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Abstract 

Oxidative stress is implicated in beta-cell glucotoxicity in type 2 diabetes. ID proteins are 

transcriptional regulators induced by hyperglycemia in islets, but the mechanisms involved 

and their role in beta-cells are not clear. Here we show that IDs are oxidative stress-

responsive genes that promote beta-cell survival. ID1-4 expression was upregulated in vivo in 

the islets of diabetic mice and stimulated in vitro by ribose and H2O2. Id1/3 inhibition reduced 

the expression of multiple antioxidant genes and potentiated oxidative stress-induced 

apoptosis. This was associated with increased intracellular H2O2 levels, mitochondrial 

fragmentation and reduced expression of TFAM and respiratory chain components. Id1/3 

inhibition also reduced the expression of small Maf proteins, interacting partners of NFE2L2, 

master regulator of the antioxidant response. Inhibition of Maf(F/G/K) mimicked the effects 

of Id1/3 inhibition. These results suggest that IDs are key regulators of the adaptive 

antioxidant-mitochondrial response that promotes beta-cell survival under oxidative stress 

through a novel link to the NFE2L2-Maf pathway. 

  



Introduction 

Type 2 diabetes (T2D) is principally defined by chronic hyperglycemia that arises if 

pancreatic beta-cells fail to provide sufficient insulin to compensate for insulin resistance. 

Beta-cell failure in T2D is characterized by dysfunctional insulin secretion and a reduction in 

beta-cell mass, which has been linked to an increased rate of apoptosis (Sakuraba et al., 

2002;Yoon et al., 2003;Deng et al., 2004;Rahier et al., 2008;Butler et al., 2003). Several lines 

of evidence underscore a role of chronic hyperglycemia -termed as glucotoxicity- in the 

increase in beta-cell apoptosis. Thus, elevated glucose concentrations trigger apoptosis in 

cultured islets and beta-cell lines  (Ling et al., 1994;Maedler et al., 2001;Piro et al., 

2002;DelGuerra et al., 2007;Hou et al., 2008;Bensellam et al., 2009;Jonas et al., 

2009;McKenzie et al., 2010;Wali et al., 2014) and in animal models of T2D (Donath et al., 

1999;Finegood et al., 2001;Song et al., 2008;Kluth et al., 2011).  

Oxidative stress has been proposed as a central mechanism of hyperglycemia-induced beta-

cell demise (Robertson and Harmon, 2006;Bensellam et al., 2012). Elevated glucose or ribose 

levels have been shown to increase reactive oxygen species (ROS) production in beta-cells 

(Tanaka et al., 2002;Bindokas et al., 2003;Sakai et al., 2003;Duprez et al., 2012;Wali et al., 

2014) and islets of diabetic mice exhibit higher ROS content, mitochondrial dysfunction and 

oxidative damage (Ihara et al., 1999;Gorogawa et al., 2002;Bindokas et al., 2003;Nakayama 

et al., 2005;Lu et al., 2010).  

An optimal redox environment is crucial for proper biological function. Many cell types are 

equipped with a battery of antioxidant defense genes to neutralize ROS and prevent 

macromolecular damage. The vulnerability of beta-cells to oxidative stress may owe to their 

low expression of several key antioxidant genes, namely glutathione peroxidase 1 (Gpx1), 

superoxide dismutase 1-2 (Sod1-2) and catalase (Lenzen et al., 1996;Tiedge et al., 1997). 

However, other genes of the antioxidant arsenal display strong expression in beta-cells [e.g. 

other Gpx isoforms, heme oxygenase 1 (Hmox1), sulfiredoxine 1 (Srxn1), peroxiredoxins 

(Prdxs), glucose-6-phosphate dehydrogenase (G6pdx)], or are markedly upregulated under 

oxidative stress conditions (Laybutt et al., 2002;Bensellam et al., 2009;Jonas et al., 

2009;Lacraz et al., 2009). The signaling pathways that regulate redox status and antioxidant 

gene expression in beta-cells are only partially understood. Nuclear Factor E2-related factor 2 

(NFE2L2 also known as NRF2) is a primary regulator of the antioxidant response and its 

activation has been shown to protect beta-cells against oxidative damage (Yagishita et al., 

2014). NFE2L2 activation of antioxidant gene expression requires its dimerization with small 

Maf proteins (MafF, MafG and MafK) (Katsuoka et al., 2005;Hirotsu et al., 2012;Tanigawa et 

al., 2013).  

The inhibitors of differentiation (ID) proteins are transcriptional regulators that play important 

roles in both physiology and pathology, including stem cell homeostasis and fate 

commitment, tumorigenesis, cancer progression and chemotherapeutic drug resistance. They 

have been proposed to act as repressors of basic helix-loop-helix transcription factors thereby 

modulating cell differentiation and proliferation (Ling et al., 2006;Lasorella et al., 2014;Nair 

et al., 2014). Previous reports have demonstrated that the expression of ID1 and ID3 is 



induced by glucose stimulation in human islets and beta-cell lines (Webb et al., 2000;Wice et 

al., 2001). Further studies link the upregulation of Id1 mRNA levels to hyperglycemia in islets 

of diabetic mice (Kjorholt et al., 2005) and also suggest an influence of Id1 expression in 

insulin secretion (Akerfeldt and Laybutt, 2011). However, the mechanisms underlying the 

induction of the ID proteins by hyperglycemia and their precise role in beta-cell 

pathophysiology are not clear. 

In the present study, we demonstrate that IDs are novel oxidative stress-responsive genes in 

beta-cells. We also identify an unexpected role of ID expression in the induction of the 

antioxidant response under oxidative stress conditions. Inhibition of Id1 and/or Id3 reduces 

the expression of multiple antioxidant genes and leads to increased ROS production and 

apoptosis and altered mitochondrial function and morphology. Our studies also suggest a 

mechanism for these effects via a previously unrecognized interaction in any cell system of 

IDs with the NFE2L2-Maf antioxidant pathway. Our results therefore suggest that IDs are key 

regulators of the adaptive antioxidant-mitochondrial response that promote beta-cell survival 

under oxidative stress. 

  



Results 

IDs expression is increased in the islets of diabetic mice in parallel with that of NFE2L2 

and antioxidant response genes 

By immunofluorescence on histological pancreatic sections, we observed a marked increase 

in the expression of ID1 and ID3 in the islets of diabetic db/db mice in comparison with 

normoglycemic control db/+ mice (Fig.1 A-D). These effects were paralleled by increased 

expression of NFE2L2, a master transcriptional regulator of antioxidant gene expression 

(Fig.1 E-F). In agreement with these observations, mRNA levels of Id1-4 were upregulated in 

the islets of db/db mice (Fig.1 G-J). These changes were accompanied by increased mRNA 

levels of the antioxidant genes Hmox1, Gpx1-2, thioredoxin reductase 1 (Txnrd1), G6pdx, 

Srxn1 and Prdx1-4 (Fig.1 K-T). These results demonstrate an in vivo association between the 

upregulation of IDs and the antioxidant response in islets of diabetic mice. 

IDs are induced by oxidative stress in beta-cells 

We tested whether IDs are oxidative stress-responsive genes in beta-cells. MIN6 beta-cells 

were treated with the pro-oxidant agents H2O2 or ribose. The latter is a sugar that produces 

ROS more potently and in a shorter time in comparison to glucose and is an established model 

to study beta-cell glucotoxicity in vitro (Kaneto et al., 1996;Matsuoka et al., 1997;Tanaka et 

al., 2002). We found that H2O2 treatment increased the mRNA levels of Id1-4 in a 

concentration-dependent manner in parallel with similar changes in the mRNA levels of 

Hmox1 (Fig. 2A-E). Ribose treatment also increased the mRNA levels of Id1-4 and Hmox1 in 

a concentration-dependent manner (Fig. 2F-J). Accordingly, ribose treatment increased the 

(peri)nuclear expression of ID1 (Fig. 3A-B) and ID3 proteins (Fig. 3C-D). 

