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Abstract
Several immune regulatory cell types participate in the protection against autoimmune diseases such as autoimmune diabetes. Of
these immunoregulatory cells, we and others have shown that peripheral CD4−CD8− double negative (DN) T cells can induce
antigen-specific immune tolerance. Particularly, we have described that diabetes-prone mice exhibit a lower number of peripheral
DN T cells compared to diabetes-resistant mice. Identifying the molecular pathways that influence the size of the DN Tcell pool
in peripheral lymphoid organs may thus be of interest for maintaining antigen-specific immune tolerance. Hence, through
immunogenetic approaches, we found that two genetic loci linked to autoimmune diabetes susceptibility, namely Idd2 and
Idd13, independently contribute to the partial restoration of DN Tcell proportion in secondary lymphoid organs. We now extend
these findings to show an interaction between the Idd2 and Idd13 loci in determining the number of DN T cells in secondary
lymphoid organs. Using bioinformatics tools, we link potential biological pathways arising from interactions of genes encoded
within the two loci. By focusing on cell cycle, we validate that both the Idd2 and Idd13 loci influence RAD51 expression as well
as DN T cell progression through the cell cycle. Altogether, we find that genetic interactions between Idd2 and Idd13 loci
modulate cell cycle progression, which contributes, at least in part, to defining the proportion of DN T cells in secondary
lymphoid organs.
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Introduction

A prominent role in the prevention of autoimmunity has been
credited to various regulatory cell subsets, including peripher-
al immunoregulatory CD4−CD8− double negative (DN) T
cells. Indeed, DN T cells have been shown to inhibit immune
responses in an antigen-specific manner (Zhang et al. 2006;
Zhang et al. 2000). This has major implications since the use
of DN T cells in immunotherapy should therefore lead to
fewer side effects and a decreased risk of infection, which
remains a major concern in the application of broad immuno-
suppressive regimens (Bluestone et al. 2010a). As a result, DN
T cells have been studied in various disease models, revealing
that DN Tcells display a promising therapeutic potential in the
induction of allo- and xenograft tolerance (Chen et al. 2003;
Ma et al. 2008; Young et al. 2002; Zhang et al. 2000) and in
the prevention of both graft-vs-host disease (He et al. 2007;
McIver et al. 2008; Young et al. 2003; Young et al. 2002) and
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autoimmune diabetes (Dugas et al. 2010; Duncan et al. 2010;
Ford et al. 2007; Zhang et al. 2011).

Using TCR transgenic models, our work has supported the
contribution of DN T cells towards immune tolerance in au-
toimmune diabetes (Dugas et al. 2010). Specifically, we have
demonstrated that TCR transgenic DNTcell proportion is low
in autoimmune diabetes-susceptible mice (Dugas et al. 2010).
However, the immunoregulatory function of TCR transgenic
DN T cells remains unaltered in these mice (Hillhouse et al.
2010), demonstrating that a deficiency in DN T cell number,
rather than function, contributes to autoimmune diabetes sus-
ceptibility. Correspondingly, the injection of DN T cells is
sufficient to reduce the incidence of autoimmune diabetes in
autoimmune diabetes-susceptible mice in the TCR transgenic
setting (Dugas et al. 2010). These results highlight the impor-
tance of identifying the genetic determinants controlling DNT
cell number as they may reveal key molecular targets to pro-
mote DN T cell development, thereby supporting immune
tolerance.

As for most autoimmune diseases, susceptibility to autoim-
mune diabetes is a complex genetic trait (Bluestone et al.
2010b; Concannon et al. 2009). NOD (non-obese diabetic)
mice, which spontaneously develop autoimmune diabetes,
have facilitated the study of genetic factors underlying auto-
immune diabetes susceptibility (Anderson and Bluestone
2005; Wicker et al. 2005). To date, more than 20 Idd
(Insulin-dependent diabetes) loci linked to diabetes predispo-
sition have been identified in NODmice (www.T1Dbase.org),
and the concordance with human diabetes susceptibility has
been demonstrated for some of these loci (Driver et al. 2011;
Wicker et al. 2005). Subsequent analysis of NOD.Idd
congenic mice has revealed Idd regions which are sufficient
to reduce insulitis and/or diabetes incidence (Ghosh et al.
1993; Lyons et al. 2000; McAleer et al. 1995; Serreze et al.
1994). Interestingly, we have also linked certain Idd regions to
the regulation of DN T cell number (Collin et al. 2014; Dugas
et al. 2014), where increased DN T cell number is associated
with autoimmune diabetes resistance (Collin et al. 2014;
Dugas et al. 2010). More specifically, using a linkage analysis
approach and congenic strain validation, we have shown that
DN T cell proportion in peripheral lymphoid organs is a mul-
tigenic trait and that both Idd2 and Idd13 loci each contribute
to the partial restoration of DN T cell numbers in the spleen
and lymph nodes (Collin et al. 2014; Dugas et al. 2014). These
results suggest that Idd2 and Idd13 loci modulate diabetes
development, at least in part, by influencing DN T cell
number.

Idd2 and Idd13, located on chromosome 9 and 2, respec-
tively, are two loci linked to autoimmune diabetes susceptibil-
ity, while Idd2 is also linked to insulitis (Ghosh et al. 1993;
Prochazka et al. 1987; Serreze et al. 1998; Serreze et al. 1994;
Wicker et al. 1995). Recently, our group has shown that, in
contrast to Idd13 (Hillhouse et al. 2016), the Idd2 locus also

protects NOD.H2k mice from diabetes development and
insulitis in the 3A9 TCR:insHEL transgenic model (Collin
et al. 2014). In addition to their role in DN T cell number
modulation in the non-transgenic and/or TCR transgenic set-
ting, both Idd2 and Idd13 loci are thought to play a role in the
selection of diabetogenic T cells (Collin et al. 2014; Dugas
et al. 2014; Pearce et al. 1995; Serreze et al. 1998).
Accordingly, the Idd13 interval encodes for several candidate
genes implicated in the negative selection of autoreactive T
cells including theMer tyrosine kinase (Mertk) gene as well as
multiple apoptosis-associated genes (Liston et al. 2007; Liston
et al. 2004; Serreze et al. 1998; Wallet et al. 2009; Zucchelli
et al. 2005), and Idd2 encodes for Thy1, Cbl, and Il10ra, all
likely contributors to T cell biology (Lang and Bellgrau 2004;
Prochazka et al. 1987). In addition to DN T cell numbers, the
Idd13 locus also influences the proportion of merocytic den-
dritic cells, another cell population associated with autoim-
mune diabetes susceptibility (Pelletier and Lesage 2013).
Altogether, the Idd2 and Idd13 loci clearly play a role in au-
toimmune diabetes progression via different mechanisms, in-
cluding the modulation of DN T cell number.

