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Abstract

Proper development of the immune system is an intricate process dependent on many fac-
tors, including an intact DNA damage response. The DNA double-strand break signaling
kinase ATM and its cofactor NBS1 are required during T cell development and for the main-
tenance of genomic stability. The role of a second ATM cofactor, ATMIN (also known as
ASCIZ)in T cells is much less clear, and whether ATMIN and NBS1 function in synergy in T
cells is unknown. Here, we investigate the roles of ATMIN and NBS1, either alone or in com-
bination, using murine models. We show loss of NBS1 led to a developmental block at the
double-positive stage of T cell development, as well as reduced TCRa recombination, that
was unexpectedly neither exacerbated nor alleviated by concomitant loss of ATMIN. In con-
trast, loss of both ATMIN and NBS1 enhanced DNA damage that drove spontaneous
peripheral T cell hyperactivation, proliferation as well as excessive production of proinflam-
matory cytokines and chemokines, leading to a highly inflammatory environment. Intrigu-
ingly, the disease causing T cells were largely proficient for both ATMIN and NBS1. In vivo
this resulted in severe intestinal inflammation, colitis and premature death. Our findings
reveal a novel model for an intestinal bowel disease phenotype that occurs upon combined
loss of the DNA repair cofactors ATMIN and NBS1.

Author Summary

Defects in DNA repair pathways can lead to pathogenesis within the immune system, an
example of which is inflammatory bowel disease (IBD). Yet the underlying genetic causes
of IBD are often unclear. The DNA repair kinase ATM is crucial for the proper develop-
ment and function of the immune system. ATM is regulated in a stimulus dependent man-
ner by its cofactors, ATMIN and NBSI. These cofactors compete for ATM binding and in
doing so regulate ATM kinase activity. Whereas both ATM and NBSI function in T cell
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development and in the maintenance of genomic stability within such cells, the role of
ATMIN (and the contribution of ATMIN and NBS1) in T cell function is unknown. Here,
we show that whereas NBS1 has distinct ATMIN-independent functions during VD]
recombination, loss of both cofactors resulted in exacerbated DNA damage, T cell hyper-
activation, inflammation and an IBD phenotype. The pathology was driven by T cells
largely proficient for both ATMIN and NBS1. These data demonstrate additive effects
revealed upon loss of both ATMIN and NBS1, thus illustrating the importance of these
two DNA repair cofactors in proper T cell development and function.

Introduction

Defects in T cell development can result due to inefficient repair of DNA lesions that are gener-
ated in a programmed manner during the recombination of variable, diverse and joining (VDJ)
gene segments, a process that is crucial for the generation of the T cell receptor (TCR) [1].
Therefore, proper repair of such breaks is vital for lymphocyte generation and survival. An
important kinase that functions in the repair of such DNA lesions is Ataxia Telangiectasia
Mutated (ATM) [2]. Patients (known as AT patients) and mice deficient for ATM show T and
B cell developmental defects and lymphoma generation [3-11]. Although the development of
thymic lymphoma has been linked to aberrant TCR recombination [11,12], it has also been
proposed that oxidative damage plays an important part in generating these tumors [13,14]. In
line with this hypothesis, treatment of ATM-deficient mice with scavengers of reactive oxygen
species (ROS) alleviates the lymphocyte developmental defects observed in these mice, as well
as the development of thymic lymphomas [13].

ATM is regulated by its cofactor NBS1, mutated in Nijmegen Breakage Syndrome, following
the generation of DNA double-strand breaks [15,16]. NBS1 functions as part of the MRN com-
plex, consisting of MRE11, RAD50 and NBS1, that is a major sensor of DNA double-strand
breaks [2,17]. The MRN complex binds to broken DNA ends and induces ATM activation to
repair the DNA lesions [17]. Recently, however, the MRN complex has also been linked to acti-
vating another kinase that belongs to the ATM superfamily known as ATR (for ataxia telangi-
ectasia and Rad3 related) [18-22]. The role of ATR is to resolve replication stress by binding
single-stranded DNA [23]. Thus, MRN participates in the activation of ATM and ATR. Within
the immune system, loss of NBS1 leads to defects in T and B cell development characterized by
lymphopenia [24-27]. Nijmegen Breakage Syndrome patients are also predisposed to malig-
nancies, particularly those of the lymphoid system [28]. Furthermore, a ‘humanized’ NBS1
mouse model has been generated and as well as displaying immunodeficiency, this model also
develops T cell lymphoma, in a p53 dependent manner [27].

