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Abstract

Type 1 (T1D) and type 2 (T2D) diabetes share pathophysiological characteristics, yet mechanistic 

links have remained elusive. T1D results from autoimmune destruction of pancreatic beta cells, 

whereas beta cell failure inT2D is delayed and progressive. Here we find a new genetic component 

of diabetes susceptibility in T1D non-obese diabetic (NOD) mice, identifying immune-

independent beta cell fragility. Genetic variation in Xrcc4 and Glis3 alters the response of NOD 

beta cells to unfolded protein stress, enhancing the apoptotic and senescent fates. The same 

transcriptional relationships were observed in human islets, demonstrating the role of beta cell 

fragility in genetic predisposition to diabetes.

Diabetes mellitus is a group of diseases in which defective insulin production or function 

results in the dysregulation of blood glucose levels. The most common forms of diabetes, 

T1D and T2D, can be considered to be at extreme ends of the etiology spectrum, with T1D 

caused by autoimmunity against pancreatic beta cells, resulting in insulin deficiency, and 

T2D initiated by metabolic changes that render target tissues resistant to insulin. The 

divergence in etiology is reflected in the animal models used, with the primary T1D model 

being the autoimmune-prone NOD mouse1, whereas T2D models typically use severe 

obesity to generate metabolic dysfunction2.

Despite this academic division, clinical convergence is observed for T1D and T2D, with 

patients with T2D commonly developing a progressive decline in total beta cell mass3. This 

loss of beta cells is a critical component of disease pathogenesis and has led to prolonged 

efforts to find shared genetic risks. Genome-wide association studies (GWAS) have 

demonstrated a complex genetic landscape for diabetes, with a stark separation between 

immunological genes in T1D4 and metabolic genes in T2D5. One of the few genes linked to 

both diseases is GLIS3 (refs. 5,6), which is also notable for mutations causing a form of 

congenital diabetes7. Another gene with mutations capable of causing congenital diabetes is 

EIF2AK3 (also known as PERK)8, an initiator of the unfolded protein stress response 

(UPR). This pathway is initiated when protein biosynthesis exceeds folding capacity, 

resulting in the accumulation of unfolded proteins, and is responsible for the bifurcated 

outcomes of stress alleviation and apoptosis. The UPR has been proposed as a major 

regulator of inflammation9, with potential involvement in both T1D10,11 and T2D12.

Complex longitudinal changes in beta cells during T1D progression are well established13; 

however, separating potential genetic beta cell defects from induced secondary changes has 

not been possible in human samples. The genetics of T1D susceptibility in NOD mice have 

been well characterized and show striking parallels with human data, making these mice an 

ideal testing ground for the hypothesis that genetic abnormalities in beta cells contribute to 

pathogenic outcome1. NOD mice have pre-autoimmune defects in glucose regulation that 

have been proposed to act in synergy with immune defects14. Here we directly investigate 

the contribution of genetic defects in beta cell robustness to the development of diabetes. 
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Using a transgenic model that increases the basal load of unfolded protein stress in islets, we 

found that the NOD genetic background encodes strong genetic susceptibility to primary 

beta cell failure, which is independent of immune tolerance defects. This unique 

susceptibility is controlled by loci that include missense Xrcc4 polymorphisms and result in 

defective Glis3 expression, which in turn drive increased levels of beta cell apoptosis and 

senescence. Genetic susceptibility could be replicated by elevated levels of dietary fat. 

Transcriptional analysis of human islets identified the same genetic networks at play. 

Together, these findings demonstrate both the important role of genetic variation in beta cells 

for diabetes susceptibility and a mechanism by which the ‘Western diet’ may contribute to 

the growing diabetes epidemic.

Results

Genetic defects in beta cell robustness in NOD mice

NODk mice, with congenic replacement of the potent Idd1 major histocompatibility 

complex (MHC) susceptibility locus, allow for dissection of the multiple genetic 

components of diabetes susceptibility without spontaneous autoimmunity against pancreatic 

islets. In the course of constructing a matched set of transgenic mice on the B10k and NODk 

backgrounds15, we were surprised to observe spontaneous diabetes selectively in male 

NODk mice hemizygous for the insulin (Ins2) promoter–driven hen egg lysozyme (insHEL) 

transgene. This phenomenon was not observed in B10k.insHEL transgenic mice, nor was it 

observed on the B6, CBA/H or 129/Sv strain background (data not shown), suggesting that 

insHEL transgenic mice have a unique propensity to develop diabetes on the NODk 

background. To further investigate this phenomenon, we aged a cohort of B10k and NODk 

transgenic and non-transgenic siblings. Only NODk.insHEL and (B10k × NODk)F1.insHEL 

males developed diabetes (Fig. 1a). This effect was not caused by differential expression of 

the insHEL transgene (Supplementary Fig. 1).

As T1D in humans and NOD mice is dependent on defects in immune tolerance, we tested 

the capacity of the insHEL transgene to act as a sensitizer for the development of immune-

mediated diabetes by crossing diabetes-resistant B10k transgenic mice to mice on the Aire 
knockout background, which have defective thymic tolerance against pancreatic antigens16. 

B10k.Aire−/−.insHEL mice also developed diabetes, albeit at a lower rate than 

NODk.insHEL mice, in a process that was immune dependent (Fig. 1b). Before developing 

diabetes, NODk.insHEL mice but not B10k.insHEL mice demonstrated a reduction in 

pancreatic islet number (Fig. 1c). This reduction could be the consequence of an immune 

response directed against the HEL protein encoded on the H2k haplotype17 or it could 

represent an as yet undescribed beta cell defect. To discriminate between these two 

possibilities, we introgressed the insHEL transgene into the NODk.Prkdcscid and 

NODk.Rag1−/− lines. Despite the absence of T and B lymphocytes in both strains, insHEL 

transgenic NOD mice still developed diabetes (Fig. 1d,e). In immune-competent 

NOD.insHEL mice, we observed perivascular accumulation of lymphocytes around 4% of 

blood vessels in the pancreas (data not shown); however, no invasive insulitis was observed. 

Infiltrate was absent in NODk.Rag1−/−.insHEL mice (Fig. 1f), and chemokine expression 

was not induced (Supplementary Fig. 2). Finally, NOD mouse susceptibility to diabetes was 
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extrinsic to the bone marrow, formally ruling out variation in the immune system as the 

primary driver of diabetes susceptibility in this model (Fig. 1g). Together, these results 

clearly demonstrate that NOD mice have a beta cell–intrinsic genetic defect, manifested by 

expression of the insHEL transgene.

Expression of HEL, commonly used as a model antigen, has not previously been reported to 

induce adverse functions, and the transgene did not interrupt gene expression 

(Supplementary Fig. 3). Further investigation found profound cellular stress induced by 

insHEL on both genetic backgrounds (Fig. 2a,b). Total insulin levels were increased in 

insHEL transgenic mice (Fig. 2c and Supplementary Fig. 4a–c); however, this masked a 

sharp decrease in the levels of mature, processed insulin (Supplementary Fig. 4d,e), with the 

insHEL transgene increasing proinsulin secretion in vivo (Fig. 2d–f) and in vitro 
(Supplementary Fig. 5a,b). In NODk.insHEL mice, this effect was associated with decreased 

abundance of prohormone convertase proteins (Supplementary Fig. 5c–i). The endoplasmic 

reticulum stress induced by the insHEL transgene therefore perturbs the correct processing 

of insulin, analogous to the Akita mouse18 and in line with the model of T2D disease 

progression.