For our studies, we take advantage of a spontaneous auto-
immune diabetes model, namely the 3A9 TCR:insHEL trans-
genic mouse model. In this model, the insHEL transgene pro-
motes hen egg lysosyme (HEL) expression under the rat insu-
lin promoter, thus inducing pancreatic β cell specific expres-
sion, while the 3A9 TCR transgene yields T cells recognizing
a HEL peptide presented in the context of I-Ak (Akkaraju et al.
1997; Ho et al. 1994). To allow for effective HEL peptide
presentation on I-Ak, this pair of insHEL and 3A9 TCR
transgenes was introduced onto B10.BR and NOD.H2k genet-
ic backgrounds, resulting in the diabetes-resistant 3A9
TCR:insHEL B10.BR and diabetes-susceptible 3A9
TCR:insHEL NOD.H2k mouse strains (Lesage et al. 2002).
Importantly, 3A9 DNTcell proportion is decreased in second-
ary lymphoid organs of mice from the diabetes-susceptible
NOD.H2k background in comparison to the diabetes-
resistant B10.BR background (Dugas et al. 2010), where this
difference is partially restored by the presence of the Idd2 or
Idd13 locus from the B10.BR background in NOD.H2k

congenic mice (Collin et al. 2014; Dugas et al. 2014).
Herein, we investigated the interactions between genetic

determinants encoded within the Idd2 and Idd13 loci and
how they influence DN T cell proportion. To do so, we gen-
erated 3A9 TCR and 3A9 TCR:insHEL NOD.H2k-Idd2/13
double congenic mice. Using the double congenic mice, we
demonstrate an interaction between Idd2 and Idd13 loci in
determining the number of DN T cells in secondary lymphoid
organs, where DN T cell proportion is fully restored in the
lymph nodes of 3A9 TCR:insHEL NOD.H2k-Idd2/13 mice.
By exploiting DAVID and STRING bioinformatics databases,
we link potential biological pathways arising from interactions
of genes encoded within the Idd2 and Idd13 loci. This in silico
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approach suggested that the Idd2 and Idd13 loci may regulate
cell cycle progression. Using congenic mice, we validate that
the Idd2 and Idd13 loci influence progression through S-phase
and DN T cell proliferation. Moreover, we find that both the
Idd2 and Idd13 loci modulate RAD51 expression. Together,
the bioinformatics data, the cell cycle analysis, and the regu-
lation of RAD51 expression suggests that Idd2 and Idd13 loci
modulate cell cycle progression, which likely contributes to
defining the proportion of DN T cells in secondary lymphoid
organs.

Results

The proportion of 3A9 DN Tcells is significantly lower in the
lymph nodes of 3A9 TCR NOD.H2k mice in comparison to
3A9 TCR B10.BR mice, even in the absence of cognate anti-
gen (Dugas et al. 2010). This suggests that the NOD genetic
background, independent of the autoimmune response, de-
fines the low number of DN T cells in secondary lymphoid
organs. To identify these genetic determinants, we previously
performed a linkage analysis on an F2 outcross from these two
parental strains and found that immunoregulatory DN T cell
proportion is regulated by a multigenic trait in secondary lym-
phoid organs (Collin et al. 2014). By exploiting the 3A9 TCR
transgenic mouse model, we subsequently demonstrated that
both Idd2 and Idd13 loci independently contribute to defining
the proportion and number of DN T cells in the spleen and
lymph nodes (Collin et al. 2014; Dugas et al. 2014). Still, 3A9
TCR NOD mice congenic for either of these loci presented
with a modest increase in DN T cell number relative to mice
bearing the B10.BR genetic background. As a result, we pro-
posed that interactions between genetic determinants encoded
within the Idd2 and Idd13 loci cooperate to define the propor-
tion and number of immunoregulatory DN T cells. We segre-
gated the F2 mice from our aforementioned linkage analysis
(Collin et al. 2014) according to their genotype at the SNP
with the highest LOD score on both chromosome 2 (Idd13)
and chromosome 9 (Idd2), namely rs6193859 and D9Mit232,
respectively, and plotted the proportion of 3A9 DN T cells
from the skin-draining lymph nodes (Fig. 1a, Table 1). F2
mice bearing NOD homozygous alleles at the Idd2 locus pres-
ent with a low proportion of DN T cells, which is not signif-
icantly influenced by the presence of either NOD or B10.BR
alleles at the Idd13 locus (Fig. 1a, white circles). However, we
find a significant increase in the proportion of DN Tcells in F2
mice bearing homozygous B10.BR alleles at both loci (19.34
± 1.42) when compared to mice bearing homozygous NOD
alleles at Idd2 (13.60 ± 1.10), at Idd13 (13.65 ± 1.36), or at
both loci (11.82 ± 2.05) (Table 1). This suggests that
B10.BR alleles from both Idd2 and Idd13 loci may have an
additive or synergistic effect in regulating DN T cell
proportion.

To test this potential interaction between Idd2 and Idd13
loci, we generated 3A9 TCR NOD.H2k-Idd2/13 as well as
3A9 TCR:insHEL NOD.H2k-Idd2/13 double congenic mice,
where the limits of the intervals were determined by genotyp-
ing and medium density SNP Illumina platform (Fig. 1b). As
previously reported, B10.BR mice present with a higher pro-
portion of 3A9 DN T cells than NOD.H2k mice in both the
spleen and lymph nodes of either the 3A9 TCR single trans-
genic or 3A9 TCR:insHEL double transgenic mice (Fig. 2)
(Collin et al. 2014; Dugas et al. 2010; Dugas et al. 2013;
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Fig. 1 Interactions between chromosome 2 and chromosome 9 in
determining 3A9 DN T cell proportion in 3A9 TCR F2 mice. a The
proportion of 3A9 DN T cells in the skin-draining lymph nodes of 3A9
TCR F2mice is represented based on their genotype on chromosome 2 at
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Table 1 3A9 DN Tcell proportion in the lymph nodes of 3A9 TCR F2
mice based on homozygous genotypes at one or both loci, specifically at
rs6193859 encoded within Idd13 and at D9Mit232 encoded within Idd2