ATM has also been shown to be regulated by a second cofactor, ATMIN (for ATM Interac-
tor) [29] also known as ASCIZ (ATM substrate Chk2-interacting Zn2+-ﬁnger protein) [30]. It
is known that ATMIN functions in resolving DNA damage. ATMIN has been reported to func-
tion as an ATM-cofactor following replicative stress and hypotonic stress [29,31]. It is also
required to localize RAD51 following DNA methylation damage [30]. Furthermore, in the age-
ing mouse brain ATMIN-deficient mice accumulate oxidative DNA damage [32] and in B cells
loss of ATMIN during later stages of development (the pro B cell stage) leads to genomic insta-
bility, chromosomal translocations and tumourigenesis [33]. Yet the functions of ATMIN are
not limited to DNA repair: in B cells ATMIN also functions as a transcription factor where it is
required to regulate the expression of DYNLLI1 [34]. Loss of ATMIN during early B cell
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development leads to increased apoptosis due to reduced DYNLLI expression hence inducing
Bim-dependent apoptosis [34].

Mechanistically, it has been shown that NBS1 and ATMIN compete for ATM binding and
hence regulate ATM function [35]. ATM activity following DNA double-strand breaks is
increased in ATMIN mutant cells whereas ATMIN-dependent ATM signaling is increased in
cells deficient for NBS1 [35]. Hence, the absence of one cofactor increases activity through the
alternative pathway. Because of this mechanism of ATM regulation, ATMIN deficiency rescues
NBS1-dependent cellular lethality [35].

Mutations in DNA repair genes, including ATM and NBS1 have been linked with immuno-
deficiencies in patients and furthermore immune deficiency is an important factor in causality
of human inflammatory diseases such as inflammatory bowel disease (IBD) [28,36,37]. For
example, patients with Omenn syndrome or common variable immunodeficiency (CVID)
carry hypomorphic mutations in RAG1/2, the enzymes that initiate recombination in B and T
cells [38-40]. These patients suffer from immunodeficiency but also from chronic inflamma-
tion affecting multiple tissues including the gut [38,41]. This is, in some cases, due to abnormal
T cell production that displays increased affinity for self-antigens. T cells from these patients
are autoreactive and hence give rise to chronic inflammation. In addition, it was recently
shown that unrepaired lesions in AT patients induce a type I interferon response, which leads
to inflammatory manifestations [42]. However, the underlying genetic causes for such inflam-
matory diseases, including IBD, are largely not known.

In order to address whether loss of ATMIN, alone or in combination with loss of NBS1,
leads to T cell-related defects and pathologies, we generated murine models with deletion of
ATMIN and NBS1 either alone or in combination. We show that loss of NBS1 led to a develop-
mental block at the double-positive (DP) stage of T cell development and reduced TCRo.
recombination. Unexpectedly, these developmental functions of NBS1 were neither exacer-
bated nor alleviated by concomitant loss of ATMIN. In contrast, compound mutant mice lack-
ing both ATMIN and NBS1 in T cells displayed immune hyperactivation and an IBD
phenotype, which is mediated by T cells and transplantable into control mice. ATMIN/
NBS1-deficient mice carried higher levels of DNA damage and their T cells produced elevated
levels of proinflammatory cytokines, coupled with increased proliferation. This generated a
proinflammatory environment in the intestine, as well as the spleen, leading to premature
death. However, the pathology-causing T cells were found to be largely proficient for both
ATMIN and NBS1.