To assess the kinetics of Ids induction in comparison with antioxidant genes, we performed a 

time-course experiment (0-48h) in the absence or presence of ribose. We found that Id1 and 

Id3 mRNA levels were induced by ribose in a time-dependent manner. The effect of ribose 

was significant at 6h and reached a maximum at 48h. The mRNA levels of antioxidant genes 

were also induced by ribose in a time-dependent manner and displayed various profiles. Thus, 

Hmox1, Srxn1 and to a lesser extent Gpx2 were induced at 6h and reached the maximum at 

24h (Fig. 4C-E) while Prdx1 was significantly induced between 24-48h and reached the 

maximum at 48h (Fig. 4F). Interestingly, the mRNA levels of the proapoptotic gene Bcl2 

associated x protein (Bax) were upregulated by ribose treatment between 24-48h. These 

findings suggest a close association between Id and antioxidant gene expression under 

oxidative stress conditions in beta-cells. 

Ids expression is prevented by antioxidant treatment under oxidative stress 

To further demonstrate that Ids are oxidative stress-responsive genes in beta-cells, we tested 

the effects of the antioxidant MnTBAP on the expression of antioxidant genes and Ids in 

ribose-treated MIN6 cells. We found that ribose-induced upregulation of the mRNA levels of 

Hmox1, Gpx1-2, Srxn1, Prdx1 and Prdx3 was prevented by antioxidant treatment (Fig. 5A-F). 

In parallel, antioxidant treatment prevented ribose-induced upregulation of the mRNA levels 



of Id1-3 and to a lesser extent Id4 (Fig. 5G-J). Together these results demonstrate that Ids are 

novel oxidative stress-responsive genes in beta-cells. 

Inhibition of Id1 and/or Id3 leads to global attenuation of the antioxidant response 

To explore the role of Ids induction under oxidative stress in beta-cells, we used siRNA to 

inhibit the expression of Id1 and/or Id3. Thus, the siRNA against Id1 (si-Id1) specifically 

reduced the mRNA levels of Id1 but not Id3 and the siRNA against Id3 (si-Id3) specifically 

reduced the mRNA levels of Id3 but not Id1 while the combination of both (si-Id1/3) reduced 

the mRNA levels of both genes (Fig. 6A-B). Interestingly, in ribose-treated cells, inhibition of 

Id1 significantly reduced the mRNA levels of Hmox1. When both genes were inhibited, a 

stronger effect was observed (Fig. 6C). We also observed that the inhibition of Id1 or Id3 had 

a slight effect on the mRNA levels of Gpx1 but a strong additive effect was observed when 

both isoforms were inhibited (Fig. 6D). This additive inhibitory effect was observed for all the 

other antioxidant genes studied including Gpx2, Srxn1, Prdx1-4, Txnrd1 and G6pdx (Fig. 6E-

L). In agreement with these findings, we found that Id1 inhibition decreased H2O2- and 

ribose-induced upregulation of the protein levels of HMOX1 and this reduction was stronger 

after inhibition of both isoforms (Fig. 6M). We also found that inhibition of Id1/3 reduced the 

ribose-induced upregulation of the protein levels of SOD2. Moreover, ribose-induced 

upregulation of GPX activity was partially prevented by ~21% after inhibition of Id1/3 (Fig. 

6N). These results indicate a striking association between Id1/3 inhibition and a global 

attenuation of the antioxidant response. 

Inhibition of Id1 and/or Id3 increased ROS levels, apoptosis and oxidative damage 

We next assessed the influence of Id inhibition on ROS generation and cell viability. The 

attenuated antioxidant response may occur as a consequence of reduced ROS levels or it may 

lead to an increase in ROS generation. To verify this, we assessed H2O2 levels using DFCDA 

probe. As expected, ribose treatment increased H2O2 levels by ~1.7-fold in comparison to the 

control condition. However, Id1/3 inhibition strongly increased basal and ribose-stimulated 

H2O2 levels by ~2.4- and ~1.8-fold respectively (Fig. 7A). In line with these results, H2O2 and 

ribose treatment increased apoptosis by ~3.2- and ~5.8-fold respectively while Id1/3 

inhibition potentiated basal, H2O2- and ribose-induced apoptosis by ~2.1-, ~2.0- and ~1.9-fold 

respectively (Fig. 7B). Moreover, in cultured islets, basal and ribose-induced apoptosis were 

potentiated by ~1.7- and ~1.25-fold in Id1-KO islets and by ~3.0- and ~1.6-fold in Id3-KO 

respectively (Fig. 7C). The increase in ROS levels and potentiation of apoptosis observed in 

the absence of Id1/3 were accompanied by increased mRNA levels of the pro-apoptotic gene 

Bax and DNA-damage inducible transcript 2 (Ddit2) (Fig. 7D-E), and reduced mRNA levels 

of the anti-apoptotic genes Bcl2 and Bcl-xl (Fig. 7F-G). Accordingly, DNA-damage was also 

increased after inhibition of Id1/3. Thus, 8-hydroxyguanosine (8OHdG) immunostaining was 

barely detected in untreated cells and markedly increased by ribose treatment (Fig. 7H-I). This 

staining was further increased upon Id1/3 inhibition in control and ribose-treated cells (Fig. 

7J-K). Interestingly, 8OHdG staining was detected in the nucleus, but was mainly cytosolic 

reflecting thereby oxidative damage of mitochondrial DNA. The latter is particularly 

vulnerable to oxidative damage due to the absence of histones and poor DNA-repair capacity 



(Yakes and Van, 1997). In addition, the cytosolic 8OHdG staining was not homogenous and 

was stronger in some elliptical structures of different sizes that may reflect fragmented 

mitochondria. 

Altogether, these results demonstrate that the inhibition of Id1/3 leads to increased ROS 

levels, oxidative damage and apoptosis. These alterations may stem from the attenuation of 

the antioxidant response, but in addition, an alteration of mitochondrial homeostasis may be 

involved. 

Inhibition of Id1 and/or Id3 impaired mitochondrial homeostasis 

Mitochondria are vital cellular organelles involved in energy production as well as the 

regulation of numerous cellular processes, including redox homeostasis and apoptosis. It has 

been shown in islet cells of diabetic animals that there is an association between increased 

ROS generation and altered mitochondrial function (Bindokas et al., 2003;Lu et al., 2010). To 

assess the latter, we measured O2 consumption in control and ribose-treated cells in the 

presence or absence of Id1/3. We found that ribose treatment tended to reduce O2 

consumption. After inhibition of Id1/3, O2 consumption tended to be lower in untreated cells 

and was significantly reduced by ~20% after ribose treatment (Fig. 8A).  