Idd13; Idd2 Mean ± SEM Idd13; Idd2 Mean ± SEM p value

N/N; N/N 11.82 ± 2.05 vs B/B; N/N 13.60 ± 1.10 1.00

N/N; N/N 11.82 ± 2.05 vs N/N; B/B 13.65 ± 1.36 1.00

N/N; N/N 11.82 ± 2.05 vs B/B; B/B 19.34 ± 1.42 0.011

B/B; N/N 13.60 ± 1.10 vs N/N; B/B 13.65 ± 1.36 1.00

B/B; N/N 13.60 ± 1.10 vs B/B; B/B 19.34 ± 1.42 0.039

N/N; B/B 13.65 ± 1.36 vs B/B; B/B 19.34 ± 1.42 0.033

*p value < 0.05; ns: non-significant based on Bonferroni’s Multiple
Comparison Test
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Dugas et al. 2014; Hillhouse et al. 2010). In addition, both the
NOD.H2k-Idd2 and NOD.H2k-Idd13 single congenic mice
show an increase in the proportion of 3A9 DN T cells relative
to NOD.H2k mice (Fig. 2) (Collin et al. 2014; Dugas et al.
2014). Although the proportion of 3A9 DN T cells was in-
creased in the spleen of NOD.H2k-Idd2/13 double congenic
mice relative to the parental NOD.H2k strain, the proportion of
3A9 DN T cells of the double congenic mice did not exceed
that of NOD.H2k-Idd13 single congenic mice in the spleen
(Fig. 2a). In contrast to the spleen, and in agreement with
the F2 linkage data of 3A9 DN T cells in the lymph nodes
(Fig. 1), we observe a statistically significant increase in the
proportion of 3A9 DN T cells of NOD.H2k-Idd2/13 double
congenic mice compared to single congenic mice in the lymph
nodes (Fig. 2b). Importantly, the proportion of 3A9 DNTcells
in the lymph nodes of 3A9 TCR:insHEL NOD.H2k-Idd2/13
double congenic mice was comparable to that of the 3A9
TCR:insHEL B10.BR parental strain (Fig. 2b). Notably, the
increased proportion of 3A9 DN Tcells in the lymph nodes of
NOD.H2k-Idd2/13 double congenic mice relative to
NOD.H2k, although not as striking, is corroborated in absolute
numbers (Fig. 3), and is not the result of a decrease in the
proportion of either CD4 or CD8 T cells (Table 2). Together,
these data suggest that an interaction between Idd2 and Idd13

loci increases the proportion of 3A9 DN T cells in the
NOD.H2k transgenic mice.

The increased proportion of 3A9 DN T cells in secondary
lymphoid organs of NOD.H2k-Idd2/13 double congenic mice
relative to that of NOD.H2k mice may potentially result from
an increase in thymic selection in the 3A9 TCR:insHEL
NOD.H2k-Idd2/13 mice. We thus quantified the proportion
of 3A9 DN T cells in the thymus of the various 3A9 TCR
single transgenic and 3A9 TCR:insHEL double transgenic
mice. As for the spleen and lymph nodes, we find a higher
proportion and absolute number of 3A9 DN T cells in the
thymus of B10.BR mice relative to NOD.H2k mice, in both
the 3A9 TCR single transgenic and 3A9 TCR:insHEL double
transgenic mice (Fig. 4). In addition, the NOD.H2k-Idd13 sin-
gle congenic mice show a modest increase in the proportion of
3A9 DN T cells relative to NOD.H2k mice, whereas the in-
crease in 3A9 DN T cells for NOD.H2k-Idd2 is only observed
in the 3A9 TCR:insHEL double transgenic mice (Fig. 4).
Notably, although the proportion and absolute number of
3A9 DN T cells was modestly increased in the thymus of
NOD.H2k-Idd2/13 double congenic mice relative to
NOD.H2kmice, this increase was comparable to that observed
in the NOD.H2k-Idd13 single congenic mice (Fig. 4). This
suggests the absence of an additive effect of the Idd2 and
Idd13 loci in defining DN Tcell number in the thymus. In line
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with our previous work showing that thymic DN T cell pro-
portion in 3A9 TCR mice does not correlate with 3A9 DN T
cell proportion in secondary lymphoid organs (Dugas et al.
2013), we find that the increased proportion of 3A9 DN T
cells in the secondary lymphoid organs of NOD.H2k-Idd2/13

double congenic mice relative to NOD.H2k mice is not a con-
sequence of increased thymic differentiation towards the DN
T cell lineage.

In the 3A9 TCR:insHEL B10.BR, BALB.K, and
NOD.H2kmice, we have previously shown that elevated num-
bers 3A9 DN T cells in secondary lymphoid organs correlate
with a decrease in diabetes incidence and that injection of 3A9
DN T cells in the BALB.K setting is sufficient to prevent
diabetes onset (Dugas et al. 2010). We have also shown that
3A9 TCR:insHEL NOD.H2k-Idd2mice exhibit an increase in
3A9 DN T cells and a lower incidence of diabetes relative to
3A9 TCR:insHEL NOD.H2k mice (Collin et al. 2014).
However, we recently found that 3A9 TCR:insHEL
NOD.H2k-Idd13 mice, which present an increase in 3A9 DN
T cells relative to their NOD.H2k counterpart (Fig. 2) (Dugas
et al. 2014), exhibit an increase in diabetes incidence
(Hillhouse et al. 2016). This result suggests that, in contrast
to Idd2, the increase in DN T cell number conferred by the
Idd13 locus is not sufficient to control insulitis present in the
3A9 TCR:insHEL mouse model (as detailed in (Hillhouse
et al. 2016)). Because of the contrasting phenotypes of Idd2
and Idd13 in controlling diabetes incidence in 3A9
TCR:insHEL NOD.H2k mice, we decided to study the impact
of the combination of both Idd2 and Idd13 loci. Expectedly,
3A9 TCR:insHEL NOD.H2k-Idd2/13 double congenic mice
presented a level of insulitis that was comparable to both 3A9
TCR:insHELB10.BR and NOD.H2kmice (Fig. 5). Still, all of
the nine 3A9 TCR:insHEL NOD.H2k-Idd2/13 mice that were
aged to over 28 weeks remained diabetes-free and never ex-
hibited glucosuria nor glycemia (Table 3). The combination of
the Idd2 and Idd13 loci in the 3A9 TCR:insHEL NOD.H2k

mice also significantly reduced the serum level of HEL-
specific IgG autoantibodies (Table 3). Taken together, these
data show that the combined presence of Idd2 and Idd13 loci
in 3A9 TCR:insHEL NOD.H2kmice enhances the proportion
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Table 2 Proportion of 3A9 CD4+

and 3A9 CD8+ T cells in the
spleen and lymph nodes of 3A9
TCR and 3A9 TCR:insHEL mice
in each strain, as indicated. Mean
± SD from at least four mice per
group is shown