Results

NBSH1 is required for T cell development and TCRa recombination,
independently of ATMIN

To determine the contribution of ATMIN and NBS1 in T cell development and function, we
generated mice lacking ATMIN (ATMIN"), NBS1 (NBS14%) or both ATMIN and NBS1
(ATMIN'"NBS1*"Y), in T lymphocytes by crossing ‘floxed’ mice [33,43] to CD2-cre expressing
mice [44] (denoted as AL for ‘lymphocyte’) (Fig 1A). These mice were then intercrossed with
mice that expressed YFP in CD2-cre expressing cells, from the ROSA26 locus [45] (Fig 1A).
The efficiency of deletion of ATMIN and/or NBS1 was determined by PCR, performed on
DNA from thymus and spleen (S1A Fig). We additionally confirmed the deletion of ATMIN
and NBS1 (as well as ATM) at the protein level in the thymus and the spleen (S1B and S1C
Fig). Deletion achieved with CD2-cre was minimal in the spleen, since this tissue is not made
up exclusively of T cells.
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Fig 1. NBS1 is required for T cell development and TCRa recombination, which is largely unaffected by concomitant loss of ATMIN. (A) Schematic
representation of the strategy to conditionally delete ATMIN and/or NBS1. Exon 4 of ATMIN, exon 6 of NBS1 and a ‘stop’ cassette inserted upstream of the
YFP reporter gene (on the Rosa26 locus, denoted as ‘R26’) were flanked by LoxP sites (denoted by arrow heads). Cre recombinase was expressed under
the control of the CD2 promotor. (B) Total thymic cellularity and thymic numbers of double-negative (DN; CD4 CD8’), double-positive (DP; CD4*CD8"), CD4
single-positive (SP; CD4*CD8"), CD8 single-positive (SP; CD4'CD8*), TCRB* (TCRB* TCRy&") and TCRy3 (TCRB” TCRy&*) cells in control, ATMINAL,
NBS12- and ATMINA-NBS14- mice. N = 4-10 mice per genotype. (C) Representative flow cytometry plots for B. (D) Quantitative PCR analysis of eight
Va8-Ja recombination regions in purified DP thymic T cells from control, ATMINAE NBS125, ATMINA-NBS 12 and ATM™” mice. Results are normalized to the
control DP thymic T cells. N = 3 mice per genotype. (E) Representative flow cytometry plots of TCRB*HSA'™" mature thymocytes isolated from control,
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ATMINAE NBS12- and ATMINA-NBS 12 mice. N = 5-7 mice per genotype (F) Quantification of E. (G) Representative flow cytometry data of apoptotic and
necrotic (Annexin V* and Annexin V* 7AAD", respectively) DP thymocytes in mice indicated in E. N = 4—7 mice per genotype (H) Quantification of Annexin V*
cells within DP, CD4* and CD8" SP thymocytes. Error bars represent SEM (*P<0.05, **P<0.01, ***P<0.001).

doi:10.1371/journal.pgen.1005645.g001

CD2-cre mediated deletion of NBS1 led to a severe reduction in thymic cellularity by >50%
and this surprisingly was neither exacerbated nor alleviated by co-deletion of ATMIN (Fig 1B).
Moreover, NBS14" mice displayed decreased CD4, CD8 double-positive (DP) T cells and CD4
single-positive (SP) as well as CD8 SP cells (Fig 1B and 1C) and these phenotypes were not alle-
viated by concomitant loss of ATMIN. The cre recombinase was expressed from the double-
negative (DN) stage of T cell development (S2A Fig) and efficiently through DN1 to DN4
stages of T cell development (S2B Fig). This in turn led to efficient deletion of NBS1 in DN1-4
stages of T cell development (S2C Fig). We observed an increase in the total number and per-
centage of TCRy8" T cells upon loss of NBS1 (Fig 1B and 1C and S3A Fig). Loss of ATMIN
alone during T cell development did not lead to an apparent phenotype.

