2O2 for 1 h. GFP–

FOXO1 (97 kDa) is distinguished from endogenous FOXO1 (70 kDa) by its slower 

migration. (B) Ratios of phospho-Thr24 and phospho-Ser256 phosphorylated FOXO1 relative 

to total FOXO1 in untreated (−) or H2O2-treated (+) cells transfected with scrambled or 

B55α siRNA. Ratios were normalized to untreated cells transfected with scrambled siRNA. 

Band intensities were acquired from (A) using Bio-Rad quantity analysis software and 

represent the means±S.D. of four samples. (C) INS-1 cells were co-transfected with GFP–

FOXO1 and B55α siRNA or scrambled siRNA. GFP localization was visualized by 

fluorescence microscopy in untreated and H2O2-treated cells. (D) Percentages of GFP-

positive nuclei after H2O2 treatment in scrambled siRNA or B55α siRNA-transfected cells. 

At least 150 cells were counted in three independent experiments. *P <0.01.
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Figure 5. B55α knockdown rescues H2O2-induced cell death
(A) Untreated or H2O2-treated INS-1 cells transfected with B55α siRNA or scrambled 

siRNA were incubated with propidium iodide (PI), and analysed for PI exclusion by flow 

cytometry. Representative data from three experiments are shown. Small cells that failed to 

exclude PI (low FSC, high PI +) in the quadrant labelled LR (lower right) were scored as 

dead cells. (B) Mean±S.D. percentages of dead cells from three experiments in (A). n = 3, 

*P < 0.01.
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Figure 6. FOXO1 was translocated into the nucleus of islet β-cells in db/db diabetic mice
Dual immunohistochemistry was performed in paraffin-embedded pancreatic sections from 

10-week-old wild-type (wt) and db/db mice, comparing FOXO1 (red) and insulin (green) 

expression in (A), and Pdx1 (red) and insulin (green) expression in (B).
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Figure 7. B55α levels were increased in the islet β-cells of db/db diabetic mice
Dual immunohistochemistry was performed in paraffin-embedded pancreatic sections from 

10-week-old wild-type and diabetic db/db mice, comparing PP2A/C (green), B55α (green), 

B56α (green), PABP (green), KAP1 (green) and Rbbp5α (green). Insulin (red) staining was 

analysed with KAP1 and Rbbp5. Representative staining from wild-type and db/db islets 

from at least three independent animals is shown.
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