3A9 TCR 3A9 TCR:insHEL

% 3A9 CD4 T
cells

% 3A9 CD8 T
cells

% 3A9 CD4 T
cells

% 3A9 CD8 T
cells

Spleen B10.BR 4.43 ± 3.20 1.22 ± 0.52 0.21 ± 0.08 0.12 ± 0.07

NOD.H2k 5.91 ± 3.27 0.79 ± 0.18 1.47 ± 0.98 0.16 ± 0.04

NOD.Idd13 6.62 ± 2.26 1.6 ± 0.47 1.82 ± 1.26 0.48 ± 0.08

NOD.Idd2 6.58 ± 4.59 1.54 ± 0.52 1.61 ± 2.9 0.5 ± 0.28

NOD.
Idd2-Idd13

4.15 ± 2.10 1.07 ± 0.32 0.64 ± 0.35 0.36 ± 0.12

Lymph
nodes

B10.BR 9.52 ± 5.68 4.04 ± 1.72 0.24 ± 0.12 0.53 ± 0.33

NOD.H2k 15.15 ± 6.18 2.78 ± 0.69 2.72 ± 2.56 0.86 ± 0.38

NOD.Idd13 17.24 ± 6.44 5.85 ± 1.65 2.69 ± 2.07 1.83 ± 0.68

NOD.Idd2 15.11 ± 7.91 5.52 ± 1.71 1.07 ± 1.3 1.44 ± 0.67

NOD.
Idd2-Idd13

8.87 ± 3.80 4.41 ± 0.79 0.81 ± 0.52 1.47 ± 0.40
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of 3A9 DN T cells in secondary lymphoid organs and de-
creases the level of autoantibodies, as well as prevents diabe-
tes onset.

We next sought to define the biological process related to
the increase in DN T cell proportion which is mediated by the
combination of the Idd2 and Idd13 congenic intervals. We
considered all of the genes encoded within the Idd2 and
Idd13 loci. We then queried the DAVID bioinformatics data-
base based on the gene list from the Idd2 and Idd13 loci. The
Idd2 and Idd13 gene lists independently revealed nine and
five biological processes respectively, while 11 biological pro-
cesses were identified by the combination of the two gene lists
(Table 4). Using the combined Idd2 and Idd13 gene lists ob-
tained by the DAVID analysis, we next independently queried
the STRING database for each of these 11 biological process-
es. We selectively considered associations from genes in Idd2
and Idd13 that showed a confidence score above 0.7 for the
given biological process (Table 5). We find strong interactions
between genes in all biological processes, except for lipid
transport where the four links between genes from Idd2 and
Idd13 all presented with a confidence below 0.7. Based on this
observation, we decided to further restrict our attention to
biological processes where a confidence score above 0.7
was given to most of the gene interactions (i.e., more than
50% of the interactions). Out of the 11 biological processes,

only 3 fit these criteria, namely phospholipid catabolism, T
cell, and cell cycle (Table 5, highlighted in gray).

The DAVID analysis grouped 7 genes from the Idd2 locus
and 28 genes from the Idd13 locus under phospholipid catab-
olism. STRING revealed that only two genes from the Idd2
locus, namely Arhgef12 and Pafah1b2, were associated with
genes from the Idd13 locus (Fig. 6a). Accordingly, Arhgef12
was linked to Adra1d while Pafah1b2 was linked to four
genes of the Pla2g4 family, specifically Pla2g4b, Pla2g4d,
Pla2g4e, and Pla2g4f. Based on ImmGen,Arhgef12 is strong-
ly expressed in germinal center B cells and Pafah1b2 is
expressed in many immune cell populations (immgen.org).
However, neither Adra1d nor any of the four Pla2g4 genes
from the Idd13 locus are expressed in hematopoietic cells
(immgen.org). As we have previously shown that DN T cell
proportion is regulated at least in part by hematopoietic-
intrinsic factors (Dugas et al. 2014), it is unclear how the
Arhgef12 and Pafah1b2 genes from the Idd2 locus interact
with Adra1d or any of the four Pla2g4 genes from the Idd13
locus to influence the proportion of DN T cells, as none of the
potentially interacting genes in Idd13 are expressed in the
hematopoietic system.

The T cell biological process showed interactions between
genes from the CD3 complex encoded in the Idd2 locus and
B2m from the Idd13 locus (Fig. 6b). This interaction stems
from the antigen presentation of peptides to CD8+ T cells,
where the chains of the CD3 complex are necessary for TCR
expression which recognizes peptides in the context of MHC
class I molecules that are associated with β2m. However, we
have previously demonstrated that B2m deficiency does not
decrease the proportion of 3A9 DN T cells in both the spleen
and lymph nodes of 3A9 TCR transgenic mice, as shown in
B2m-deficient mice from both B10.BR and NOD.H2k genetic
backgrounds (Dugas et al. 2014). The Tcell biological process
is thus unlikely to explain the additive interaction between
Idd2 and Idd13 loci in defining the proportion of DN T cells.

Finally, STRING analysis of the cell cycle progression re-
veals multiple relevant interactions between genes from the
Idd2 and Idd13 loci (Fig. 6c). For one, Chek1 in Idd2 partners
withRad51,Mcm8, andCdc25b in Idd13 to regulate cell cycle
progression (Kramer et al. 2004; Lutzmann et al. 2012; Patil
et al. 2013; Sorensen et al. 2005). In addition, Zw10 in Idd2

Table 3 Serum antibodies
(relative units) and diabetes
incidence of 3A9 TCR:insHEL
mice from the different strains

B10.BR NOD.H2K NOD.H2K-Idd2/Idd13

Levels of total IgG 15.85 ± 4.06 10.34 ± 2.20 7.80 ± 2.35

Levels of IgG anti-HEL 0.45 ± 0.45 3.12 ± 0.90 1.49 ± 0.41

Levels of IgG1 anti-HEL 0.15 ± 0.12 0.57 ± 0.18 0.23 ± 0.07

Diabetes incidence (%) 25a, b 60–80a, b, c 0

a Lesage, Goodnow, JEM (2002)
b Collin et al., JI (2014)
c Hillhouse et al., ICB (2016)
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Fig. 5 Insulitis is not affected by the combination of Idd2 and Idd13 loci
in 3A9 TCR:insHEL mice. The degree of islet infiltration is shown for
euglycemic male and female mice of 8–14 weeks old. B10.BR (n = 5),
NOD.H2k (n = 4), and NOD.H2k-Idd2/13 mice (n = 5)

500 Immunogenetics (2018) 70:495–509

http://immgen.org
http://immgen.org


and Bub1, Bub1b, and Casc5 in Idd13 all localize to the ki-
netochore and facilitate mitotic progression (Anderson et al.
2002; Genin et al. 2012; Taylor and McKeon 1997; Vallee
et al. 2006; Varma et al. 2006). Importantly, all of these genes
are ubiquitously expressed.