In parallel to this defect, we observed changes in the expression of components of the electron 

transport chain (ETC). Thus, western blot using Mitomix antiserum revealed that H2O2 and 

ribose treatment induced upregulation of Complex (C) I-V expression (Fig. 8B). However, 

after inhibition of Id1/3, we found a slight decrease in the expression of CI (subunit 

NDUFB8), CII (subunit SDHB) and CIII (subunit UQCRC2), and a noticeable strong 

decrease in the expression of CIV (subunit MTCO1), and to a lesser extent CV (subunit 

ATP5A) (Fig. 8B). On the other hand, the expression of Ucp2 was not affected by Id1/3 

inhibition (Fig. S1A). MTCO1 is a catalytic subunit of cytochrome c oxidase encoded by 

mitochondrial DNA. Its expression is regulated by the transcription factor A mitochondrial 

(TFAM). The mRNA levels of the latter were upregulated by ribose treatment (Fig. 8C) as 

well as in the islets of diabetic db/db mice (Fig. S1B). Interestingly, inhibition of Id1/3 

significantly reduced the mRNA levels of TFAM (Fig. 8C). 

Evidence suggests a relationship between increased ROS production and mitochondrial 

fragmentation (Picard et al., 2013). Therefore, we assessed mitochondrial morphology using 

Mitotracker probe. We found that the classical tubular structure of mitochondria observed 

under control conditions (Fig. 8D) was markedly altered by ribose treatment as evidenced by 

increased fragmentation (Fig. 8E). Interestingly, Id1/3 inhibition induced mitochondrial 

fragmentation in untreated cells (Fig. 8F) and further enhanced fragmentation after ribose 

treatment (Fig. 8E). Similarly, in primary beta-cells from wild type mice, the tubular structure 

of mitochondria (Fig. 8H) was fragmented by ribose treatment (Fig. 8I). In beta-cells from 

Id3-KO mice, fragmentation was observed under control and ribose conditions (Fig. 8J-K). 

Together, these results show that the inhibition of Id1/3 is associated with altered 

mitochondrial function and morphology. These alterations were associated with reduced 



expression of components of the ETC, particularly MCTO1, as well as the upstream 

transcription factor TFAM.  

Thus, the increased ROS generation and subsequent mitochondrial damage and cell death 

observed in the absence of Ids may stem on the one hand from altered mitochondrial 

homeostasis, at least in part via an effect on TFAM, and on the other hand, from reduced 

expression of antioxidant genes.  

Inhibition of Id1 and Id3 reduced the expression of Mafs, interacting partners of NFE2L2 

NFE2L2 is a master regulator of antioxidant gene expression. Here, we assessed whether 

Id1/3 inhibition altered the expression or localization of NFE2L2 by immunofluorescence. As 

expected, under control conditions, NFE2L2 was barely detected in the cytosol while ribose 

stimulation increased its nuclear localization (Fig. 9A-B). Surprisingly, inhibition of Id1/3 

increased NFE2L2 nuclear expression under control conditions and after ribose treatment 

(Fig. 9C-D). This observation is in agreement with increased oxidative stress in the absence of 

Id1/3 but does not explain the inhibitory effect on antioxidant gene expression. We therefore 

hypothesized that Ids may affect an interacting partner of NFE2L2. We used cytoscape and 

MiMI plugin to retrieve the known interacting partners of NFE2L2 (Fig. 9E). Among them, a 

potential candidate was Atf4 (He et al., 2001). The mRNA levels of the latter were 

upregulated by ribose treatment but were not significantly affected by Id1/3 inhibition (Fig. 

S2A). Another potential candidate was c-Jun (Newman and Keating, 2003). Western blot 

analysis of phospho-c-JUN protein levels revealed that it was increased by ribose treatment 

but unaffected by Id1/3 inhibition (Fig. S2B). The other potential candidates were the small 

Maf proteins (Newman and Keating, 2003;Katsuoka et al., 2005;Hirotsu et al., 

2012;Tanigawa et al., 2013). We found that ribose treatment markedly increased MafF and 

MafK mRNA levels. Interestingly, Id1/3 inhibition strongly prevented this increase (Fig. 9F-

G). MafG mRNA levels were slightly increased by ribose treatment and slightly reduced by 

Id1/3 inhibition (Fig. 9H). Changes in the expression of MafK were confirmed at the protein 

level by western blot (Fig. 9I). These findings demonstrate that the inhibition of Id1/3 leads to 

reduced expression of small Maf proteins. Confirming the potential physiological relevance of 

these findings, MafF and MafK mRNA levels were markedly increased in the islets of diabetic 

db/db mice while the mRNA levels of MafG were not significantly affected (Fig. 9J-L). These 

findings suggest a novel mechanism whereby Ids regulate antioxidant gene expression by 

modifying the expression of small Maf proteins, NFE2L2-interacting partners.  

Inhibition of Mafs reduces antioxidant gene expression and potentiates apoptosis, 

recapitulating the effects of Id1/3 inhibition 

To verify whether the inhibition of small Maf proteins recapitulate the effects of Id1/3 

inhibition on antioxidant gene expression, we used siRNA against MafF, MafK and MafG (si-

FGK). By this means, the ribose-mediated upregulation of MafF, MafK and MafG was 

inhibited to a similar extent to that observed after inhibition of Id1/3 (Fig. 10A-C). Strikingly, 

the inhibition of Mafs resulted in reduced mRNA levels of several antioxidant genes, 

including Hmox1, Gpx1, Txnrd1, Prdx2-3, and to a lesser degree G6pdx (Fig. 10D-I). 

Furthermore, inhibition of Mafs potentiated ribose-induced apoptosis by ~1.8-fold (Fig. 10J). 



These results demonstrate for the first time the importance of small Maf proteins F, K and G 

in the regulation of antioxidant gene expression and beta-cell survival under conditions of 

oxidative stress. Our results strongly suggest that Id1/3 regulate antioxidant gene expression 

via the regulation of Mafs expression, thereby providing a novel mechanism of the cellular 

antioxidant response. 

  



Discussion 

In the present study, we have unveiled a novel cellular role for IDs in the regulation of redox 

status, mitochondrial integrity and cell survival under oxidative stress conditions. 

Mechanistically, our studies suggest that IDs are required for cellular mitochondrial 

adaptation and the antioxidant response by maintaining expression of the mitochondrial 

transcription factor Tfam and the NFE2L2-MAF signaling pathway. We have shown that IDs 

are novel oxidative stress-responsive genes in pancreatic beta-cells. The inhibition of Id1/3 

results in 1) reduced expression of Tfam and components of the ETC, altered mitochondrial 

respiration and increased mitochondrial fragmentation; and 2) global attenuation of the 

antioxidant response as evidenced by reduced expression of small Mafs and antioxidant gene 

expression. These alterations correlate with increased intracellular ROS levels, oxidative 

damage and apoptosis. Thus, our studies provide strong evidence for IDs to be crucial 

components of mitochondrial adaptation and the antioxidant response that promotes beta-cell 

survival under oxidative stress. 

IDs and oxidative stress 

Besides their important developmental role (Ruzinova and Benezra, 2003), ID proteins have 

been extensively studied in the field of cancer. Deregulation of their expression has been 

associated with several malignancies and has been proposed to play key roles in 

dedifferentiation, proliferation, angiogenesis and metastasis (Lasorella et al., 2014;Nair et al., 

2014). Interestingly, few reports have also suggested a link between IDs induction and the 

cellular redox status. Thus, ID1 overexpression in neonatal cardiac myocytes increased ROS 

generation (Tanaka et al., 1998). On the other hand, UV treatment increased the mRNA levels 

of Id3 in immortalized keratinocytes in a ROS-dependent manner (Trabosh et al., 2009). 

Moreover, Id3 induction in proliferating vascular smooth muscle cells has been shown to be 

ROS-dependent (Nickenig et al., 2002).  