This similarity to T2D prompted an assessment of glucose tolerance. The insHEL transgene 

resulted in glucose intolerance in both strains, with elevated or delayed peak glucose levels 

(Fig. 2g and Supplementary Fig. 6a–e). The response to exogenous insulin injection, by 

contrast, remained normal (Fig. 2h), indicating that insHEL-mediated diabetes is a bona fide 

beta cell failure rather than a defect in peripheral insulin signaling. As both the B10 and 

NOD strains exhibited cellular stress and glucose intolerance, these data demonstrate that 

NOD mice possess an underlying genetic defect that manifests during beta cell stress, 

driving progression from subclinical glucose intolerance to clinical diabetes.

As diabetes was never observed in female mice (Supplementary Fig. 7a), we further sought 

to dissect the role of sex. Islets from insHEL transgenic NODk female mice exhibited 

intermediate signs of stress, with reduced size of insulin granules (Supplementary Fig. 7b) 

but no decrease in total number (Supplementary Fig. 7c). Likewise, beta cell granularity was 

only partially reduced in female mice (Supplementary Fig. 7d), with maintenance of insulin 

content (Supplementary Fig. 7e). As in male mice, the insHEL transgene resulted in 

increased insulin and proinsulin secretion (Supplementary Fig. 7f,g), whereas C-peptide 

levels were maintained (Supplementary Fig. 7h), despite the retention of PC1 and PC3 

expression (Supplementary Fig. 7i,j). The net effect of this islet stress was mild glucose 

intolerance (Supplementary Fig. 7k); however, unlike male transgenic mice, females did not 

have a decrease in islet number (Supplementary Fig. 7l) and remained non-diabetic despite 

the addition of several stressors (Supplementary Fig. 7a). Finally, the unique susceptibility of 

the male mice was due to a sex hormone-dependent effect, as castration of males 

dramatically reduced diabetes incidence (Supplementary Fig. 7m).

Altered unfolded protein stress response in NOD islets

To determine the molecular mechanism of NOD mouse susceptibility to beta cell failure, we 

performed RNA sequencing (RNA-seq) on the islets of B10k.Rag1−/−, 

B10k.Rag1−/−.insHEL, NODk.Rag1−/−and (pre-diabetic) NODk.Rag1−/−.insHEL mice. This 

Dooley et al. Page 4

Nat Genet. Author manuscript; available in PMC 2017 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experimental design excluded any infiltrating lymphocytes or effects secondary to 

autoimmunity. At a global level, the greatest differences were observed between strains (Fig. 

3a). Analysis of statistically significant changes in gene expression (Supplementary Data Set 

1) identified the two non-transgenic parental strains (Fig. 3b) as having the greatest number 

of differences, largely at the lower end of the expression spectrum (Supplementary Fig. 8a) 

and with the affected genes not clustering in functional pathways (Fig. 3c and 

Supplementary Data Set 2). By contrast, the impact of insHEL, although globally smaller 

than the strain effect (Fig. 3a,b), was coordinated in functionally related gene sets (Fig. 3c 

and Supplementary Fig. 8b,c). The changes induced on the B10 and NOD backgrounds were 

highly related, with similar effects at both quantitative (Fig. 3a,b) and qualitative 

(Supplementary Fig. 9) levels. To build on the transcriptional analysis, we performed a 

proteomic analysis of B10k.Rag1−/−.insHEL and NODk.Rag1−/−.insHEL islets 

(Supplementary Data Set 3). Only 18 differences in protein expression were significant and 

reproducible across duplicate experiments, of which most reflected parental transcriptional 

changes (Supplementary Data Set 1). Together, these results indicate that there is no major 

quantitative defect in the UPR in NOD mice, suggesting that defects lie in the baseline strain 

variation, with pathogenic potential uncovered during cellular stress.

Notably, of the few proteins expressed at higher levels in B10k. insHEL islets than in 

NODk.insHEL islets, two (Hsp90b and Manf) are encoded by UPR-related genes. NOD 

mice have been suggested to have a defect in the UPR11, although the use of 

immunocompetent mice in published experiments means that the observation could be 

secondary. To determine whether NOD beta cells have a primary defect in activation of the 

UPR, we crossed the B10k.Rag1−/−.insHEL and NODk.Rag1−/−.insHEL strains with the 

endoplasmic reticulum stress–activated indicator (ERAI) transgenic mouse model, in which 

reporter activation is mediated by selective splicing of XBP1 mRNA during the UPR19. 

These crosses effectively replicate B10k.insHEL. ERAI (diabetes-resistant) mice and (B10k 

× NODk)F1.insHEL. ERAI (diabetes-susceptible) mice. Analysis of UPR reporter 

expression demonstrated equal induction of the reporter in both strains (Fig. 3d). As an 

independent approach to quantify the UPR, we analyzed the expression of Xbp1 target genes 

in the RNA-seq data set. Similar to the global results (Fig. 3a), analysis of the Xbp1 target 

gene set indicated large variation between the non-transgenic parental strains, but these 

strains showed similar induction with the insHEL transgene (Fig. 3e). At the individual gene 

level, most UPR-related genes demonstrated equivalent regulation by insHEL on the two 

genetic backgrounds at both the transcriptional (Fig. 3f) and protein (Fig. 3g) levels. Manf 
was the only UPR-related gene differentially expressed at both the mRNA and protein 

levels, with efficient induction by insHEL expression on the B10 background and poor 

induction on the NOD background (Fig. 3h,i). Together, these results demonstrate that 

insHEL induces the UPR in beta cells but, critically, does so to a similar extent in diabetes-

resistant (B10) and diabetes-susceptible (NOD and (B10 × NOD)F1) hosts. Thus, rather than 

a global defect in inducing the UPR per se, NOD mice possess an intact UPR with 

differential transcriptional biases, resulting in a specific defect in upregulating Manf 

expression.
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Genetic linkage of stress-induced diabetes in NOD mice

To determine the basis of NOD mouse susceptibility to insHEL-induced diabetes, we 

performed a genetic analysis. Initially, we used a candidate-based approach, testing the Idd 

loci associated most strongly with diabetes susceptibility in NOD mice20. NODg7 mice—

with the diabetes resistance B10 alleles of Idd3, Idd5, Idd9, Idd10 and Idd18—were 

backcrossed onto the NODk.insHEL strain and monitored for diabetes development. Despite 

potent effects in NODg7 mice, none of these regions provided any protection against 

insHEL-mediated diabetes, even in combination (Fig. 4a). Next, we performed a linkage 

cross. As susceptibility of NOD mice to insHEL-induced diabetes was dominant (Fig. 1a), 

we generated a cohort of (NOD × B10)F2 mice. Of 331 (NOD × B10)F2.Rag1−/−.insHEL 

mice, 36% developed diabetes. Following genome-wide SNP genotyping, two distinct 

transgene-induced diabetes (Tid) loci were identified (Fig. 4b). Chromosome 13 linkage was 

observed with two peaks (Tid1 and Tid2) within a single Bayes interval (Fig. 4c), whereas 

chromosome 19 linkage was observed with a single distinct peak (Fig. 4d). The effect of 

each Tid locus was assessed by plotting the diabetes-free survival rate for (NOD × 

B10)F2.Rag1−/−.insHEL mice that were B10/B10, B10/NOD and NOD/NOD at each locus. 

For each locus, (NOD × B10)F2.Rag1−/−.insHEL.TidB10/B10 mice had significantly (P < 

0.0001) lower diabetes rates than (NOD × B10)F2.Rag1−/−.insHEL.TidNOD/NOD mice (Fig. 

4e–g). (NOD × B10)F2.Rag1−/−.insHEL.TidB10/B10 mice, with the B10 allele at each Tid 

locus, did not develop diabetes at all (Fig. 4h), demonstrating that the three Tid loci are 

independently sufficient and together necessary for NOD mouse susceptibility to insHEL-

mediated diabetes.