To determine if cell cycle progression is possibly impaired
in NOD.H2k and could therefore define DN Tcell number, we
performed cell cycle analysis using propidium iodide staining
in total spleen cells from B10.BR, NOD.H2k and NOD.H2k-
Idd2/13 mice. A greater proportion of cells from NOD.H2k

mice were actively engaged in S-phase (Fig. 7a). Interestingly,
cells from NOD.H2k-Idd2/13 mice exhibited a comparable
cell cycle profile to that of B10.BR mice with a similar pro-
portion of cells in S-phase (Fig. 7a). This finding suggests that
the Idd2 and Idd13 loci on the NOD.H2k background are
sufficient to modulate the proportion of cells in S-phase. We
confirm that this is not a particularity of the MHC haplotype,
as we find that spleen cells fromNODmice also have a higher
proportion of cells in S-phase relative to those from C57BL/6
mice (Fig. 7b). More importantly, we find that, among T cell
subsets, the impact of the Idd2 and Idd13 loci on proliferation
is specific to DN T cells (Fig. 7c). Indeed, when comparing T

cell subsets from both NOD.H2k and NOD.H2k-Idd2/13mice,
we find a similar proportion of either CD4+ or CD8+ T cells
that express Ki-67. However, a lower proportion of DNTcells
from NOD.H2k-Idd2/13 mice stained positive for Ki-67 rela-
tive to DN T cells from NOD.H2k mice (Fig. 7c). As for S-
phase measurements, the fraction of Ki-67+ DN T cells from
NOD.H2k-Idd2/13 mice is comparable to that of B10.BR
mice. Altogether, these data suggest that the low proportion
of DN T cells in the NOD background is influenced by allelic
variants of genes encoded within the Idd2 and Idd13 loci,
which together influence the cell cycle of immunoregulatory
DN T cells.

Progression of DN T cells through the cell cycle is influ-
enced by the Idd2 and Idd13 loci. Of the candidate genes
encoded within Idd13, our attention turned to Rad51, as inhi-
bition of RAD51 has recently been shown to inhibit diabetes
development (Ratiu et al. 2017). RAD51 is a recombinase
involved in DNA repair, an essential step to allow efficient
progression through the cell cycle. RAD51 acts downstream
of γ-H2AX and CHEK1, both of which are encoded within
Idd2. Interestingly, we found that RAD51, but not γ-H2AX,
was expressed more abundantly in spleen cells from

Table 5 Summary of interactions
between genes in Idd2 and Idd13
loci

Number of gene interactions with
> 0.7 confidence score

Percentage of interactions with
> 0.7 confidence score

Phospholipid catabolism 5 71.4%

T cell 2 66.7%

Cell cycle 15 51.7%

Carbohydrate metabolism 5 45.5%

Microtubules and cytoskeleton 10 41.7%

Ig-like domain 3 33.3%

Signal protein 20 26.7%

Protease inhibitor 2 22.2%

Nucleotide process 12 11.8%

Endoplasmic reticulum membrane 1 10.0%

Lipid transport 0 0.0%

Table 4 Biological pathways
present in Idd2, Idd13 or in both
loci

Idd2 Idd13 Idd2 and Idd13

Cell junction and synapse Cell cycle Microtubules and cytoskeleton

Dendrite Intracellular organelle Cell cycle

DNA checkpoint Response to stress Nucleotide process

Glycosylation Signal process Phospholipid catabolic process

Immune system development Cilium formation Protease inhibitor

Ions transport and voltage Carbohydrate metabolism

Lipid metabolic process Ig-like domain

Negative regulation of motion Lipid transport

Protease Signal protein

T cell

Endoplasmic reticulum membrane
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Fig. 6 STRING analysis of gene lists grouped under biological pathways revealed by DAVID. a Phospholipid catabolic process; b T cells; and c cell
cycle progression, showing the confidence level of protein interaction for genes encoded within the Idd2 and Idd13 loci
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NOD.H2k mice relative to B10.BR mice (Fig. 8 and data not
shown). We also found that NOD.H2kmice carrying either the
Idd2 or the Idd13 locus both showed a reduction in RAD51
expression, which was not enhanced in NOD.H2k-Idd2/13
mice (Fig. 8). This result suggests that polymorphisms within
the Idd13 locus, which encodes for Rad51, effectively modu-
late RAD51 expression. Importantly, it also suggests that
polymorphisms in the Idd2 locus, likely in either H2afx or
Chek1, also impact RAD51 expression. Yet, the polymor-
phism in both Idd2 and Idd13 did not cooperate to restore
RAD51 expression to the levels observed in B10.BR mice,
suggesting that although Idd2 and Idd13 clearly regulate
RAD51 expression, other pathways are also affected by the
two loci.

Discussion

We have previously shown that autoimmune diabetes suscep-
tibility is associated with decreased DN T cell proportion
(Collin et al. 2014; Dugas et al. 2010). In order to identify
the genetic determinants defining DN T cell number, we used
a linkage analysis approach and congenic strain validation and
demonstrated that DN T cell proportion is influenced by Idd2
and Idd13 (Collin et al. 2014; Dugas et al. 2014). However, as
the contribution of each locus was modest, we sought to in-
vestigate the interactions between the genetic determinants
encoded within Idd2 and Idd13 loci and how they cooperate
to define DN T cell numbers. Here, we analyzed our linkage
analysis data (Collin et al. 2014) and revealed that F2 mice
bearing homozygous B10.BR alleles at both the Idd2 and
Idd13 loci exhibit a significant increase in DN T cell propor-
tion when compared to mice bearing homozygous NOD al-
leles at either or both loci. In addition, we show that Idd2 and
Idd13 together increase the proportion of DN T cells in both
3A9 TCR and 3A9 TCR:insHEL NOD.H2k mice. Moreover,
in a cohort of nine female mice, none of the 3A9 TCR:insHEL
NOD.H2k-Idd2/13 mice develop autoimmune diabetes.
Together, these data suggest an additive effect of the mouse
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Fig. 7 Allelic variants in the Idd2 and Idd13 loci influence cell cycle.
Total spleen cells were stained with propidium iodide and the percentage
of cells in S-phase was quantified by flow cytometry, for a B10.BR,
NOD.H2k and NOD.H2k-Idd2/13 mice (n = 5) and b C57BL/6 (B6) and
NOD mice (n = 7). Mean ± SEM are shown. c Spleen cells from B10.BR
and NOD.H2k-Idd2/13 mice were stained with antibodies to CD3, CD4,
CD8, and Ki-67. The percentage of Ki-67+ cells was quantified for CD4+