Oxidative stress is an important mechanism implicated in numerous pathological situations, 

such as tumorigenesis (Costa et al., 2014), neurodegeneration (Chaturvedi and Flint, 2013), 

vascular injury (Stocker and Keaney, Jr., 2004), and beta-cell glucotoxicity (Robertson, 

2004;Bensellam et al., 2012). In beta-cells, ID1/3 were induced by elevated glucose 

concentrations in isolated human islets and beta-cell lines (Webb et al., 2000;Wice et al., 

2001). We have previously shown that Id1 mRNA levels were specifically induced by 

hyperglycemia in the islets of diabetic db/db mice. Indeed, this induction was prevented when 

animals were treated with phlorizin, a drug that lowers plasma glucose levels (Kjorholt et al., 

2005). Here, we have confirmed and extended this observation by showing that the four 

members of the ID family were upregulated in the islets of db/db mice. This induction was 

paralleled by a global upregulation of the antioxidant response. Since oxidative stress is a 

major downstream mechanism of beta-cell glucotoxicity (Bensellam et al., 2012), we verified 

whether IDs are induced by pro-oxidant agents in beta-cells. We found that H2O2 and ribose 

treatment induced Id1-3, and to a lesser extent Id4, in a time- and concentration-dependent 

manner in parallel with antioxidant genes in MIN6 beta-cells. Furthermore, antioxidant 



treatment prevented IDs induction in parallel with antioxidant genes, thereby demonstrating 

for the first time that IDs are oxidative stress responsive genes in beta-cells. 

Oxidative stress-responsive genes can be divided into three main subcategories: antioxidant 

genes that restore cellular homeostasis by scavenging and detoxifying supraphysiological 

ROS levels, oxidative damage-induced genes that activate pathways to repair macromolecular 

damage, and proapoptotic genes that trigger cell death if the two previous strategies fail. The 

parallelism between Ids induction and antioxidant gene expression suggested a potential link 

with the antioxidant response. 

IDs and the antioxidant response 

We have shown that Id1 and Id3 regulate antioxidant gene expression under oxidative stress 

via a specific interaction with the NFE2L2-MAF antioxidant pathway. The inhibition of Id1/3 

reduced the expression of multiple antioxidant genes in parallel with increased intracellular 

ROS levels, oxidative damage, and cell death. This observation suggested that Id1/3 may 

regulate the antioxidant response by an upstream mechanism.  

Mammalian cells are endowed with a set of oxidative stress sensors that activate different 

signaling pathways to restore cellular homeostasis or otherwise, trigger apoptosis (Marinho et 

al., 2014). Among them, NFE2L2 is a key regulator of antioxidant gene expression. Under 

basal conditions, it is continuously targeted for proteasomal degradation by the cytoplasmic 

adaptor protein Kelch-like ECH associated protein 1 (KEAP1). Under oxidative stress, the 

interaction between KEAP1 and NFE2L2 is impaired leading to the stabilization of the latter 

and its nuclear translocation (Itoh et al., 2004). Unexpectedly, we found that the inhibition of 

Id1/3 markedly increased NFE2L2 expression and nuclear localization. This interesting 

observation, which is in line with the increased ROS accumulation under these conditions, 

suggested that Id1/3 may affect an interacting partner rather than NFE2L2 itself. Indeed, we 

found that inhibition of Id1/3 inhibited the expression of small Maf proteins F, K and G, 

known interacting partners of NFE2L2 that play an important role in the regulation of 

antioxidant gene expression (Itoh et al., 1997;Katsuoka et al., 2005;Hirotsu et al., 

2012;Yamazaki et al., 2012;Tanigawa et al., 2013). Interestingly, inhibition of MafF/G/K 

reduced the expression of several antioxidant genes and potentiated ribose-induced apoptosis, 

thereby mimicking the effects of Id1/3 inhibition.  

These striking findings provide a novel regulatory mechanism of the antioxidant response. 

Our results strongly suggest that Id1/3 regulate antioxidant gene expression through the 

regulation of small Maf protein expression. Besides, our results highlight the important role of 

small Maf proteins in beta-cells. While recent reports have focused on the role of NFE2L2 in 

diabetes and beta-cell pathophysiology (Uruno et al., 2013;Li et al., 2014;Yagishita et al., 

2014), less attention has been given to the role of small Maf proteins (Shimohata et al., 2006). 

Yet, our results show that increased expression and nuclear accumulation of NFE2L2 alone, 

in the absence of Mafs, was insufficient to maintain adequate expression of antioxidant genes 

under oxidative stress. Interestingly, MafF and MafK mRNA levels were significantly 

upregulated in the islets of db/db mice suggesting a possible involvement in vivo in the 

regulation of antioxidant gene expression. 



Defective antioxidant response is one plausible explanation for the increase in ROS levels and 

cellular damage and death observed in the absence of Id1/3. Previous reports have proposed 

that beta-cells are vulnerable to oxidative stress because of their low intrinsic antioxidant 

defenses. However, these reports did not explore the full antioxidant arsenal of beta-cells. We 

previously observed that a large set of antioxidant genes, such as several isoforms of Gpx, 

metallothioneins, Prdxs and G6pdx which produces NADPH, the principal cellular reductant, 

were expressed in rat islets and some of them, such as Prdxs, had strong signals on microarray 

chips (Bensellam et al., 2009). Moreover, although some antioxidant genes have moderate 

signal under basal conditions, such as Hmox1, they were markedly upregulated by high 

glucose levels in vitro and in vivo, and may contribute to beta-cell resistance to 

hyperglycemia-induced apoptosis in some animal models (Laybutt et al., 2002;Jonas et al., 

2003;Elouil et al., 2005;Bensellam et al., 2009;Lacraz et al., 2009). It is however unknown 

whether Id expression is affected in these models. In the present study, we have shown that 

several antioxidant genes were expressed in the well differentiated MIN6 beta-cells and 

mouse islets and were markedly stimulated by oxidative stress in vitro and in vivo. Alteration 

of their expression under oxidative stress by Id1/3 inhibition had a profound effect on the 

cellular redox status and beta-cell survival. 

IDs and mitochondria 

Mitochondria play a fundamental role in beta-cells by coupling glucose metabolism to insulin 

secretion (Jitrapakdee et al., 2010). The mitochondrial ETC is the principal cellular source of 

ROS (Turrens, 2003). At physiological levels, ROS, in particular H2O2, have been proposed 

to play a role in cell signaling (Rhee, 2006), including the potentiation of insulin secretion (Pi 

et al., 2007). However, excessive production in pathology, that could result from either 

alteration of electron flow in the ETC or deficiency in antioxidant defenses or both, has been 

associated with mitochondrial dysfunction and altered expression of ETC components 

(Bindokas et al., 2003;Lu et al., 2008;Lu et al., 2010). We found that Id1/3 inhibition 

uncovered an inhibitory effect of ribose on oxygen consumption. Interestingly, this effect was 

associated with reduced expression of ETC components and the mitochondrial transcription 

factor Tfam.  

Besides 22 tRNAs and 2 rRNAs, mitochondrial DNA (mtDNA) encodes 13 polypeptides that 

constitute subunits of complex I, III, and IV in the ETC, and complex V. Point mutations and 

deletions in mtDNA have been associated with impaired respiratory chain function and have 

been involved in several pathologies including mitochondrial diabetes. Besides, depletion of 

mtDNA by Tfam deletion resulted in deficient oxidative phosphorylation and increased 

apoptosis (Park and Larsson, 2011). Mitochondria have been shown to be a primary target for 

oxidative damage. Thus, acute exposure of rat islets and INS1 beta-cell to H2O2 has been 

shown to impair mitochondrial function in parallel with reduced expression of components of 

the ETC, especially MTCO1, as well as reduced expression of Tfam, subsequent production 

of mitochondrial ROS and increased apoptosis (Li et al., 2009). These observations mirror 

ours and suggest that the global attenuation of antioxidant gene expression induced by Id1/3 

inhibition may lead to ROS accumulation and mitochondrial alterations. The latter could 

result in enhanced generation of mitochondrial ROS, thus further exacerbating oxidative 



stress and inducing oxidative damage and apoptosis. Alternatively, it is possible that the 

inhibition of Id1/3 alters the expression of Tfam, thereby reducing the expression of ETC 

component. The resulting slow down of electron flow may lead to enhanced ROS generation. 