The NBS1-dependent block in T cell development was also apparent on the periphery, as
indicated by a decrease in the total number of splenocytes in mice deficient for NBS1 (S3B Fig).
Similarly, the relative percentage of CD4", CD8" and TCRB" T cells was dramatically reduced
in the spleens of NBS1*" and ATMIN“*NBS1“" mice (S3B and S3C Fig).

Since both ATM and NBSI are required for the repair of DNA double-strand breaks, a pro-
cess that occurs during VD] recombination, we investigated whether recombination of the
TCRB locus was affected in NBS1*" and ATMIN*"NBS1*" mice. Southern blotting of two dis-
tinct TCRP recombination regions did not reveal a difference in efficiency of TCRp recombina-
tion in mice lacking ATM, ATMIN, NBS1 or both ATMIN and NBS1 (S4A Fig). Also, there
was no effect on the quantification of DN T cell subpopulations in any of the genotypes
(DN1-DN4; S4B and S4C Fig). Annexin V staining did not reveal an increase in the percentage
of apoptotic cells in DN1-4 T cells (S4D and S4E Fig) and in vivo bromodeoxyuridine (BrdU)
labelling did not suggest impairment in the proliferation of DN cells (S4F and S4G Fig). In
summary, we did not detect any defects in the DN T cells that would underlie the developmen-
tal block at the DP stage in NBS1*" mice.

Next, we investigated the efficiency of TCRo recombination by quantitative PCR in DP T
cells at 16 different recombination regions in the TCRa: locus (represented schematically in
S5A Fig). This revealed a requirement for NBS1 in TCRo. recombination (for most of the
recombination regions we investigated) (Fig 1D and S5B Fig). Indeed, this defect in recombina-
tion is similar to that which occurs due to lack of ATM [46]. Hence, these data reveal NBS1,
and not ATMIN, to be the ATM cofactor required for TCRo. recombination.

Since TCRo recombination is essential for T cell maturation we assessed the proportion of
mature HSA'"TCRB" T cells in the thymus. We observed a decrease in the percentage of
mature cells in the thymi of NBS1*" and ATMIN“'NBS14" mice (Fig 1E and 1F). Annexin V
staining revealed elevated apoptotic and necrotic cells in ATMIN*'"NBS1" and NBS14" mice
(Fig 1G and 1H). To test whether this could contribute to T cell activation, we measured
CD44" cells and found CD44"CD4" T cells to be enhanced in the thymi of ATMIN*"NBS1*"
(S6A and S6B Fig).

In summary, we reveal novel functions of NBS1 in T cell development since we observe that
loss of NBS1 leads to a block in T cell development at the DP stage as well as defective TCRo.
recombination. Hence, NBS1*" mice show reduced mature T cells, and this phenotype is sur-
prisingly exacerbated (and not rescued) upon co-deletion of ATMIN. We also observe
increased DNA damage and apoptosis in NBS1** mice, but more so in ATMIN*'NBS14"
mice.
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Fig 2. Loss of ATMIN in combination with NBS1, in T cells, leads to increased mortality due to T cell activation. (A) Kaplan-Meier survival curve of
control, ATMINA-, NBS 125, ATMINA-NBS12- and ATM”" mice. Survival was monitored for 32 weeks. (B) Representative images of spleens of control,
ATMINAE, NBS12- and ATMINA-NBS 12" mice as well as a moribund ATMINA-NBS12- mouse. (C) Histological analysis of the spleen of a control and a
moribund ATMINA-NBS 12 mouse stained for T cells using an anti-CD3 antibody. (D) Representative flow cytometry data of CD4 and CD8 T cells (gated on
the TCRB™* population) in the spleen of control, ATMINA-, NBS12- and ATMINA-NBS 12+ mice. (E) Histological analysis by using an anti-CD3 antibody to
visualize T cells in the liver and lung of control and ATMINA-NBS 12" mice. (F) Representative flow cytometry data of activated CD62L'°“CD44* T cells (gated
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TCRB* population) in the spleen of mice indicated in F, measured by in vivo BrdU incorporation over a period of 4 days. (J) Quantification of I. N = 3-4 mice
per genotype. Error bars represent SEM (*P<0.05, ***P<0.001).