To further dissect the genetic basis for NOD mouse susceptibility to stress-induced diabetes, 

we generated a list of potential candidate genes meeting one or more of four criteria: (i) 

homology with human genes associated with diabetes in GWAS; (ii) significant mRNA 

expression differences between strains (Supplementary Data Set 1); (iii) >2-fold difference 

in protein expression between strains (Supplementary Data Set 3); and (iv) islet expression 

with nonsynonymous polymorphisms. This latter class was generated from RNA-seq data by 

filtering for allelic variants (Supplementary Data Set 4). Having generated a list of potential 

candidate genes, we cross-referenced the list with the genetic linkage data to identify 25 

candidate genes (Supplementary Table 1).

Of the candidate genes within the Tid1 and Tid2 loci, supporting evidence was found for 

Xrcc4. The Xrcc4 protein is a critical binding partner of DNA ligase IV (Lig4). Lig4 
knockout mice develop spontaneous diabetes due to poor double-stranded DNA break 

(DSB) repair in beta cells, leading to senescence21,22. We found two polymorphisms in the 

NOD Xrcc4 allele (Fig. 5a–c). Molecular modeling of the Xrcc4-Lig4 complex predicted 

that the NOD polymorphisms reduce the stability of Xrcc4 by causing loss of the Asp125-

Arg3 electrostatic interaction (Fig. 5d), affecting the Xrcc4-Lig4 complex (Supplementary 

Fig. 10). Investigation of embryonic fibroblasts showed reduced Xrcc4 expression in NODk-

derived fibroblasts than in B10k-derived fibroblasts (Fig. 5e,f), accompanied by poorer DSB 

repair (Fig. 5g). To formally test the role of the NOD polymorphisms, we expressed the B10 

and NOD alleles of Xrcc4 in Xrcc4-deficient CHO cells, finding defective DSB repair in 

Xrcc4NOD CHO cells as compared to Xrcc4B10 CHO cells (Fig. 5h). As these results 
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suggested that NOD mice have suboptimal DSB repair, we investigated the in vivo context 

and found that insHEL drives accumulation of senescent beta cells with unrepaired damage 

on the NOD background (Fig. 5i,j). As the NOD Xrcc4 allele is shared with the T2D-prone 

DBA/2 strain, we crossed B10k.insHEL mice with DBA/2 mice and found that F1 

transgenics became diabetic (Fig. 5k) and also developed an accumulation of unrepaired 

DSBs (Fig. 5l,m). Likewise, making B10k.insHEL mice heterozygous for the Lig4 

hypomorph allele encoding p.Tyr288Cys (ref. 23) resulted in spontaneous diabetes 

(Supplementary Fig. 11). These results formally demonstrate that partial defects in the Lig4-

Xrcc4 complex catalyze beta cell senescence and diabetes during stress. Further, they 

strongly implicate Xrcc4 polymorphism as the causative changes in Tid1 and Tid2.

Of the candidate genes within Tid3, Glis3 was validated as the lead candidate. Glis3, 

identified by GWAS association, showed reduced islet expression in NODk mice (Fig. 6a). 

As Glis3 knockdown in INS-1 cells increases susceptibility to apoptosis24, we challenged 

B10k and NODk islets in vitro with high glucose concentrations (Fig. 6b) and induction of 

chemical stress (Fig. 6c), both of which caused significantly (P < 0.05) greater levels of 

apoptosis in NODk islets. In vivo assessment demonstrated that the insHEL transgene 

increases the apoptosis rate only on the NODk background (Fig. 6d,e), resulting in reduced 

beta cell mass (Fig. 6f). To formally test the ability of reduced Glis3 expression to drive 

diabetes in the insHEL model, we intercrossed Glis3 heterozygous mice with 

B10k.Rag1−/−.insHEL mice, with offspring showing glucose intolerance and increased levels 

of proinsulin secretion (Supplementary Fig. 12). Upon aging, Glis3 heterozygous mice (like 

NOD mice) developed diabetes (Fig. 6g). As Manf is a critical antiapoptotic factor for beta 

cells25 and is poorly upregulated in NODk.Rag1−/−.insHEL islets (Fig. 3f–h), we sought to 

determine whether Manf upregulation was dependent on Glis3 expression. Glis3 
heterozygous mice failed to adequately induce Manf after insHEL expression (Fig. 6h,i). 

Together, these results provide a functional mechanism for the Tid3 linkage locus, whereby 

reduced Glis3 levels in NOD islets result in poor Manf induction during the UPR, allowing 

apoptosis of the stressed beta cells.

Finally, as increased dietary fat has been demonstrated to reduce islet Glis3 expression26 and 

induce senescence in beta cells27, we sought to determine whether a 10% fat diet could 

induce diabetes in diabetes-resistant B10k.Rag1−/−.insHEL mice. We confirmed that 

elevated fat levels reduced Glis3 expression (Fig. 7a) and found a corresponding decrease in 

Manf levels (Fig. 7b). On the insHEL background, the diet with 10% fat eliminated the 

normal upregulation of Manf (Fig. 7c,d), recapitulating the NOD phenotype. Within weeks 

of the diet change, without obesity, the B10k.Rag1−/−.insHEL mice on a 10% fat diet 

developed diabetes (Fig. 7e). Together, these results demonstrate that a propensity to 

apoptosis and senescence, due to genetic background or diet, can convert subclinical cellular 

stress into insulin-dependent diabetes.

Parallel transcriptional regulation in human islets

To determine whether the findings observed in mice were applicable to humans, we 

investigated whether the pathway identified in NOD mice also demonstrated genetic linkage 

to diabetes or glucose regulation traits in humans. GLIS3 polymorphisms have previously 
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been associated with altered glucose regulation; we additionally identified nominally 

significant associations for MANF, XRCC4 and LIG4 polymorphisms (Supplementary 

Table 2). In an independent approach that takes into account environmental effects, we 

analyzed RNA-seq data from human pancreatic islets isolated from 119 donors, including 14 

diagnosed with T2D28. To assess the validity of the Glis3-Manf relationship observed in 

mice, we investigated the relationship of these two genes in human islets. A trend toward 

reduced GLIS3 expression was observed in T2D islets, whereas MANF expression appeared 

unchanged (Supplementary Fig. 13). Critically, a significant positive relationship was 

observed between GLIS3 and MANF levels in human islets (Fig. 8a). Next, we investigated 

whether patients with T2D might exhibit reduced XRCC4 expression, analogous to the NOD 

polymorphisms. We found no change in XRCC4 expression in T2D islets (Fig. 8b); 

however, the levels of the obligate binding partner encoded by LIG4 were significantly 

reduced (Fig. 8c). In mice, Xrcc4 polymorphisms were associated with increased 

senescence; likewise, in patients with T2D, the levels of the senescence markers H2AFX 
(Fig. 8d) and CDKN1A (Fig. 8e) were increased. Finally, a direct relationship was observed 

between reduced LIG4 and increased H2AFX levels (Fig. 8f). Although the cause of co-

regulation cannot be assessed in ex vivo human islets, the parallel with NOD mice strongly 

supports a conservation of diabetes susceptibility mechanisms across species.

Discussion

In this study, we have used the properties of the insHEL transgene as a sensitizer for beta 

cell failure. The association of insulin promoter–driven transgenes with diabetes induction 

has been observed before, such as with homozygosity of the insGFP allele29. It has typically 

been considered an epiphenomenon resulting from enhanced autoreactivity to a xenogenic 

peptide. However, we found here that the diabetes-inducing properties of one such transgene 

are not immunological in nature and rather result from unfolded protein stress, a 

physiologically relevant pathway. The usefulness of the insHEL transgene in this process 

lies in the subclinical nature of the stress it places upon the beta cell, which, being below the 

threshold for spontaneous failure, requires the addition of a second insult (genetic or 

environmental) for diabetes to develop.