Indeed, it is well established that beta-cells generate high ROS levels when cultured in the 

presence of low non-stimulatory glucose concentration in association with increased 

expression of oxidative stress responsive genes, such as Hmox1, and increased apoptosis 

(Martens et al., 2005;Bensellam et al., 2009;Roma et al., 2012). The resulting oxidative stress 

is further aggravated by the global attenuation of the antioxidant response and further alters 

mitochondria. This view is supported by the observation that enhanced ROS formation, 

increased oxidative damage and potentiation of apoptosis are observed under basal conditions 

in the absence of any ribose or H2O2 stimulation. Moreover, in our model, we observed that 

chronic stimulation with H2O2 or ribose do not inhibit the expression of components of the 

ETC and Tfam but rather increased it. Furthermore, the mRNA levels of Tfam were also 

upregulated in the islets of diabetic mice despite the presence of oxidative stress in these 

islets. Either way, these alterations were associated with mitochondrial fragmentation. The 

latter has been observed in beta-cells of T2D animal models and human subjects as well as in 

in vitro models of nutrient oversupply and oxidative stress (Bindokas et al., 2003;Anello et 

al., 2005;Li et al., 2009;Molina et al., 2009;Dlaskova et al., 2010;Lu et al., 2010). 

Potential exploitation of these new findings to protect beta-cells 

Although antioxidant supplementation has been shown to be promising in T2D animal 

models, it was overall ineffective in humans and even risky in some cases. Consequently, the 

activation of endogenous antioxidant genes could be a more promising strategy to reduce 

ROS-mediated apoptosis in beta-cells. Understanding the mechanisms of regulation of 

antioxidant response and the effectors involved is a key step towards this goal. The 

identification of Ids as key upstream regulators of the antioxidant response, besides their 

parallel role in mitochondria, may serve for the development of a novel therapeutic strategy to 

protect beta-cells against oxidative stress. Ids are known downstream targets of the BMP 

signaling pathway. Emerging evidence indicates an important role of this pathway in beta-

cells (Goulley et al., 2007;Scott et al., 2009;Bonner et al., 2011). However, one should keep in 

mind that the activation of Ids may also interfere with beta-cell differentiation. In a previous 

report, we have shown that Id1 was induced by elevated lipids in beta-cells and plays a role in 

lipid-induced impairment of insulin secretion and differentiation (Akerfeldt and Laybutt, 

2011). A moderate physiological stimulation of this pathway may exert beneficial effects 

under oxidative stress while avoiding the alteration of the beta-cell phenotype. Interestingly, 

our other studies show that low concentrations of recombinant BMP stimulated the expression 

of Id1/3 in parallel with a significant protection against ribose-induced apoptosis in MIN6 

beta-cells (MB-RL, unpublished results).  

In conclusion, we have identified Ids as a novel family of oxidative stress responsive genes in 

beta-cells that play an important physiological role under oxidative stress. We have 

demonstrated that Id1/3 are crucial for the maintenance of an adaptive mitochondrial-

antioxidant response that promote beta-cell survival under oxidative stress via a novel link to 

the NFE2L2-MAF signaling pathway. Besides their importance for basic cellular biology, 



these novel findings may help for the development of therapeutic strategies to protect beta-

cells against oxidative stress. 

 

  



Material and methods 

Reagents 

Ribose was from Sigma (St Louis, MI, USA). Manganese(III)tetrakis (4-benzoicacid) 

porphyrin (MnTBAP) was from Alexis Biochemicals (Lausen, Germany). 5-(and-6)-

chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) and Deep Red 

Mitotracker were from Invitrogen (Carlsbad, CA, USA). 

Antibodies 

The following primary antibodies were used: anti--ACTIN (A5441), anti--TUBULIN 

(T90267) and anti-INSULIN (I2018; Sigma, St Louis, MI, USA); anti-HMOX1 (5061; Cell 

Signaling Technology, Danvers, MA, USA); anti-ID1 (BCH-1/37-2) and anti-ID3 (BCH-

4/17-3; Biocheck, Foster City, CA, USA); anti-14-3-3 (sc-629), anti-ID1 (sc-488), anti-

NFE2L2 (sc-13032) and anti-SOD2 (sc-30080; Santa Cruz Biotechnology, Santa Cruz, CA, 

USA); anti-8-hydroxyguanosine (ab48508) and anti-MAFK (ab50322; Abcam, Cambridge, 

UK); anti-mitochondrial respiratory chain subunits (CI: NDUFB6, CII: SDHB, CIII: 

UQCRC2, and CV: ATP5A) (MS601; Mitosciences, Eugene, OR) and anti-CIV: MCTO1 

(A6403; Invitrogen).  

Mice 

C57BL/KsJ db/db and their age-matched lean control db/+ mice were taken from the Garvan 

Institute breeding colonies at the age of 14-16 weeks. Wild-type (C57BL/6/129/Sv), Id1
-/-

 and 

Id3
-/-

 mice were bred in-house using animals provided by Professor Robert Benezra 

(Memorial Sloan-Kettering Cancer Center, New York, NY) and used at the age of 8-10 

weeks. Animals were kept under conventional conditions with free access to food and water. 

All experiments were approved by the Garvan Institute/St. Vincent’s Hospital Animal 

Experimentation Ethics Committee, following guidelines issued by the National Health and 

Medical Research Council of Australia. 

Islet isolation and culture 

db/db and db/+ islets were isolated with liberase RI (Roche Diagnostics, Castle Hill, 

Australia) digestion of the pancreas and further separated with a Ficoll-Paque PLUS gradient 

(Amersham Biosciences) and handpicked under a stereomicroscope. Immediately after 

collection, islets were used for extraction of RNA. Wild-type, Id1
-/-

 and Id3
-/-

 islets were 

precultured 48h in RPMI medium containing 11.1 mmol/L glucose (Invitrogen) and 

supplemented with 0.2 mmol/L glutamine, 10% heat-inactivated FBS 100 units/mL penicillin, 

and 100 mg/mL streptomycin. Then, islets were further cultured 48h under control condition 

or in the presence of 50 mmol/L ribose. At the end of culture, islets were used for apoptosis 

measurements. For assessment of mitochondrial morphology, islets were dispersed with 

trypsin and cells seeded on poly-L-lysine-treated glass coverslips before treatment.  

Cell culture 



MIN6 beta-cells (P26-39) were grown in Dulbecco’s modified Eagle’s medium (Invitrogen) 

containing 25 mmol/L glucose, 10 mmol/L HEPES, 10% FCS, 50 units/mL penicillin, and 50 

mg/mL streptomycin. Cells were cultured in the presence of H2O2 (100-300 µmol/L) or ribose 

(5-25 mmol/L) to induce oxidative stress.  