doi:10.1371/journal.pgen.1005645.9002

Concomitant loss of ATMIN and NBS1 leads to increased mortality due
to peripheral immune activation

ATMIN'"NBS1" mice but not ATMIN" or NBS1“" mice display increased mortality

(Fig 2A). Whereas ATM ™" mice developed thymic lymphomas, the compound mutant mice
developed splenomegaly marked by an accumulation of CD3™ cells (Fig 2B and 2C) that were
of a CD4" subtype (Fig 2D). The CD8" T cells were decreased (Fig 2D). An infiltration of
CD3" T cells was observed in multiple organs, including the liver and lungs of moribund
ATMIN*"NBS14" mice (Fig 2E).
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T cells from the spleens of ATMINA'NBS12L (but also to a lesser extent in NBS14Y) mice
showed an activation phenotype where the proportion of CD62L'°¥CD44" activated T cells
was increased (Fig 2F and 2G). Moreover, this activation phenotype, characterized by the
increased proportion of potentially antigen-experienced CD62L'°"CD44" T cells, correlated
with the weight loss of ATMIN“"NBS1%" mice (Fig 2H), as such cells were increased in healthy
ATMIN"NBS1“" mice and continued to gradually increase with the progression of spleno-
megaly and systemic inflammation. We observed increased proliferation of ATMIN*'"NBS1*"
T cells by in vivo BrdU incorporation (Fig 2I) and furthermore we identified the
CD62L'°"CD44" T cells to be of a CD4" subset (S7A Fig).

Unexpectedly, however we observed a decrease in the number of splenic T cells that
expressed YFP in ATMIN*"NBS1*" mice (S7B Fig). Furthermore, the vast majority of acti-
vated CD62L'°CD44" T cells from ATMIN**NBS14" mice did not express YEP (S7C Fig)
and the majority of proliferating BrdU™ T cells from ATMIN“"NBS1*" mice were not
expressing YFP (S7D Fig). To determine whether YFP™ T cells were deleted for ATMIN and/
or NBS1 we performed a genotyping PCR on FACS sorted T cells (naive and activated) from
a control mouse, YFP™ T cells from ATMIN*'"NBS1*" mice and YFP* T cells from an
ATMIN*"NBS1*" mouse. Approximately 80% of YEP~ ATMIN“"NBS14" T cells were profi-
cient for ATMIN and/or NBS1 (S7E and S7F Fig). As expected YFP T cells displayed
approximately 100% deletion of ATMIN and/or NBS1 (S7E and S7F Fig). Taken together,
these data indicate that T cells that are largely proficient for ATMIN and NBS1 are causative
of the inflammatory phenotype.

Since regulatory T cells (T,g) are known to maintain T cell homeostasis we assessed their
abundance by staining cells isolated from the spleens of control, ATMIN“", NBS1** and
ATMINA"NBS14" mice for CD4 and Foxp3. We did not find a reduction in the proportion of
Foxp3™ T cells. The CD4 " Foxp3™ cells were found to be slightly elevated in both
ATMIN*"NBS1" and NBS1“" mice (S8A and S8B Fig). Therefore we conclude that a decrease
in Foxp3™ T\ cells is not the cause for the auto activation of T cells that results due to a con-
comitant loss of ATMIN and NBS1, however, we cannot rule out that their function is
impaired.

In summary, the ATMIN*'"NBS1*" mice (and to a lesser degree the NBS1" mice) display
an immune activation phenotype on the periphery, coupled with T cell proliferation. The
extent of the autoactivation is marginal in NBS1*" mice but is exacerbated and deleterious
upon simultaneous loss of ATMIN in T cells. Yet the proliferating and activated T cells were
mostly ATMIN/NBSI proficient.