At a molecular level, our findings demonstrate that the NOD mouse strain harbors a 

remarkable susceptibility to primary beta cell failure. No major differences were observed in 

induction of the UPR, despite previous studies suggesting a defect in NOD islets11. The 

primary difference between the strains was instead preexisting and emerged with the 

addition of stress. Thus, most UPR response proteins were equally expressed in both strains, 

including pro-apoptotic Chop30. Only a small subset of these proteins was expressed at 

higher levels in B10 islets; however, this subset included the antiapoptotic Manf protein31, 

the chaperone Hsp90b32, and Sel1 and Herp, rate-limiting components in unfolded protein 

degradation33,34. Together, these results reflect a differential outcome to cellular stress, with 

B10 islets capable of stressed survival whereas NOD islets respond with apoptosis and 

senescence.

At a genetic level, we identified two discrete Tid loci that are sufficient to account for the 

entire NOD susceptibility. It is notable that the Tid loci are distinct from the Idd regions 
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mapped for autoimmune diabetes susceptibility; however, this result is expected as Idd 

mapping necessitated a backcross approach, which is unable to detect dominant Tid loci. 

Although we have focused on the beta cell–intrinsic aspects of NOD genetic susceptibility, 

in contrast to most previous studies, there are several reasons to expect that immunological 

and beta cell–intrinsic genetic factors synergize in the development of diabetes. First, the 

addition of autoimmune pressure in the form of Aire deficiency was enough to generate 

diabetes in a fraction of insHEL transgenic mice, even on a resistant background. Second, of 

the NOD.insHEL mice that develop diabetes, 42% produce antibodies against insulin (as 

compared to 0% of NODk mice; data not shown), indicating that islet death spurs an 

autoimmune reaction. Third, in our previous studies using HEL-reactive T cells to drive 

autoimmunity in insHEL transgenic mice, NOD.insHEL mice developed diabetes at a higher 

rate than Aire−/−.insHEL mice, despite having a milder immunological phenotype35,36. 

Together, these results point to a complex genetic origin of autoimmune diabetes in NOD 

mice, with interplay between defects in immunological tolerance and beta cell robustness. 

This interplay is reminiscent of investigations in Obese Strain (OS) chickens, which develop 

spontaneous autoimmune thyroiditis due to both excessive anti-thyroid immunity and 

susceptibility of the thyroid to apoptosis37.

Continued research into these phenomena may allow greater insight into the extent to which 

the target organ in human autoimmune disease is a passive victim or an active cause of 

autoimmune failure. In the case of T1D, environmental factors that produce beta cell–

intrinsic effects may account for the growing T1D epidemic, in which T1D incidence is 

increasing at a rate of ∼3% per year38–40. Although genetic factors influencing beta cell 

defects will remain constant, our results demonstrate the capacity of dietary fat to substitute 

for genetic defects in the precipitation of diabetes. Saturated fatty acids drive the apoptosis 

and senescence of beta cells27,41, with increased oxidative stress42 and endoplasmic 

reticulum stress41. As increased body mass index is associated with earlier onset of T1D43, it 

is possible that dietary fat is acting as a sensitizer similar to insHEL, in effect lowering the 

threshold for autoimmune stress to precipitate clinical diabetes.

The male-specific susceptibility to diabetes in this model is in sharp contrast to the strong 

female bias in NOD mice. T1D, with a small male bias44, is distinct from many other 

autoimmune diseases, which manifest a strong female bias44. It is therefore reasonable to 

postulate that females have both a strong autoimmune predisposition and strong metabolic 

resistance (such as the ‘insulin advantage’; ref. 45), which roughly negate each other in T1D. 

In this regard, it is interesting to note that male susceptibility in our model was dependent on 

sex hormones and in humans the sex divergence in T1D rates occurs after puberty44. The 

insHEL transgene model therefore may be a useful tool to study the hidden metabolic 

susceptibility of males to T1D.

This study identifies beta cell failure as a mechanistic commonality between T1D and T2D. 

Although the initial decline in beta cell mass in T1D can be clearly attributed to 

autoimmunity, the later decline in mass may result from the remaining beta cells being 

forced into compensatory insulin overproduction. Under this scenario, the same processes 

may be triggered as in insHEL mice. Likewise, many competing hypotheses have been 

proposed for the decline of beta cell mass in T2D, including direct glucotoxicity, 
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inflammation-induced cytokines46, stress caused by compensatory insulin overproduction12, 

dietary saturated fats41, obesity3 and autoimmunity47. The major difficulty in understanding 

this late-stage decline in beta cells lies in dissecting the primary cause. An advantage of the 

insHEL model is that beta cell death occurs in the absence of autoimmunity or insulin 

resistance. Effectively, the production of HEL mimics the compensatory upregulation of 

insulin, allowing the negative effects of to be studied in the absence of complicating factors. 

The molecular pathways to transgene-induced diabetes identified here were notably 

paralleled in human islets, making the insHEL mouse strain a promising model for the 

development of drugs to prevent decline in beta cell numbers.

URLs

Cytoscape, http://cytoscape.org/; Distiller software, http://www.matrixscience.com/

Distiller.html; Enrichment Map, http://www.baderlab.org/software/enrichmentmap; 

MSigDB, http://www.broadinstitute.org/gsea/msigdb/index.jsp; Grace program, http://

plasma-gate.weizmann.ac.il/Grace/; HTSeq, http://www-huber.embl.de/users/anders/

HTSeq/doc/overview.html; KNIME, http://www.knime.org/; Protein Data Bank, http://www. 

rcsb.org/pdb/home/home.do; ProteomeXchange Consortium, http://

www.proteomexchange.org/; R, http://www.r-project.org/.

Online Methods

Mice

B10.BR-H2k/SgSnJ (B10k) mice are a C57BL/10 substrain congenic for the C57BR H2 
locus, H2k, imported from Jackson Laboratories. NOD.BR-H2k/Wicker (NODk) mice are 

NOD mice congenic for the entire B10k H2 locus, H2k (ref. 48). The ILK-3 insHEL 

transgene encodes a membrane-bound (class I transmembrane region) HEL antigen whose 

expression is driven by the rat insulin (Ins2) promoter. It was introduced in C57BL/6J mice, 

which were backcrossed for >7 generations to the B10k (ref. 49) and NODk (ref. 36) 

backgrounds. B10k.Rag1−/−.insHEL transgenic mice were produced by crossing to the 

Rag1tm1Mom strain50, imported from Jackson Laboratories. B10k.Aire−/−. insHEL and 

B10k.Aire−/−.Rag1−/−.insHEL strains were created by intercrossing with the Aire knockout 

mouse51. (B10k × DBA/2)F1 and (B10k × DBA/2)F1.insHEL strains were created by 

intercrossing with DBA/2 mice from Jackson Laboratories. NODk.Rag1−/−.insHEL mice 

and NODk. scid.insHEL mice were produced by backcrossing to the NOD.Rag1tm1Mom 

strain (Jackson Laboratories) and NOD.CB17-Prkdcscid/Lt strain52 (ARC). NODk.insHEL 

mice were backcrossed to NOD.B10-Idd9/Wicker (Taconic strain 905)53, NOD.B10-Idd3/
Idd10/Idd18 (Taconic strain 1538)54 and NOD.B10-Idd3/Idd5/Wicker (Taconic strain 

1591)55 strains to create the NODk. insHEL.Idd9, NODk.insHEL.Idd3, 

NODk.insHEL.Idd10/Idd18, NODk. insHEL.Idd3/Idd10/Idd18, NODk.insHEL.Idd5 and 

NODk.insHEL.Idd3/Idd5 strains. B10k.Rag1−/−.insHEL and NODk.Rag1−/− mice were 

crossed to generate F1.Rag1−/−.insHEL mice, which were intercrossed to generate 

F2.Rag1−/−. insHEL mice. C57BL/6.ERAIGFP mice, previously generated by Miura et al.56, 

were crossed to B10k.Rag1−/−.insHEL and NODk.Rag1−/−.insHEL mice to generate 

B10.ERAIGFP.insHEL and (B6 × NOD)F1.ERAIGFP.insHEL mice, respectively. C57BL/

6.Glis3+/− mice57 were crossed to B10k.Rag1−/−.insHEL mice to generate 
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B10.Glis3+/−.insHEL mice. C57BL/6.Lig4+/Y288C mice23 were crossed to 

B10k.Rag1−/−.insHEL mice to generate B10.Lig4+/Y288C.insHEL mice. Radiation chimeras 

were constructed as described previously49. Mice were fed a standard chow diet, except in 

the 10% fat experiment, where mice were provided with a 10% high-fat diet (Sniff). 