 

RNA intereference 

To downregulate gene expression, cells were transfected with either 100 nmol/L control Non-

Targeting siRNA and Id1 and/or Id3 ON-TARGETplus SMARTpool siRNA using 

DharmaFECT3 according to manufacturer instructions (Thermo Fisher Scientific, Lafayette, 

CO). To mimic the effects of Id1/3 inhibition on MafF/MafG/MafK expression, cells were 

first transfected for 6h with either 100 nmol/L control Non-Targeting siRNA or 50 nmol/L of 

MafF and 50 nmol/L of MafK ON-TARGETplus SMARTpool siRNA. Then, cells were 

transfected a second time with either 150 nmol/L control Non-Targeting siRNA or 50 nmol/L 

of MafF, 50 nmol/L of MafK and 50 nmol/L of MafG ON-TARGETplus SMARTpool 

siRNA. After 24h, the transfection medium was changed and cells were cultured for 48h in 

the absence or presence of H2O2 or ribose. At the end of culture, cells were used for RNA and 

protein extraction, ROS, apoptosis and oxygen consumption measurements and 

immunocytochemistry. 

 

Real-time RT-PCR 

Total RNA extraction, cDNA synthesis and Real-time PCR were performed as previously 

described (Chan et al., 2013). Primer sequences are listed in Supplementary Table 1. The 

value obtained for each specific gene product was normalized to the control gene cyclophilin 

A and expressed as a fold change of the value in control condition.  

 

Western blot 

MIN6 cells were lysed in normal lysis buffer (50 mM Hepes, 150 mM NaCl, 10% glycerol, 

1% Triton X100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM pyrophosphate, 100 mM NaF) 

supplemented with 2 mM PMSF, 1 mM sodium orthovanadate and 1% protease inhibitor 

cocktail (Roche Diagnostics, Mannheim, Germany). Proteins (15-30 µg) were then separated 

by NuPage SDS-PAGE gels (Invitrogen) and transferred onto PVDF membrane. After 

blocking with 5% non-fat milk, the membranes were incubated with primary antibodies 

overnight at 4°C. The next day, membranes were incubated with horseradish peroxidase-

conjugated anti-mouse or anti-rabbit antibody (Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA) and the signal was revealed by enhanced chemiluminescence (Perkin 

Elmer, Wellesley, MA, USA). 

 

GPx activity 

GPx activity was determined indirectly as the decrease in NADPH absorption at 340 nm and 

30°C. A reaction cocktail was prepared by adding azide buffer (9.2 ml) [50 mM NaH2PO4, 

0.4 mM EDTA (pH 7.0), 1 mM Na-azide], glutathione reductase (100 µl, 100 u/ml), and GSH 



(50 µl, 200 mM) into a 1 mg -NADPH vial (N0411; Sigma). Sample and reaction cocktail 

were mixed and H2O2 (5 µl, 0.042% (v/v)) was added to start the reaction. Results were 

normalized to protein content. 

 

Apoptosis 

Cytoplasmic histone-associated DNA fragments were measured in MIN6 cells and islets with 

the Cell Death Detection ELISA
PLUS

 kit (Roche Diagnostics) according to manufacturer 

instructions as previously described (Bensellam et al., 2009). Results were normalized to 

DNA content. 

 

Oxygen consumption 

After culture, cells were trypsinized and resuspended in 1ml of warm medium containing the 

same composition as during culture. Oxygen consumption was measured at 37°C using an 

Oxytherm electrode unit (Hansatech, Norfolk, UK). This Clark-type oxygen electrode system 

monitors the dissolved oxygen concentration in a sealed measurement chamber over time. The 

measurements were exported to a computerized graph recorder (Oxygraph 1.01, Hansatech, 

Norfolk, UK) to calculate the rate of oxygen consumption. Experiments were done in 

duplicates and results were normalized to protein content. 

 

ROS measurement 

Cellular ROS levels were measured using chloromethyl-2’7’-dichlorodihydrofluorescein 

diacetate acetyl ester (CM-H2DCFDA) probe following the manufacturer’s instructions 

(Invitrogen). Briefly, cells were seeded in black 96 well plates with clear flat bottom. After 

siRNA tansfection and 48h culture in the absence or presence of ribose, cells were washed 

and incubated with 2µM CM-H2DCFDA or DMSO for 30 min at 37°C. Then, cells were 

washed and incubated in culture medium for 10 min at 37°C. Fluorescence intensity was 

measured (excitation at 485nm and emission at 520nm) using a plate reader (FluoStar 

OPTIMA, BMG Lab Technologies) and normalized to that measured in cells incubated with 

DMSO. Experiments have been done in quintuplicate for each condition. 

Immuofluorescence 

Pancreata were fixed in 10% buffered formalin (Sigma) and embedded in paraffin. Antigen 

retrieval was performed by using citrate buffer (S1699; Dako, Glostrup, Denmark). Cells 

cultured on coverslips were fixed in freshly prepared 4% paraformaldehyde (Electron 

Microscopy Sciences; Washington, PA) and permeabilized with 1% Triton X-100. For 

8OHdG staining, additional steps of RNAse treatment, proteinase K treatment and DNA 

denaturation were performed. Pancreatic sections and cells were incubated with 5% normal 

goat serum-1% BSA (Sigma) for 1h, and then overnight at 4°C with primary antibodies. 

Alexa fluor conjugated secondary antibodies (Molecular probes) were used to visualize 

immunostaining.  Cells and sections were counterstained by DAPI and images were acquired 

using Leica SP8 confocal microscope.  



Statistical analysis 

Results are means±SEM for the indicated number of experiments. Statistical significance of 

differences between groups was assessed by unpaired two-tailed student t-test, one-way 

ANOVA and a post-test of Newman–Keuls or two-way ANOVA and a post-test of 

Bonferroni. 
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Figure legends 

Figure 1. IDs expression is upregulated in the islets of diabetic mice in parallel with 

oxidative stress response genes.  

(A-F) Immunostaining of ID1 (A-B), ID3 (C-D) and NFE2L2 (E-F) in the islets of 

normoglycemic db/+ and diabetic db/db mice. Pancreatic sections were analyzed by confocal 

microscopy using anti-insulin antibody (green), anti-ID1, anti-ID3, anti-NFE2L2 antibodies 

(red) and DAPI (blue). Images are representative of 3 animals for each group. (G-T) Changes 

in the mRNA levels of Id1-4, Hmox1, Gpx1-2, Txnrd1, G6pdx, Srxn1 and Prdx1-4 in the islets 

of normoglycemic db/+ and diabetic db/db mice were analyzed by real-time RT-PCR, 

normalized to cyclophilin A mRNA levels and expressed relative to the levels in islets of db/+ 

mice. Data are means±SEM for 6-10 animals in each group. *p<0.05, **p<0.01, ***p<0.001 

for the effect of genotype (unpaired two-tailed student t-test). 

Figure 2. Oxidative stress increases the mRNA levels of Ids in beta-cells.  

MIN6 beta-cells were cultured for 48h in the absence or presence of increasing concentrations 

of H2O2 (100-300 µM) (A-E) or ribose (5-50 mM) (F-J) to induce oxidative stress. Changes in 

the mRNA levels of Hmox1 and Id1-4 were analyzed by real-time RT-PCR, normalized to 

cyclophilin A mRNA levels, and expressed relative to the control condition. Data are 

means±SEM for 3 experiments. *p<0.05, **p<0.01, ***p<0.001 vs. control condition (one-

way ANOVA+test of Newman-Keuls). 

Figure 3. Oxidative stress increases the (peri)nuclear localization of Id1 and Id3.  

Immunostaining of ID1 (A-B) and ID3 (C-D) in MIN6 beta-cells cultured 48h in the absence 

or presence of 50 mM ribose. Cells were fixed and analyzed by confocal microscopy using 

anti-ID1 antibody (green), anti-ID3 antibody (red) and DAPI (blue). Images are representative 

of four experiments. 