(CD3+CD4+CD8−), CD8+ (CD3+CD4−CD8+), and DN (CD3+CD4−

CD8−) T cells. n = 5. Mean ± SEM are shown. Student t test, p value *
< 0.05, ** < 0.01, *** < 0.001, ns = non-significant
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Fig. 8 RAD51 expression is modulated by polymorphisms on both the
Idd2 and Idd13 loci. One representative Western blot (a) and data
compilation (b) of relative RAD51 protein levels in total spleen cells
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NOD.H2k-Idd2/13 (n = 3). alpha-tubulin is used as a loading control.
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Idd2 and Idd13 loci in the restoration of DN T cells, a trait
associated with autoimmune diabetes resistance. Lastly, we
demonstrated that cell cycle and DN T cell proliferation are
regulated by the Idd2 and Idd13 loci. Together with our bio-
informatics analysis, this suggests that cell cycle progression,
by modulating RAD51 expression, is likely contributing to
defining the proportion of DN T cells in secondary lymphoid
organs.

Of interest, RAD51 has recently been linked to type 1
diabetes (Ratiu et al. 2017). In this study, they find that
inhibiting RAD51 protects from diabetes development by en-
hancing the proportion of immunoregulatory B cells. Notably,
DNTcells are able to eliminate B cells and in vivo injection of
DN T cells leads to a decrease in autoantibody levels (Dugas
et al. 2010; Hillhouse et al. 2010; Ma et al. 2008). It is thus
tempting to suggest that inhibiting RAD51 leads to a specific
increase in DN T cells which would eliminate autoantibody-
producing B cells, thereby resulting in a proportional increase
in immunoregulatory B cells, altogether preventing autoim-
mune diabetes onset. Alternatively, as we have shown that
RAD51 is generally increased in the spleen of NOD mice,
inhibiting RAD51 may independently affect many cell types,
all actively participating in the induction or maintenance of
immune tolerance.

Identifying the molecular pathways that influence the size
of the DN T cell pool in peripheral lymphoid organs is of
interest as it will facilitate the identification of molecular tar-
gets that regulate DN T cell numbers. During our analysis of
DAVID and STRING bioinformatics databases exploiting the
Idd2 and Idd13 gene lists, we were able to limit our focus on
three biological processes mediated by strong interactions of
genes within the two loci, namely phospholipid catabolism, T
cell biology, and cell cycle progression. However, concerning
phospholipid catabolism, the five genes located within the
Idd13 locus that were found to interact with genes from the
Idd2 locus, specifically Adra1d, Pla2g4b, Pla2g4d, Pla2g4e,
and Pla2g4f, are not expressed in hematopoietic cells
(immgen.org). As we have previously shown that DN T cell
proportion is regulated at least in part by hematopoietic-
intrinsic factors (Dugas et al. 2014), we found it unlikely that
the phospholipid catabolism is the biological process influenc-
ing DN Tcell numbers. Likewise, the Tcell biological process
was highlighted by interactions between genes from the CD3
complex encoded in the Idd2 locus and B2m from the Idd13
locus, where we have previously shown that B2m-deficiency
does not influence 3A9 DN T cell proportion in secondary
lymphoid organs (Dugas et al. 2014). Therefore, the T cell
biological process is not likely influencing DNTcell numbers.
As a result, we shifted our focus to the third biological process
highlighted by our bioinformatics analyses, cell cycle. The
STRING analysis of the cell cycle progression revealed sev-
eral relevant interactions between genes from the Idd2 and
Idd13 loci, with various genes of interest being ubiquitously

expressed. We further validate that cell cycle and proliferation
are regulated by the Idd2 and Idd13 loci as a greater propor-
tion of lymphocytes from NOD.H2k mice are in S-phase.
Moreover, the proportion of Ki-67+ DN T cells is also in-
creased in NOD.H2k mice in comparison to both B10.BR
and NOD.H2k-Idd2/13mice. The greater proportion of prolif-
erating DN T cells in NOD.H2k mice, which exhibit a lower
proportion of DNTcells in lymphoid organs, relative to NOD.
H2k-Idd2/13 mice is counterintuitive. However, the increased
proportion of cells in S-phase may suggest a block in cell
cycle progression, yielding lower numbers of DN T cells.
Altogether, our data thus suggest that DN T cell proportion
is influenced by allelic variants of genes encoded within the
Idd2 and Idd13 loci, which together influence cell cycle
progression.