Allocation to the treatment group was made randomly at weaning, at the cage level. All 

experiments were performed in accordance with the University of Leuven Animal Ethics 

Committee guidelines or the Australian National University Animal Ethics Committee. 

Sample sizes for mouse experiments were chosen in conjunction with the Animal Ethics 

Committee to allow for robust sensitivity without excessive use. Unless otherwise 

mentioned, male mice were exclusively used.

Diabetes incidence study

Mice were kept for 20–28 weeks and tested for diabetes monthly by blood glucose and 

weekly by urine assessment, with a positive indication being followed by twice-weekly 

blood testing. Mice were diagnosed as diabetic when the blood glucose concentration was 

over 260 mg/dl (14.4 mM) after 2–3 h of fasting for two sequential tests. Glucose and 

insulin tolerance tests were performed by injecting glucose (2 g/kg body weight) or insulin 

(1 U/kg body weight) intraperitoneally in mice fasted for 6–7 h. Tail vein blood was tested 

by a Contour glucometer. Assessments of plasma insulin, proinsulin and C-peptide levels 

were performed using commercial ELISA kits, according to the manufacturer's instructions 

(insulin, proinsulin and C-peptide mouse ELISA kits, R&D Systems Quantikine). Assays 

were performed with blinding, with mice coded by number until experimental end.

In vitro assessment of glucotoxicity

Islets were isolated from pancreata as previously described58. Pancreata were digested with 

0.8 mg/ml collagenase NB 8 (Serva) at 37 °C, and islets were isolated through density-

gradient centrifugation with Dextran T70 (Pharmacosmos) solution and handpicked under a 

dissection microscope. For the assessment of islet susceptibility to glucotoxicity, pancreatic 

islets of 10- to 12-week-old mice were incubated in 10% RPMI-1640 with 5 mM and 25 

mM glucose using a previously described protocol59. 2.5 μM 17-DMAG was added to 

indicated cultures. The percentage of islet cell death was assessed after 3 d of culture. Islets 

were stained with propidium iodide (Life Technologies) and Hoechst 33342 (Life 

Technologies) and scored under a florescence microscope.

Imaging

Standard histology was performed using pancreata preserved in 4% formaldehyde. 

Hematoxylin and eosin staining was performed by Histology Consultation Services, and 

pathology reports were generated by BioGenetics (Greenbank).

For immunofluorescence staining of islets, frozen pancreas sections were stained with goat 

antibody to insulin A (sc-7839, Santa Cruz Biotechnology), rabbit antibody to glucagon 

(sc-7780, Santa Cruz Biotechnology), rabbit antibody to MANF (SAB3500384, Sigma-

Aldrich), donkey anti-goat Alexa Fluor 546 (A-11056, Life Technologies), donkey anti-

rabbit Alexa Fluor 488 (A21206, Life Technologies) and DAPI (D1306, Life Technologies). 

Paraffin pancreas sections were stained with goat antibody to insulin A (sc-7839, Santa Cruz 
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Biotechnology), antibody to phosphorylatedH2A.X (ab11174, Abcam) and DAPI (D1306, 

Life Technologies) using pH 9.0 Tris antigen retrieval. Images were acquired with an LSM 

510 Meta confocal microscope (Zeiss). Quantification was performed using ImageJ v1.48 to 

measure integrated density.

For immunohistochemistry staining of islets, pancreata were preserved in 10% neutral 

phosphate-buffered formalin, and slides were heat treated for 20 min in CC1 buffer (Tris-

borate-EDTA buffer, pH 8.0–8.5) before staining with rabbit antibody to activated caspase-3 

(Abcam, ab13847) and guinea pig antibody to insulin (A0564, Dako). Signal was developed 

using the ultraUview Universal DAB detection kit and Universal Alkaline Phosphatase Red 

Detection kit, respectively. Slides were then counterstained with hematoxylin and eosin. 

Cells were scored as apoptotic if they demonstrated both blebbing of the nucleus and 

extensive cytoplasmic staining of activated caspase-3.

Transmission electron microscopy was performed on freshly isolated pancreatic islets from 

10- to 12-week-old mice, which were Epon-embedded according to a standard protocol. 

Ultrathin sections (50 nm) were prepared, counterstained with uranyl acetate and lead 

acetate, and imaged with a JEOL JEM1400 electron microscope. Five cells from each of 2–3 

islets per mouse were imaged, and insulin granules were quantified using ImageJ.

Flow cytometry

Flow cytometry of pancreatic islet cells was performed as previously described60. Islet cells 

were fixed and permeabilized with the Foxp3 staining kit (eBioscience) and then stained 

with APC-conjugated antibody to insulin (clone 182410, R&D Systems), Alexa Fluor 488–

conjugated antibody to GFP (Invitrogen) and antibody to glucagon (clone 199017, R&D 

Systems; PerCP-Cy5.5 labeled using the Lightning-Link labeling kit from Innova 

Biosciences).

Functional assays

MEFs were generated from B10k.Rag1−/− and NODk.Rag1−/−mice and were treated with 5 

μM etoposide (Sigma-Aldrich) for 1 h. MEFs were allowed to recover for 15 h before 

fixation and staining with Alexa Fluor 647–conjugated antibody to phosphorylated H2A.X 

(Ser139; clone 2F3, Biolegend) for flow cytometry.

CHO cells and Xrcc4−/− CHO cells were a kind gift from P. Jeggo (University of Sussex). 

Xrcc4 expression vectors were constructed with the B10 or NOD allele of Xrcc4 (or GFP 
control), preceded by a chicken β-actin intron and followed by a sequence encoding GFP 

linked to the Xrcc4 C terminus via a T2A peptide, under the control of the chicken β-actin 

promoter and CMV enhancer. Xrcc4−/− CHO cells were transfected using Lipofectamine 

3000 (Invitrogen), followed by treatment with 5 μM etoposide (Sigma-Aldrich) for 1 h, and 

cells were allowed to recover for 15 h. Cell sorting was performed for GFP+ CHO cells on a 

FACS Aria II (Becton Dickinson). GFP+ cells were stained with the Zombie Aqua Fixable 

Viability kit (Biolegend) before fixation and staining with Alexa Fluor 647–conjugated 

antibody to phosphorylated H2A.X (Ser139; clone 2F3, Biolegend) and propidium iodide 

(eBioscience) for flow cytometry analysis.
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RNA sequencing analysis

Total RNA was prepared from isolated islets by RNeasy Mini kit (Qiagen). An RNA library 

was prepared with TruSeq stranded mRNA library prep (Illumina), and RNA-seq was 

performed using the HiSeq 2000 300-Gb flow cell. Sequence reads were mapped to the 

mouse reference genome (assembly GRCm38.73) using TopHat v2.0.8b61. For assessment 

of insHEL expression, reads were aligned to a custom genome build combining the Ensembl 

build of chicken chromosome 1, containing LYZ (ENSGALG00000009963) with its 

corresponding transcript ENSGALT00000016916, with the mouse genome (Ensembl builds 

Galgal4.75 and GRCm38.75, respectively) using TopHat v 2.0.11.