Figure 4. Oxidative stress time-dependently increases the mRNA levels of Id1 and Id3 in 

parallel with oxidative stress response genes. 

MIN6 beta-cells were cultured from 0 to 48h in the absence or presence of 50 mM ribose to 

induce oxidative stress. Changes in the mRNA levels of Id1, Id3, Hmox1, Gpx2, Srxn1, Prdx1 

and Bax were analyzed by real-time RT-PCR, normalized to cyclophilin A mRNA levels and 

expressed relative to the control condition at time point 0. Open circles: untreated cells; closed 

circles: ribose treated cells. Data are means±SEM for 3 experiments. *p<0.05, **p<0.01, 

***p<0.001 for the effect of time and #p<0.05, ##p<0.01, ###p<0.001 for the effect of ribose 

(two-way ANOVA+test of Bonferroni). 

Figure 5. Antioxidant treatment prevents the ribose-induced upregulation of Id mRNA 

levels. 

MIN6 beta-cells were cultured for 48h in the absence or presence of 50 mM ribose. The 

antioxidant MnTBAP was added to a final concentration of 10 µM to oppose ribose-induced 



oxidative stress. Changes in the mRNA levels of Hmox1, Gpx1-2, Srxn1, Prdx1, Prdx3 (A-F) 

and Id1-4 (G-J) were analyzed by real-time RT-PCR, normalized to cyclophilin A mRNA 

levels and expressed relative to the control condition. Data are means±SEM for 3 

experiments. *p<0.05, ***p<0.001 for the effect of ribose and #p<0.05, ##p<0.01, 

###p<0.001 for the effect of antioxidant treatment (two-way ANOVA+test of Bonferroni). 

Figure 6. Inhibition of Id1 and/or Id3 attenuates the global antioxidant response. 

MIN6 beta-cells were transfected with either control siRNA (si-C), siRNA against Id1 (si-

Id1), Id3 (si-Id3) or both (si-Id1/3) for 24h, then further cultured for 48h in the absence or 

presence of 50 mM ribose to induce oxidative stress. (A-L) Changes in the mRNA levels of 

Id1, Id3, Hmox1, Gpx1-2, Srxn1, Prdx1-4, Txnrd1 and G6pdx were analyzed by real-time RT-

PCR, normalized to cyclophilin A mRNA levels and expressed relative to the control 

condition. Data are means±SEM for 3 experiments. *p<0.05, **p<0.01, ***p<0.001 for the 

effect of ribose and #p<0.05, ##p<0.01, ###p<0.001 for the effect of siRNA (two-way 

ANOVA+test of Bonferroni). (M) Changes in the protein levels of ID1, ID3, SOD2, HMOX1 

and control genes were analysed by western blot. Blots are representative for 3 to 5 

experiments. C: control; H: H2O2 100 µM; R: ribose 50 mM. (N) Changes in enzymatic 

activity of GPx. Data are means±SEM for 5 experiments. *p<0.05, ***p<0.001 for the effect 

of ribose (two-way ANOVA+test of Bonferroni). 

Figure 7. Inhibition of Id1 and Id3 increases ROS levels and apoptosis. 

MIN6 beta-cells were transfected with either control siRNA (si-C) or siRNA against Id1 and 

Id3 (si-Id1/3) for 24h, then further cultured for 48h in the absence or presence of 50 mM 

ribose or 100 µM H2O2. (A) ROS levels were measured using the DCFDA probe. Fluoresence 

was normalized to that measured in cells incubated with DMSO and expressed relative to the 

control condition. Data are means±SEM for 3 experiments. ##p<0.01 for the effect of siRNA 

(two-way ANOVA+test of Bonferroni). (B) Apoptosis was assessed by measurement of DNA 

fragmentation by ELISA and normalized to DNA content. Data are means±SEM for 4 

experiments. *p<0.05, ***p<0.001 for the effect of treatment and ###p<0.001 for the effect of 

siRNA (two-way ANOVA+test of Bonferroni). (C) Isolated WT, Id1-KO and Id3-KO mouse 

islets were cultured for 48h in the absence or presence of 50 mM ribose. At the end of culture, 

DNA fragmentation was assessed by ELISA and normalized to DNA content. Data are 

means±SEM for 4 experiments. ***p<0.001 for the effect of ribose and ##p<0.01 for the 

effect of genotype (two-way ANOVA+test of Bonferroni). (D-G) Changes in the mRNA 

levels of Bax, Ddit2, Bcl2 and Bcl-XL were analyzed by real-time RT-PCR, normalized to 

cyclophilin A mRNA levels and expressed relative to the control condition. Data are 

means±SEM for 3-4 experiments. **p<0.01, ***p<0.001 for the effect of ribose and #p<0.05, 

###p<0.001 for the effect of siRNA (two-way ANOVA+test of Bonferroni). (H-K) 

Immunostaining of 8OHdG. Cells were fixed and analyzed by confocal microscopy using 

anti-8OHdG antibody (red) and DAPI (blue). Images are representative of three experiments. 

Figure 8. Inhibition of Id1 and Id3 impairs mitochondrial homeostasis and induces 

mitochondrial fragmentation. 



MIN6 beta-cells were transfected with either control siRNA (si-C) or siRNA against Id1 and 

Id3 (si-Id1/3) for 24h, then further cultured for 48h in the absence or presence of 50 mM 

ribose. (A) Changes in oxygen consumption were assessed by Clark electrode, normalized to 

protein content and expressed relative to the control condition. Data are means±SEM for 5 

experiments. Experiments were performed in duplicates. ***p<0.001 for the effect of ribose 

and ##p<0.01 for the effect of siRNA (two-way ANOVA+test of Bonferroni). (B) Changes in 

the protein levels of components of the electron transport chain complexes and control genes 

were analysed by western blot. Blots are representative for 3 experiments. C: control; H: H2O2 

100 µM; R: ribose 50 mM. (C) Changes in the mRNA levels of the mitochondrial 

transcription factor Tfam were analyzed by real-time RT-PCR, normalized to cyclophilin A 

mRNA levels and expressed relative to the control condition. Data are means±SEM for 3 

experiments. **p<0.01 for the effect of ribose (two-way ANOVA+test of Bonferroni). (D-G) 

Mitochondrial morphology was assessed by Red Mitotracker probe used at a final 

concentration of 300 nM (Red). Cells were fixed and analyzed by confocal microscopy. DAPI 

was used to stain nuclei (blue). Images are representative of three experiments. (H-K) Isolated 

WT and Id3-KO mouse islets were dispersed and cultured for 48h in the absence or presence 

of 50 mM ribose. At the end of culture, mitochondrial morphology was assessed by Red 

Mitotracker probe used at a final concentration of 300 nM (red). Cells were fixed and 

analyzed by confocal microscopy using anti-insulin antibody (green) and DAPI (blue). 

Images are representative of three experiments. 

Figure 9. Inhibition of Id1 and Id3 increases the nuclear accumulation of NFE2L2 while 

reducing the expression of its interacting partners Mafs. 