ATMIN and NBS1 are required to suppress DNA damage in T cells

To test whether elevated DNA damage could be a contributing factor to T cell activation, we
measured the presence of alkali-labile sites as well as DNA single- and double-strand breaks in
splenic T cells using the alkali comet assay. We observed a significant contribution of ATMIN
to suppress these types of lesions, as well as of NBS1 (Fig 3A and 3B). Indeed, splenic T cells
isolated from ATMIN“"NBS1*" mice displayed an elevated amount of DNA lesions. DNA
lesions were observed in YFP™ T cells but not YFP™ T cells. DNA damage was also confirmed
by YH2AX staining, where increased foci were observed in the nuclei of spleens from
ATMIN*"NBS14" mice (Fig 3C). We also observed elevated levels of phosphorylated p53 in
the spleens of both NBS14" and ATMINA'*NBS1*" mice (Fig 3D). Since p53 is stabilized upon
phosphorylation, the total levels of p53 were also increased (Fig 3D). This data for NBS1 is in
line with a previous report that show increased apoptosis in NBS1-deficient neuronal cells,
which is dependent on p53 [43].
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expression. (C) Splenic sections from control, ATM”", ATMINAY, NBS12- and ATMINA-NBS12- mice were co-stained for TUNEL and yH2AX. Nuclei were
counterstained with DAP!. (D) Western blot analysis of splenic cells from control, ATM”", ATMINAL, NBS12- and ATMINA-NBS12- mice for pS15-p53, total
p53 and actin. (E) Representative flow cytometry data of CD11b*Gr1* neutrophils in the spleen of control, ATMINA, NBS12- and ATMINA-NBS14- mice. (F)

Quantification of E. N = 7—10 mice per genotype. Error bars represent SEM (*P<0.05, **P<0.01, **** £<0.0001).

doi:10.1371/journal.pgen.1005645.9003

Having observed elevated DNA damage, activation, inflammation and proliferation in the
spleens of ATMIN“"NBS14" mice we next asked whether this could lead to neutrophil infiltra-
tion hence we stained for CD11b and Gr1 to identify neutrophils. We detected an enrichment
of neutrophils (but potentially also monocytic cells) in the spleens of NBS1*" mice and
ATMIN*"NBS14" mice (Fig 3E and 3F). The recruitment of neutrophils might be a conse-

quence of the observed T cell activation [47].
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T cells from ATMINA-NBS14- mice display increased cytokine

production

To address the causes of the peripheral inflammation more closely, we performed expression

analyses by RNA sequencing on total splenocytes isolated from control, ATMIN“", NBS

lAL

and ATMIN*'"NBS1*" mice. We chose to analyze total splenic RNA as we aimed to obtain a
global representation of pathways and molecules affected in the spleens of moribund
ATMINA*'NBS12" mice. Hence, we isolated RNA from spleens of moribund ATMINA'NBS14E
mice, along with ATMIN®" and NBS1*" mice. Compared to the ATMIN*" and NBS1*" mice,
the moribund ATMIN“"NBS1" mice show a profound inflammatory phenotype (Fig 4A and
S9A and S9B Fig). Among the most enriched gene ontology terms were ‘inflammatory
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Fig 4. ATMINAENBS12" mice display enhanced cytokine and ROS production. (A) Gene ontology analysis of processes enriched in the spleen of
ATMINAENBS12- mice identified by mRNA-sequencing. (B) Quantitative RT-PCR analysis of selected genes found to be enriched in A in the spleens of
control, ATMINA-, NBS12- and ATMINA-NBS 12" mice. Gene expression is normalized to mef1a control. (C) Quantitative RT-PCR analysis of expression of
proinflammatory cytokines l117a, Tnfa, Il1 and Ifny in splenic T cells of indicated mice with or without 12 hours in vitro stimulation with anti-CD3 and anti-
CD28 antibodies. Gene expression is normalized to mefia control. N = 4-8 mice per genotype. (D) Representative intracellular expression of IL17A and IFNy
assessed by flow cytometry, in YFP~and YFP* T (gated on the CD4* population) cells in the spleen of control and ATMINA"NBS 12~ mice after PMA and
ionomycin stimulation. (E) Enrichment analysis of anti-oxidative genes in the spleen of ATMINA-NBS 12" mice identified by mRNA-sequencing. (F)
Quantitative RT-PCR analysis of selected genes found to be enriched in E in the spleens of control, ATMINA", NBS12- and ATMIN*-NBS 12" mice. Gene
expression is normalized to mefia control. (G) Splenic cells from control, ATM”", ATMIN®:, NBS12- and ATMINANBS 12+ mice were stained with the
CellROX reagent and counterstained with Hoechst 33258. Error bars represent SEM (¥*P<0.05, **P<0.01, ****P<0.0001).