The cell cycle consists of a series of sequential phases,
specifically the G0/G1, S, G2, and M (mitosis) phases, leading
to cell division. During the cell cycle, multiple checkpoints are
encountered prior to entry into the subsequent phase, which
provides an important surveillance mechanism for faithful
replication and division of cells (Elledge 1996). The
STRING analysis of the cell cycle progression revealed that
Chek1 in Idd2 partners with Rad51,Mcm8, and Cdc25b from
the Idd13 locus. Indeed, each of these four genes play an
important role during S-phase by controlling DNA replication
and the DNA damage response to replicative stress. For in-
stance, the DNA helicase MCM8 is a significant player in the
elongation phase of DNA replication (Maiorano et al. 2005), it
promotes RAD51 recruitment to DNA damage sites and it
facilitates homologous recombination-mediated repair of
DNA double-strand breaks (Park et al. 2013). As RAD51 is
central in replication fork progression (Berti and Vindigni
2016), MCM8 may participate in this pathway during S-
phase. In addition to MCM8, Cdc25b, which encodes a phos-
phatase that is essential for cell cycle transition by promoting
the dephosphorylation of key substrates (Lammer et al. 1998),
is also a key player during S-phase. For instance, down-
regulation of Cdc25 mRNA levels in HeLa cells delays S-
phase and leads to a proliferation defect (Garner-Hamrick
and Fisher 1998). Furthermore, CDC25B has been involved
in centrosome duplication, a process that is initiated in S-
phase (Boutros et al. 2007). Interestingly, unscheduled expres-
sion of CDC25B during DNA replication has been linked to
replicative stress and the formation of DNA lesions (Bugler
et al. 2010). In this regard, CHEK1 also plays a dual role
during DNA replication. Indeed, CHEK1 is linked to fork
progression during S-phase by controlling the initiation of
DNA replication (Petermann et al. 2010), and is also critical
in the response to single-stranded DNA lesions by phosphor-
ylating key substrates, including the CDC25 phosphatases,
and promoting the activation of DNA damage checkpoints
(Patil et al. 2013). Interestingly, the conditional deletion,
knockdown, or inhibition of Chek1 is associated with an
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accumulation of cells in S-phase cells as well as increased cell
death (Lam et al. 2004; Sorensen et al. 2005), which mirrors
our observations for DN T cells from mice exhibiting NOD
alleles for Idd2 and Idd13. Indeed, our findings suggest that
the Idd2 and Idd13 loci regulate the proportion of cells accu-
mulating in S-phase and of Ki-67+ DN T cells. Moreover, we
find that NOD.H2k mice carry fewer DN T cells than both
B10.BR and NOD.H2k-Idd2/13mice in the transgenic setting
and that this difference in number may be regulated, at least in
part, by apoptosis (Hillhouse et al. 2010). Interestingly,
CHEK1 phosphorylates RAD51 at serine-309 and recruits it
to DNA repair foci in order to promote homologous recombi-
nation repair and cell survival (Sorensen et al. 2005). The fact
that we observe increased RAD51 levels in the NOD.H2k

mice and that RAD51 is central during S-phase argues for a
model where dysregulation of RAD51 levels impairs progres-
sion of DNTcells through S-phase resulting in a block in their
cell cycle progression. Consequently, these results suggests
that potential genetic polymorphisms influencing the interac-
tions between genes encoded within Idd2, such as Chek1, and
those encoded within Idd13, such as Rad51, Mcm8, and
Cdc25b, modulate DN T cell number.

In summary, our data clearly demonstrates an interaction
between the Idd2 and Idd13 loci in determining the number of
DN T cells in secondary lymphoid organs, where DN T cell
proportion and number are increased in the 3A9 TCR:insHEL
NOD.H2k-Idd2/13 mice relative to both single congenic mice
and to 3A9 TCR:insHELNOD.H2k. Our findings also suggest
that the S-phase is likely contributing to defining the propor-
tion of DN T cells in secondary lymphoid organs. Although
cell cycle progression was the biological process that we iden-
tified through our bioinformatics approach, we cannot exclude
that other pathways contribute to defining the proportion of
DN T cells in secondary lymphoid organs. Further investiga-
tion of NOD.H2k-Idd2/13 double congenic mice may reveal
other relevant pathways as a target for potentiating the number
of immunoregulatory DNTcells, which may be of clinical use
for the antigen-specific treatment of various autoimmune
pathologies.

Materials and methods

Mice

3A9 TCR transgenic and HEL transgenic mice, where
HEL is expressed under the rat insulin promoter
(insHEL), on B10.BR and NOD.H2k backgrounds have
been previously described (Lesage et al. 2002). The
3A9 TCR NOD.H2k-Idd2 congenic strain bears
B10.BR alleles on chromosome 9 between 29.4 and
50.0 Mb (corresponding to markers rs6385855 and
rs13480186) at a locus included within Idd2 and was

described elsewhere (Collin et al. 2014). Idd13 congenic
mice were a gift of D.V. Serreze and were crossed to
NOD.H2k 3A9 TCR:insHEL background to introduce
the transgenes (Dugas et al. 2014). The NOD.H2k-
Idd2/Idd13 strain was obtained by an intercross between
3A9 TCR:insHEL NOD.H2k-Idd2 mice and 3A9
TCR:insHEL NOD.H2k-Idd13 mice. Offspring were ge-
notyped using the markers D9Mit129, D9Mit328,
D2Mit132, D2Mit48, and D2Mit338. Mice bearing
B10.BR alleles at all of these markers were selected
for further intercrosses. After two generations of homo-
zygous mating, an Illumina medium density linkage,
serviced through The Centre for Applied Genomics at
the Hospital for Sick Children, was performed on the
tail DNA from congenic mice to delimit the boundaries
of both the Idd2 and Idd13 loci in the NOD.H2k-Idd2/
dd13 mice; Idd2 (chromosome 9:29.6–61.4 Mb) and
Idd13 (chromosome 2:114.0–156.1 Mb) where positions
are based on NCBI Build m38. All of the mouse strains
were maintained at the Maisonneuve-Rosemont Hospital
animal house facility (Montreal, Canada).

Flow cytometry

Eight- to 12-week-old non-diabetic mice (diastix negative)
were analyzed. Spleen, lymph nodes, and thymus were
pressed through a 70-μm cell strainer (Thermo Fisher
Scientific, Ottawa, Ontario, Canada). Spleen cell suspensions
were treated with NH4Cl to lyse red blood cells. Single cell
suspensions were stained with the following antibodies to
quantify 3A9 DN T cells: CD3 (17A2; Biolegend), TCRβ
(H57-597, Biolegend), CD4 (GK1.5; Biolegend and
eBioscience), CD8α (53-6.7; Biolegend), CD19 (6D5;
Biolegend), and anti-clonotypic 1G12 (homemade)
(Peterson et al. 1999) antibody followed by detection with
IgG1 (RMG1-1; Biolegend). For Ki-67, cells were subse-
quently permeabilized using the eBioscience FoxP3 staining
kit according to the manufacturer’s protocol. Following per-
meabilization, cells were incubated with either Ki-67 (B56,
BD) or its isotype control (IgG1 κ; BD) for 30 min at 4 °C.
For propidium iodide, single cell suspensions from the spleen
were washed in PBS and thoroughly resuspended in cold 70%
ethanol for at least 1 h at 4 °C. Cells were resuspended in
250 μl of propidium iodide solution (40 μg/ml propidium
iodide, Invitrogen; 4 μg/ml RNase, USBiological life sci-
ences; diluted in PBS) per 1 million cells. Stained cells were
kept on ice and rapidly processed on a flow cytometer. All
data were collected either on a FACSCanto, LSRII, Fortessa
x-20, or a BD FACSCalibur (BD Biosciences, Mississauga,
Ontario, Canada). All data was analyzed with FlowJo soft-
ware (Treestar, Ashland, OR, USA).
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Histology

H&E staining was performed on 5 to 7 μm pancreas cuts from
paraffin blocks, for two to three non-successive cuts for each
mouse. H&E slides were scored for infiltration as previously
described (Hillhouse et al. 2013), and according to the follow-
ing scale: 0 = no infiltration, 1 = peri-insulitis, 2 = infiltration
< 50%, 3 = infiltration > 50%, 4 = complete infiltration.