Only primary mapped reads and reads with mapping quality ≥20 were retained. Reads were 

counted at the gene level with the HTSeq package (htseqcount; version 0.5.4). Differentially 

expressed genes and PCA components were obtained with the DESeq package of 

Bioconductor (version 1.12.1; ref. 61). The resulting P values were corrected for multiple 

testing to control the false discovery rate (FDR). PCA plots were created using either the full 

genome, the Xbp1 gene set (defined by MSigDB; V$XBP1_01) or the ribosome gene set 

(KEGG_RIBOSOME). GSEA62 was performed on the GenePattern webserver using 

MSigDB annotated gene sets combining curated gene sets and motif gene sets. FDR cutoffs 

of <0.05 and <0.001 were used for significant enrichment. Using the <0.001 threshold, a 

network analysis was performed using Enrichment Map in Cytoscape.

Variant calling was performed after first removing duplicate reads from the TopHat mapped 

reads using SAMtools (rmdup; version 0.1.19). Base score recalibration and local 

realignment were carried out using the Genome Analysis Toolkit (GATK)63,64. SNPs were 

called simultaneously on 12 samples with the GATK UnifiedGenotyper procedure. SNPs 

were retained if their quality score was greater than 50 and if the coverage was above 10× 

for at least one sample. Secondary analysis removed variants that were not differentially 

present in the NOD and B10 base strains (requiring >75% variant reading in more than half 

the samples of one strain and <25% variant readings in more than half the samples of the 

reciprocal strain).

RNA-seq expression data on human pancreatic islets from n = 119 donors including n = 14 

donors diagnosed with T2D were available from the HTL of the Lund University Diabetes 

Centre (LUDC) (see ref. 28 for details). Across-sample normalization for each was 

performed using the TMM normalization method65. Correlations between gene expression 

were calculated with the non-parametric Spearman method. Differential gene expression 

analysis for CDKN1A, H2AFX, CDKN1A, XRCC4 and LIG4 between diabetic individual 

and healthy controls was performed by non-parametric Mann-Whitney U test. All 

calculations were performed using R.

Immunoblotting

Samples were homogenized in lysis buffer and sonicated before immunoblot analysis. 10–20 

μg of lysate was run on 4–12% Bis-Tris acrylamide gels (NuPAGE Precast Gel System, Life 

Technologies) before blotting on a PVDF membrane (GE Healthcare). Membranes were 

incubated with mouse antibody to Xrcc4 (1:500 dilution; Santa Cruz Biotechnology, 
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sc-365055), rabbit antibody to Lig4 (1:250 dilution; Santa Cruz Biotechnology, sc-28232), 

rabbit antibody to XLF (1:2,000 dilution; Sigma-Aldrich, V9264), mouse antibody to 

vinculine (1:2,000 dilution; Sigma-Aldrich, V9264), rabbit antibody to PC1 and PC3 

(1:1,000 dilution; Millipore, AB10553) or rabbit antibody to PC2 (1:200 dilution; Millipore, 

AB15610). Proteins were visualized using Western Lightning Plus-ECL (PerkinElmer) and 

the LAS-4000 imaging system (Fuji). Quantification was performed using AIDA software 

(Raytest, version 4.27).

Proteome analysis

Differential proteome analysis was performed on isolated islets from B10k.Rag1−/−.insHEL 

and NODk.Rag1−/−.insHEL mice, at 12 weeks of age, by post-metabolic peptide labeling 

using different N-hydroxysuccinimide (NHS) esters of propionic acid: [12C3]propionate or 

[13C3]propionate66. In brief, each sample was lysed by applying three freezethaw cycles and 

digested overnight at 37 °C by endoproteinase Lys-C (1:500 protease/substrate ratio). The 

generated peptides were labeled in 20 mM of the different NHS esters. Equal amounts of 

peptide material were mixed, and peptides were fractionated by reversed-phase HPLC66,67. 

Then, peptide fractions eluted 20 min apart were pooled to reduce the number of LC-

MS/MS runs to 20 per sample. The obtained peptide mixtures were introduced into an LC-

MS/MS system, the Ultimate 3000 RSLC nano (Thermo Fisher Scientific) in-line system 

connected to an LTQ Orbitrap Velos (Thermo Fisher Scientific), for analysis. Samples were 

first loaded on a trapping column (made in house; 100-μm internal diameter × 20 mm, 5-μm 

beads C18 Reprosil-HD, Dr. Maisch). After backflushing from the trapping column, the 

sample was loaded on a reversed-phase column (made in house; 75-μm internal diameter × 

150 mm, 3-μm beads C18 Reprosil-HD, Dr. Maisch). Peptides were loaded with solvent A 

(0.1% trifluoroacetic acid and 2% acetonitrile) and separated with a linear gradient from 2% 

solvent A′ (0.1% formic acid) to 55% solvent B′ (0.1% formic acid and 80% acetonitrile) 

at a flow rate of 300 nl/min followed by a wash reaching 100% of solvent B′. The mass 

spectrometer was operated in data-dependent mode, automatically switching between MS 

and MS/MS acquisition for the ten most abundant peaks in a given MS spectrum. In the LTQ 

Orbitrap Velos, full-scan MS spectra were acquired in the Orbitrap at a target value of 1 × 

106 with a resolution of 60,000. The ten ions with the highest intensity were then isolated for 

fragmentation in the linear ion trap, with a dynamic exclusion of 30 s. Peptides were 

fragmented after filling the ion trap at a target value of 1 × 104 ion counts. From the MS/MS 

data in each LC run, Mascot generic files were created using Distiller software (version 

2.4.3.3; Matrix Science). While generating these peak lists, grouping of spectra was allowed 

in Distiller with a maximal intermediate retention time of 30 s, and a maximum intermediate 

scan count of 5 was used where possible. Grouping was performed with 0.005 Th precursor 

tolerance. A peak list was only generated when the MS/MS spectrum contained more than 

ten peaks. There was no deisotoping, and the relative signal-to-noise limit was set at 2. Peak 

lists were searched with the Mascot search engine (Matrix Science) using the Mascot 

Daemon interface (version 2.4; Matrix Science). Spectra were searched against the 

SwissProt database. Variable modifications were set to pyroglutamate formation of N-

terminal glutamine and acetylation of the N terminus. Methionine oxidation was set as a 

fixed modification. Mass tolerance on peptide precursor ions was set to 10 ppm (with 

Mascot's 13C option set to 1), and mass tolerance on peptide fragment ions was set to 0.5 Da. 
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The peptide charge was set to 1+, 2+, 3+, and the instrument setting was put on ESI-TRAP. 

The enzyme was set to endoproteinase Lys-C, allowing for one missed cleavage; cleavage 

was also allowed when lysine was followed by proline. Only peptides that were ranked first 

and scored above the corresponding Mascot threshold score, set at 99% confidence, were 

withheld. Identified peptides were quantified using Mascot Distiller Toolbox version 2.4.0 

(MatrixScience) in the precursor mode. All data management was performed with 

ms_lims68. Further data analysis was performed using R embedded in Knime. The data were 

further filtered by removing all peptides smaller than 8 amino acids, and all protein 

identifications without two peptide identifications were removed.