doi:10.1371/journal.pgen.1005645.g004
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response’ and ‘regulation of cytokine and chemokine production’. We selected several genes
that were among those most highly upregulated in ATMIN*"NBS1*" mice and validated their
expression by quantitative RT-PCR analysis. We observed a dramatic increase in the expres-
sion of several proinflammatory markers such as I117a, Ifny, Tnfo, IL-1B and Ifitm1, and che-
mokines such as Ccll, Cxcl10, Ccl22 and Xcl1, in ATMIN*"NBS1*" mice displaying
splenomegaly, compared to the other genotypes (Fig 4B).

Since we observed that only a proportion of ATMIN*'"NBS1*" mice develop splenomegaly,
we assessed the activation potential of T cells in the spleens of ATMIN“"NBS1" mice display-
ing no signs of splenomegaly. To this end we MACS sorted T cells to 90% purity and quantified
the expression of a panel of cytokines in the presence or absence of in vitro stimulation (using
anti-CD3 and CD28 antibodies). We detected increased levels of mainly Th1 and Th17 proin-
flammatory cytokines such as I11B, Tnfo and I117a specifically in splenic T cells from
ATMINAINBS12L mice (Fig 4C). After in vitro stimulation there was a substantial increase in
production of all displayed cytokines in ATMIN**NBS1*" mice. We confirmed these results by
flow cytometry, showing that splenic T cells from ATMIN*"NBS1*" mice produced high
amounts of IL17A and IFNy and similarly to previous findings, most of the cytokine producing
cells were YFP™ (Fig 4D). These data indicate that in ATMIN“'NBS12 mice the expanded
ATMIN/NBSI1-proficient T cells are highly prone to eliciting an inflammatory response when
stimulated in vitro, although the double-deficient mice do not show signs of splenomegaly.

Splenocytes from ATMINA-NBS 12" mice display increased reactive
oxygen species

Enlarged spleens from ATMIN“"NBS1*" mice contain activated, proliferating ATMIN/
NBSI1-proficient T cells as well as neutrophils. Since neutrophils are known to produce reactive
oxygen species (ROS), we investigated the expression levels of genes involved in the oxidative
stress response from the RNA sequencing data obtained from ATMIN*"NBS1*" mice (Fig 4E).
We observed an increase in the expression of genes involved in the clearance of oxidative stress
(Fig 4E). To validate this finding, we analysed the expression of selected genes involved in the
detoxification of oxidative stress (Mt1, Mt2, Gpx4 and Pdia6) and confirmed their upregula-
tion in the spleens of ATMIN*"NBS1*" mice (Fig 4F). In support of these findings, we mea-
sured ROS production in splenocytes and showed that ROS production was increased in all
genotypes but additively so in ATMIN*'"NBS1*" mice (Fig 4G).

Loss of ATMIN and NBS1 in T cells leads to intestinal inflammation

A proportion of ATMIN*"NBS1" mice became moribund and displayed systemic inflamma-
tion, which also involved the intestine since we observed the development of spontaneous
intestinal prolapses. We histologically investigated the large intestine that was found to be
thickened and inflamed (Fig 5A). Moreover, histological scoring of the spontaneously sick
ATMINA'NBS12L mice revealed extensive inflammation of the intestine (Fig 5B).