MIN6 beta-cells were transfected with either control siRNA (si-C) or siRNA against Id1 and 

Id3 (si-Id1/3) for 24h, then further cultured for 48h in the absence or presence of 50 mM 

ribose to induce oxidative stress. (A-D) Immunostaining of NFE2L2. Cells were fixed and 

analyzed by confocal microscopy using anti-NFE2L2 antibody (green) and DAPI as a nuclear 

stain (blue). Images are representative of three experiments. (E) Analysis of NFE2L2 

interacting partners using Cytoscape (2.8.3) and MiMl plugin. (F-H) Changes in the mRNA 

levels of MafF, MafG and MafK were analyzed by real-time RT-PCR, normalized to 

cyclophilin A mRNA levels and expressed relative to the control condition. Data are 

means±SEM for 4 experiments. ***p<0.001 for the effect of ribose and ##p<0.01 for the 

effect of siRNA (two-way ANOVA+test of Bonferroni). (I) Changes in the protein levels of 

MAFK and control gene were analysed by western blot. Blots are representative for 4 

experiments. C: control; R: ribose 50 mM. (J-L) Changes in the mRNA levels of MafF, MafG 

and MafK in the islets of normoglycemic db/+ and diabetic db/db mice were analyzed by real-

time RT-PCR, normalized to cyclophilin A mRNA levels and expressed relative to the levels 

in islets of db/+ mice. Data are means±SEM for 6 animals in each group. *p<0.05, 

***p<0.001 for the effect of genotype (unpaired two-tailed student t-test).  

Figure 10. Inhibition of Mafs reproduces the effects of Id1/3 inhibition on antioxidant 

gene expression and apoptosis. 



MIN6 beta-cells were transfected with either control siRNA (si-C) or siRNA against MafF, 

MafK and MafG (si-FGK) as detailed in material and methods. Cells were then further 

cultured for 48h in the absence or presence of 50 mM ribose to induce oxidative stress. (A-I) 

Changes in the mRNA levels of MafF, MafG, MafK, Hmox1, Prdx2-3, Txnrd1, Gpx1 and 

G6pdx were analyzed by real-time RT-PCR, normalized to cyclophilin A mRNA levels and 

expressed relative to the control condition. Data are means±SEM for 4 experiments. 

**p<0.01, ***p<0.001 for the effect of ribose and #p<0.05, ##p<0.01, ###p<0.001 for the 

effect of siRNA (two-way ANOVA+test of Bonferroni). (J) Apoptosis was assessed by 

measurement of DNA fragmentation by ELISA and normalized to DNA content. Data are 

means±SEM for 3 experiments. **p<0.01, ***p<0.001 for the effect of ribose and ##p<0.01 

for the effect of siRNA (two-way ANOVA+test of Bonferroni). (G) The proposed model: 

prolonged hyperglycemia increases ROS generation by defective mitochondria. The 

subsequent induction of IDs promotes beta-cell survival via the maintenance of an adaptive 

mitochondrial-antioxidant response. The latter consists of 1) the upregulation of the 

expression of the mitochondrial transcription factor Tfam and components of the ETC and 2) 

upregulation of the expression of NFE2L2-interacting partners small Maf proteins and 

subsequent induction of downstream antioxidant genes.   

Figure S1.  

(A) MIN6 beta-cells were transfected with either control siRNA (si-C) or siRNA against Id1 

and Id3 (si-Id1/3) for 24h, then further cultured for 48h in the absence or presence of 50 mM 

ribose. Changes in the mRNA levels of Ucp2 were analyzed by real-time RT-PCR, 

normalized to cyclophilin A mRNA levels and expressed relative to the control condition. 

Data are means±SEM for 3 experiments. **p<0.01 for the effect of ribose (two-way 

ANOVA+test of Bonferroni). 

(B) Changes in the mRNA levels of Tfam in the islets of normoglycemic db/+ and diabetic 

db/db mice were analyzed by real-time RT-PCR, normalized to cyclophilin A mRNA levels 

and expressed relative to the levels in islets of db/+ mice. Data are means±SEM for 6 animals 

in each group. *p<0.05, **p<0.01, ***p<0.001 for the effect of genotype (unpaired two-tailed 

student t-test). 

Figure S2.  

MIN6 beta-cells were transfected with either control siRNA (si-C) or siRNA against Id1 and 

Id3 (si-Id1/3) for 24h, then further cultured for 48h in the absence or presence of 50 mM 

ribose. (A) Changes in the mRNA levels of Atf4 were analyzed by real-time RT-PCR, 

normalized to cyclophilin A mRNA levels and expressed relative to the control condition. 

Data are means±SEM for 4 experiments. **p<0.01 for the effect of ribose (two-way 

ANOVA+test of Bonferroni). (B) Changes in the protein levels of phospho-c-JUN (P-c-JUN) 

and control gene were analysed by western blot. Blots are representative for 4 experiments. C: 

control; R: ribose 50 mM. 
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Supplementary Table S1.  Sequences of oligonucleotide primers (5'-3') 

Gene symbol 5' Oligonucleotide 3' Oligonucleotide 

Bax TGCAGAGGATGATTGCTGAC GATCAGCTCGGGCACTTTAG 

Bcl2 TCTGAAGGATTGATGGCAGA CATCAGCCACGCCTAAAAGT 

Bcl-xl (Bcl2l2) CCATTGCTACCAGGAGAACC AGGAGCTGGTTTAGGGGAAA 

Cyclophilin (Cypa, Ppia) TGTGCCAGGGTGGTGACTTTAC TGGGAACCGTTTGTGTTTGG 

Ddit2 (Gadd45g) AATGTGGACCCTGACAATGTGAC GCTCTCCTCGCAGAACAAACTG 

G6pdx (G6pd) CCCACAGTCTATGAAGCAGTCACC CCATCTCTTTGCCCAGGTAGTG 

Gpx1 (GPx, CGPx) ACAGTCCACCGTGTATGCCTTC CTCTTCATTCTTGCCATTCTCCTG 

Gpx2 TGATTGAGAATGTGGCGTCACTC TTTGGGTAAGACTAAAGGTGGGC 

Hmox1 (HO-1, Hsp32) CCACACAGCACTATGTAAAGCGTC GTTCGGGAAGGTAAAAAAAGCC 

Id1 TTGGTCTGTCGGAGCAAAGC GCAGGTCCCTGATGTAGTCGATTAC 

Id2 CCTCCTACGAGCAGCATGAAAG TGGTGATGCAGGCTGACGATAG 

Id3 AACCCAGCCCTCTTCACTTACC CCCATTCTCGGAAAAGCCAG 

Id4 GAAGAGCAATCGTGAATCCAACC AGAAAAAGTTCCCCGCCCTG 

MafF AGCAAAGCCCTGAAGGTCAAG TGACGATGGTGATGACGCTG 

MafG TTAAAGGTGAAGCGGGAGCC GCTGGATGATCTCTTCCTTGGAG 

MafK GCCCCTGTTCTTAGCGATGATG GCGTAGCCTCTGTTCTTGAGTGTG 

Prdx1 CTTTACTTTTGTGTGTCCCACGG GTCCCAATCCTCCTTGTTTCTTG 

Prdx2 AGTGTCTGTGGACTCTCAGTTCACC CCCTGTAAGCAATGCCCTCATC 

Prdx3 TTCCCACTTCAGTCATCTTGCC TTCCAACAGCACTCCGTAGTCTC 

Prdx4 GTGTGTCCAACTGAAATCATCGC TGGGTAAACTGAGAGTCAACAGAGC 

Srxn1 TACCAATCGCCGTGCTCATC AAAGGAATAGTAGTAGTCGCCACCC 

Tfam (Tcf6, Tcf6l2) GGAATGTGGAGCGTGCTAAAAG ACAAGACTGATAGACGAGGGGATG 

Txnrd1 TGAAGAGCAGACCAATGTGC AGCCTCCATACAGCCTCTGA 

Ucp2 TCTCATCACTTTCCCTCTGGATACC GAGCCCTTGGTGTAGAACTGTTTG 

Aliases of gene symbols given in parentheses 
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