Molecular modeling

The starting coordinates for the Xrcc4-Lig4 complex were taken from the crystal structure 

(3II6)69 deposited in the Protein Data Bank. Variants were directly added with the leap tool 

of Amber 14 upon topology creation. The two resulting systems have been immersed in a 

rectangular box and further solvated with TIP3P water molecules70 and neutralized by 

adding 16 Na+ counterions, for a total of 216,438 and 216,440 atoms for the Ala27.Glu125 

and Thr27.Asp125 complexes, respectively. The topology of the systems was built using the 

Amber 10 all-atom force field, with the parmbsc0 force field corrections71, and the 

simulations were run with Amber 14. Relaxation of solvent molecules and Na+ ions was 

initially performed with subsequent steps of 200 ps at 50, 100, 150, 200 and 250 K up to a 

final temperature of 300 K in the NPT ensemble. The systems were simulated in the NVT 

ensemble for 100 ns each in periodic boundary conditions, using a cutoff of 10 Å for the 

evaluation of short-range non-bonded interactions and the Particle Mesh Ewald method for 

the long-range electrostatic interactions72. The temperature was kept constant at 300 K, 

using Langevin dynamics73, whereas pressure was fixed at 1 atm through the Langevin 

piston method74. The SHAKE75 and SETTLE76 algorithms were used to restrain bond 

lengths, for the solute and water molecules, respectively. The atomic positions were saved 

every 250 steps (0.5 ps) for the analysis that was performed with the Gromacs 4.6 package. 

Graphs and images were obtained with the Grace program and UCSF Chimera, respectively.

Genetic mapping

Mouse DNA was isolated with the DNeasy Blood and Tissue kit (Qiagen). SNP analysis was 

performed on the Illumina platform by employing the GoldenGate method and exported by 

GenomeStudio. 1,449 SNP loci were selected from the Wellcome-CTC mouse strain SNP 

set to genotype the (B10 × NOD)F2 mice. QTL analysis was performed on the basis of the 

presence or absence of a diagnosis of diabetes at 28 weeks of age. Standard interval mapping 

was performed using the R/qtl software package (version 1.23-16). LOD scores were 

calculated as a measurement for linkage at each marker. The statistical significance of the 

results was evaluated by testing 1,000 permutation replicates. Candidate intervals were 

defined using an LOD drop of 1.

SNP association

Human linkage between SNP variants and selected glycemic traits (T2D, HbA1C, fasting 

glucose, 2-h glucose, HOMA-B, fasting insulin, 2-h insulin, HOMA-IR, proinsulin levels) 
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was reported from data hosted by the AMP T2D-GENES Program, Sigma (December 2015 

data set).

Statistics

Statistics for transcriptomics, proteomics and genetic mapping are described in the relevant 

sections. Diabetes incidence curves were analyzed by log-rank test, with P < 0.05 used as 

the threshold for statistical significance. For other mouse experiments, statistical analysis 

was performed using Prism (GraphPad). A significance threshold of 5% in a Student's t test 

was maintained throughout the study, including hypothesis-based RNA-seq expression 

analysis. For human data set calculations, where data were not assumed to be normally 

distributed, analyses were performed using non-parametric Mann-Whitney U tests in R. No 

results were excluded from analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NOD mouse susceptibility to immune-independent diabetes demonstrated through a 

sensitized transgenic model. (a) Incidence of diabetes in male insHEL transgenic mice on 

the B10k (n = 22), NODk (n = 43) and (B10k × NODk)F1 (n = 16) backgrounds. No diabetes 

was observed in non-transgenic male littermates. (b) Incidence of diabetes in male insHEL 

transgenic mice on the B10k (n = 22), B10k.Aire−/− (n = 11) and B10k.Aire−/−.Rag1−/− (n = 

23) backgrounds. B10k.Aire−/− mice without the insHEL transgene did not develop diabetes 

(n = 22). (c) Average number of islets per pancreatic section in B10k, B10k.insHEL, NODk 

and NODk.insHEL mice at 28 weeks of age (n = 4–5 mice/group; WT, wild type). Data are 

shown as means ± s.e.m. (d) Incidence of diabetes in male insHEL transgenic mice on the 

NODk (n = 43) and NODk.scid (n = 9) backgrounds. No diabetes was observed in 

nontransgenic male littermates. (e) Diabetes incidence in male insHEL transgenic mice on 

the B10k.Rag1−/− (n = 58), NODk. Rag1−/− (n = 44) and (B10k × NODk)F1. Rag1−/− (n = 

51) backgrounds. (f) Hematoxylin and eosin histology of pancreatic islets at 28 weeks of age 

(representative of 7–15 mice/group). Scale bars, 50 μm. (g) B10k.insHEL mice and 

NODk.insHEL mice were irradiated and reconstituted with NODk or B10k bone marrow, 

respectively, before aging for diabetes incidence (n = 7 and 6). *P < 0.05, **P < 0.001, ***P 
< 0.0001.
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Figure 2. 
Transgene-induced beta cell stress results in disturbed insulin processing and glucose 

intolerance. (a)Electron microscopy of beta cells from wild-type and insHEL transgenic 

B10k.Rag1−/− and NODk.Rag1−/− mice at 12 weeks of age was used to assess the number of 

insulin granules per cellular cross-section (n = 3 mice/group). (b)Electron microscopy 

images of the cells described in a. Images are representative of three mice per group. Scale 

bars, 1 μm. (c–f) Fasting serum samples from B10k.Rag1−/−, B10k.Rag1−/−.insHEL, 

NODk.Rag1−/− and NODk.Rag1−/−. insHEL mice at 24 weeks of age were assessed by 

ELISA for insulin (n = 10, 33, 9 and 24 mice) (c), proinsulin (n = 31, 44, 9 and 26 mice) (d), 

C-peptide (n = 10, 33, 9 and 24 mice) (e) and proinsulin/insulin ratio (n = 10, 33, 5 and 24 

mice) (f). (g,h) Blood glucose levels in 12-week-old B10k.Rag1−/−, B10k.Rag1−/−.insHEL, 

NODk.Rag1−/− and (non-diabetic) NODk.Rag1−/−.insHEL mice following a glucose 

tolerance test (n = 28, 47, 9 and 21 mice) (g) or an insulin tolerance test (n = 8, 17, 3 and 13 

mice) (h). Data are shown as means ± s.e.m. *P < 0.05, **P < 0.001, ***P < 0.0001.
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Figure 3. 
Qualitative rather than quantitative differences in the UPR on the B10 and NOD 

backgrounds. (a) Globa principal-components analysis (PCA) of RNA-seq data for islets (n 
= 3 mice/group). (b) Schematic of the number of significant (corrected P < 0.05) gene 

expression differences for pairs of sample conditions. (c) Number of significant gene set 

changes in gene set enrichment analysis (GSEA) using cutoffs of P < 0.05 and P < 0.001. (d) 

ERAI mice were crossed to B10k.Rag1−/−.insHEL and NODk.Rag1−/−.insHEL mice, and 

islets were analyzed by flow cytometry. Histograms show Xbp1s (Venus) expression in 

insulin-expressing beta cells. Results are representative of three experiments. (e) PCA of the 

Xbp1 response gene set in islets (n = 3 mice/group). (f) Scatterplot of individual Xbp1 

response genes, showing the average log2-transformed fold change in expression induced by 

insHEL on the B10 background versus the NOD background. The dashed line indicates 

equivalent regulation; outlier genes are annotated. (g) Dot plot of mass spectrometry 

expression ratios, showing on each axis the log2-transformed ratio of expression in 

B10k.Rag1−/−.insHEL islets as compared to NODk.Rag1−/−.insHEL islets in duplicate 

experiments. All reproducibly detected proteins are displayed in gray, with black dots 

indicating annotated UPR-related proteins. (h,i) Immunofluorescence of wild-type and 

insHEL transgenic islets with a polyclonal antibody to insulin, antibody to Manf and DAPI. 
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Staining is representative of three experiments (h), with Manf quantification (n = 10 mice/

group) (i). Scale bar, 100 μm. Data are shown as means ± s.e.m. *P < 0.05, ***P < 0.0001. 