ELISA

Total IgG was measured by ELISA according to the manufac-
turer’s protocol (Bethyl Laboratories Inc., Montgomery, TX,
USA). Serum anti-HEL IgG and IgG1 levels were measured
by ELISA on Nunc Maxisorp plates (Thermo Fisher
Scientific) coated with 100 μg/ml HEL prepared in NaHCO3

at pH 9.5, developed with goat anti-mouse IgG-HRP
(Biolegend, clone poly4053) or rat anti-mouse IgG1-biotin
(Biolegend, clone RMG1-1) followed by avidin-HRP
(Biolegend). A reference pool of sera from diabetic and non-
diabetic TCR:iHELmice was set to contain 100 arbitrary units
for anti-HEL antibodies or 10 arbitrary units for total IgG
antibodies.

Diabetes incidence study

Diabetes incidence was monitored daily in female 3A9
TCR:iHEL mice for overt signs of diabetes (wet cage,
hunched posture) and every 2 weeks for urine glucose levels
using Diastix (Bayer, Toronto, Ontario, Canada) starting at 8
to 12weeks of age. After two successive positive Diastix tests,
overt diabetes is confirmed by blood glucose levels higher
than 17 mmol/l. The age of diabetes onset is set at the first
detection of elevated urine glucose levels. The mice were
sacrificed within 1 week of detection of high blood glucose
or when they reached more than 28 weeks of age. At culling,
tail DNA was collected to verify the genotype of the mouse.
The serum was collected and the pancreas was conserved in
formalin for at least 48 h at room temperature before being
sent for paraffin inclusion.

Pathway analysis

Genes lists (and MGI ID) from Idd2 (chromosome 9:29.6–
50.3 Mb) and Idd13 (chromosome 2:114.0–156.1 Mb) were
retrieved by the Genes and Markers Query search tool from
MGI (Eppig et al. 2015). MGI ID were submitted to DAVID
bioinformatics database (Huang et al. 2009a, b). To rescue
some unmapped genes (via MGI ID) that did not match with
the DAVID database, we sent two lists of unmapped genes to
DAVID to get their DAVID ID.MGI and DAVID ID lists were
submitted to DAVID and were merged for each locus. Mus
musculus genome was specified as background. A third list

was built combining all genes from Idd2 and Idd13 (Idd2/13)
loci. All olfactory genes (beginning with BOlfr^) were re-
moved from gene lists as they are expected to have little im-
pact on immunological processes. Olfactory genes represent
21% of genes from Idd2 locus. For these three gene lists (Idd2
only, Idd13 only, Idd2 and Idd13 combined), all categories
from Bdisease,^ Bfunctional categories,^ and Bpathways^
were selected as well as the subcategories containing Ball^
from the Bgene ontology^ category. Functional annotation
clustering was performed with default options except for three
options: Bsimilarity threshold,^ Bfinal group membership,^
and BEASE.^ They were set to 0.4, 0.6, and 0.05, respectively.
Each cluster made by each analysis was named based on the
biological processes present in that cluster and compared to
the other two analysis results. Highly similar clusters, in the
same and/or in different analysis, were grouped under the
same biological process. Genes from each biological process
producedwith the Idd2/13 genes list were compiled separately
and identified as located on chromosome 2 (Idd13) or 9
(Idd2). DAVID revealed a total of 9 pathways for Idd2, 5 for
Idd13, and 15 for the combined list of Idd2/13. One biological
process (transferase) present in Idd2/13 contained only genes
from Idd13 and was excluded from further analysis. The met-
abolic process was too broad as it comprised almost all of the
genes from both loci and this pathway was also discarded for
STRING analysis.

STRING analysis

Gene (protein) lists of 13 of the 15 identified biological pro-
cesses for Idd2/13 were submitted to STRING analysis indi-
vidually (Szklarczyk et al. 2015). All associations made by
STRING between the input list and their database were man-
ually validated. Only Bco-expression,^ Bexperiments,^ and
Bdatabases^ categories were selected for the active prediction
methods. Confidence score was set to 0.15 to retrieve text file
results and was set to 0.7 to retrieve pathway interactions
images. Only links between genes from Idd2 and Idd13 loci
were selected for further analysis. At least 50% of all links
(between genes from the two loci) had to have a confidence
score of at least 0.7 to be selected as a final biological process
of interest (Table 5). Two different biological processes (sodi-
um transport and peptides) did not show any interaction be-
tween genes from Idd2 and Idd13 and were excluded from
further investigations.

Western blots

Dry pellets of homogenized spleen from B10.BR, NOD.H2k,
NOD.H2k-Idd2, NOD.H2k-Idd13, and NOD.H2k-Idd2/13
were resuspended in NuPAGE® LDS Sample Buffer
(106 mM Tris-HCl, 141 mM Tris Base, 2% lithium dodecyl
sulfate, 10% Glycerol, 0.51 mM EDTA, 0.22 mM SERVA
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Blue G250, 0.175 mM Phenol Red) and sonicated at 30%
intensity for 10 s three times. Protein concentrations were
acquired by NanoDrop Microvolume Spectrophotometer.
The proteins were loaded on 12% NuPAGE® gels at 200 V.
Migrated proteins were transferred to PVDF membranes,
blocked with 5% milk and 3% BSA in Tris-buffered saline
with 0.1% Tween 20 (TBS-T) for 1 h at room temperature.
Separate membranes were incubated overnight at 4 °C with
mouse anti-αTubulin (Abcam, ab7291), rabbit anti-RAD51
(BioAcademia, 70-002), and anti-H2AX (Bethyl, A300-
082A) antibodies. Following washes with TBS-T, the mem-
branes were incubated with either anti-rabbit or anti-mouse-
Horseradish peroxidase (HRP)-conjugated secondary anti-
bodies for 1 h at room temperature. Chemiluminescence was
acquired on an Azure c600 (Azure Biosystems).
Quantification and normalization of the protein bands were
performed on ImageJ.

Statistical analysis

Statistical significance was determined using one-way
ANOVA with Bonferroni post-HOC test for differences be-
tween more than two groups and a paired or unpaired
Student t test was used when testing for significant difference
between two groups, as appropriate.
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