NS, not significant.
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Figure 4. 
Genetic control of NOD mouse susceptibility to transgene-induced diabetes. (a) Diabetes 

incidence in insHEL transgenic male mice on the NODk background (n = 43) or on NODk 

congenic backgrounds homozygous for B6- or B10-derived chromosomal segments 

containing the diabetes resistance allele of Idd3 (n = 14), Idd5 (n = 10), Idd9 (n = 13), Idd3 
and Idd5 (n = 12), and Idd3, Idd10 and Idd18 (n = 21). (b) A cohort of (NOD × 

B10)F2.Rag1-/-.insHEL male mice (n = 331) was assessed for diabetes incidence at 28 

weeks of age and genotyped for 740 informative SNPs. Quantitative trait locus (QTL) 

association is shown across the genome. LOD, logarithm of odds. (c,d) LOD scores for 

chromosomes 13 (c) and 19 (d), indicating the LOD support intervals (LOD drop of 1) for 

the associated Tid1, Tid2 and Tid3 loci. (e–g) Diabetes development in the (NOD × 

B10)F2.Rag1-/-.insHEL cohort when stratified by genotype at the linkage SNP (rs13481783) 

in the Tid1 locus (n = 98, 157 and 75 mice) (e), at the linkage SNP (gnf13.088.732) in the 

Tid2 locus (n = 100, 163 and 67 mice) (f) and at the linkage SNP (rs6237466) in the Tid3 
locus (n = 68, 166 and 96 mice) (g). (h) Diabetes development in the (NOD × 

B10)F2.Rag1-/-.insHEL cohort with the B10 homozygous, B10/NOD heterozygous (Het) 

and NOD homozygous genotypes at all Tid loci (n = 12, 54 and 14 mice).
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Figure 5. 
Xrcc4 mutation drives enhanced susceptibility to senescence. (a) Three-dimensional 

structure of the Lig4 complex, determined using the human structure as scaffolding. 

Modified residues are highlighted in red, and the arrow and dotted lines indicate regions of 

major instability. The box highlights the regions shown in detail in b and c. (b,c) Molecular 

interactions calculated along the represented trajectory for the B10 (b) and NOD (c) alleles 

of Xrcc4. (d) Per-residue root-mean-square fluctuation (RMSF) in Xrcc4 between 70–100 ns 

of simulation. Regions with a different fluctuation profile are highlighted by the dashed lines 

and one arrow, corresponding to the regions indicated in a. The results are representative of 

four simulations. (e,f) Representative immunoblotting of mouse embryonic fibroblasts 

(MEFs) for Xrcc4, Xlf and Lig4 (e), with quantification (n = 5 technical replicates/group) 

(f). (g) Proportion of MEFs that remained positive for H2A.X (Ser139) phosphorylation 

(pH2A.X; indicative of DSBs) after etoposide exposure (n = 6 technical replicates/group). 

(h) Wild-type CHO cells and Xrcc4-deficient (KO) CHO cells reconstituted with the B10 or 

NOD Xrcc4 allele were exposed to etoposide, and unrepaired DNA damage was quantified 

(n = 6–8 technical replicates/group). (i,j) Immunofluorescence with a polyclonal antibody to 

insulin, antibody to phosphorylated H2A.X and DAPI on pancreata from the B10k.Rag1−/− 

and NODk.Rag1−/− backgrounds. Quantification is shown for islet raw fluorescence in the 

channel for phosphorylated H2A.X (n = 19, 17, 20 and 20 sections) (i), with images of 

representative sections (j). Scale bar, 100 μm. (k) Diabetes incidence of (B10k × DBA/2)F1 

and (B10k × DBA/2)F1.insHEL mice (n = 6 and 11 mice). (l,m) Immunofluorescence with a 

polyclonal antibody to insulin, antibody to phosphorylated H2A.X and DAPI on pancreata 

from the B10k and (B10k × DBA/2)F1 backgrounds. Quantification is shown of islet raw 

fluorescence in the channel for phosphorylated H2A.X (n = 19, 17, 16 and 20 sections) (l), 
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with images of representative sections (m). Scale bar, 100 μm. Data are shown as means ± 

s.e.m. *P < 0.05, **P < 0.01, ***P < 0.0001; NS, not significant.

Dooley et al. Page 27

Nat Genet. Author manuscript; available in PMC 2017 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Reduced Glis3 expression results in enhanced susceptibility to apoptosis. (a) Islet expression 

of Glis3, based on RNA-seq analysis (n = 3 mice/group). (b) The percentage of apoptotic 

cells in the islets of wild-type and insHEL transgenic B10k.Rag1-/- and NODk.Rag1-/- mice 

after culturing in the presence of low (5 mM) and high (25 mM) concentrations of glucose (n 
= 5–6 replicates/group). (c) The percentage of apoptotic cells in the islets of B10k.Rag1-/- 

and NODk.Rag1-/- cells, with and without insHEL, after culturing in the presence of the 

geldanamycin analog 17-DMAG and a low (5 mM) glucose concentration (n = 6–18 

replicates/group). (d–f) Representative sections (d), average observation of apoptosis in 

islets (e) and beta cell mass (f) after immunohistochemistry with a polyclonal antibody to 

insulin and antibody to activated caspase-3 (aCasp3) (n = 4–5 replicates/group). In d, the 

box highlights the magnified region. Arrows indicate example apoptotic cells. Scale bars, 

100 μm. (g) Diabetes incidence in B10 (n = 6), B10.Glis3+/- (n = 11), B10.insHEL (n = 12) 

and B10.Glis3+/-.insHEL (n = 23) littermates. (h,i) Pancreas immunofluorescence with a 

polyclonal antibody to insulin, antibody to Manf and DAPI. Fluorescence in the channel for 

Manf was quantified in islets (n = 8, 8, 10 and 10 mice) (h), with representative staining 

shown (i). Scale bar, 100 μm. Data are shown as means ± s.e.m. *P < 0.05, **P < 0.01, ***P 
< 0.0001; NS, not significant.
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Figure 7. 
Dietary change recapitulates the effect of the NOD genetic background on a resistant mouse 

strain. B10k.Rag1−/−.insHEL mice were maintained on a control diet or converted to a 10% 

fat diet at 6 weeks of age. (a,b) Islet expression (quantitative PCR) of Glis3 (a) and Manf 
(b), normalized to Rpl37a expression (n = 6 mice/group). (c,d) Pancreas 

immunofluorescence with a polyclonal antibody to insulin, antibody to Manf and DAPI, 

with wild-type B10k.Rag1−/− mice and B10k.Rag1−/−.insHEL mice on a control diet and 

B10k.Rag1−/−.insHEL mice on a 10% fat diet. Quantification is shown of islet raw 

fluorescence in the channel for Manf (n = 8, 10 and 10) (c), with images of representative 

sections (d). Scale bar, 100 μm. (e) Diabetes incidence of B10k.Rag1−/−.insHEL mice fed 

with a control diet (n = 17) or a 10% fat diet (n = 9). Data are shown as means ± s.e.m. **P 
< 0.01, ***P < 0.0001.
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Figure 8. 
Molecular changes in the islets of patients with T2D mirror the processes altered in NOD 

mice. mRNA expression in human pancreatic islets from healthy individuals (n = 105) and 

those diagnosed with T2D (n = 14) was assessed through RNA-seq analysis. (a) 

Relationship between GLIS3 and MANF expression in healthy ndividuals (Spearman 

correlation P value = 0.043), individuals with T2D (Spearman correlation P value = 0.075) 

and all individuals (Spearman correlation P value = 0.028). (b-e) Expression of XRCC4 (b) 

LIG4 (c), H2AFX (d) and CDKN1A (e) in healthy islets as compared to i slets from patients 

withT2D (P values shown after multiple-testing correction). The median and interquartile 

range (IQR; box) are shown, with error bars indicating 1.5 times the IQR. Individual values 

are shown if beyond 1.5 times the IQR. (f) Relationship between H2AFX and LIG4 
expression in human islets (Spearman correlation P value = 5 × 10-9).
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