Since we observed an infiltration of CD3" T cells to the large intestine (Fig 5C), we next
aimed to address what type of T cells these represented and whether the T cells were deficient
or proficient for ATMIN/NBSI. Hence, we isolated intra-epithelial lymphocytes (IEL) from
the small intestine of all genotypes, which revealed a specific enrichment of CD4" T cells in
ATMIN*"NBS1" mice (Fig 5D and 5E). The CD8" T cell compartment was reduced accord-
ingly. Similarly the TCRB" T cells were increased accompanied by a concomitant reduction in
TCRy8" T cells; a population that is normally abundant in the intestine. In conclusion, we
observed a severe inflammatory phenotype in ATMIN“"NBS1*" mice characterized by infiltra-
tion of CD4" T cells and a reduction of CD8" T cells in the intestine.
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Fig 5. Loss of ATMIN and NBS1 leads to intestinal inflammation due to infiltration of cytokine-
producing T cells. (A) Histological analysis by H&E staining of large intestine of control, ATM”", ATMINAL,
NBS12-, ATMINA-NBS12- mice at 12 weeks of age. (B) Histological scores of the large intestine of control,
ATM”, ATMINAE, NBS 12, ATMINAENBS 12t and 3 individual moribund ATMINAENBS 125 mice. (C)
Histological analysis by anti-CD3 staining of the large intestine of control and a moribund ATMINA-NBS14-
mouse. (D) Representative flow cytometry data of CD4 and CD8 expression, as well as (E) TCRB and TCRyd
expression on isolated IELs from the small intestine of control, ATMINAE, NBS12- and ATMINA-NBS14- mice,
along with the quantification of D-E. N = 5-8 mice per genotype. (F) Representative flow cytometry data of
IL17A and IFNy production by YFP~ and YFP™* IELs (gated on the CD4" population) isolated from the small
intestine of control and ATMINA-NBS 12" mice after PMA and ionomycin stimulation. (G) Large intestinal
sections from control, ATM”", ATMIN2-, NBS12- and ATMINA-NBS12- mice were stained for yH2AX and
DAPI. Error bars represent SEM (**P<0.01, ***P<0.001).

doi:10.1371/journal.pgen.1005645.g005
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In line with our observations from splenic T cells from ATMIN*"NBS1*" mice, we observed
increased amounts of IL17A and IFNY in the IELs isolated from ATMIN“"NBS1*" mice, which
were mostly produced by YFP™ T cells (Fig 5F). Moreover, we observed elevated levels of
yYH2AX, indicative of DNA damage, in the intestine of ATMIN*'NBS12" mice (Fig 5G and S10
Fig). Hence, we conclude that in the intestine of ATMIN“"NBS1" mice, T cells proficient for
ATMIN and NBS1 produce enhanced proinflammatory cytokines and interleukins, which
drive severe inflammation.

The IBD phenotype in ATMINA-NBS 12 mice is T cell mediated and
transplantable

To confirm that T cells are the driving cause of the severe inflammation in ATMIN*'NBS1*"
mice, we isolated CD3*TCRB* splenic T cells from control and ATMIN**NBS14" mice and
transferred these cells into immunodeficient RAG2”~ mice (Fig 6A). RAG2”" mice injected
with T cells from ATMIN“"NBS14" mice displayed high mortality due to severe inflammation,
including that of the spleen and intestine (Fig 6B). Phenotypic characterization of splenic cells
from moribund RAG2”" mice revealed a decreased proportion of TCRB* T cells along with an
elevated percentage of CD4" T cells (Fig 6C) hence recapitulating the phenotype of
ATMIN“"NBS1" mice. We also detected an increase in CD11b*Gr1* neutrophils in the
spleens of the RAG2”" mice reconstituted with ATMIN“"NBS14" T cells (Fig 6C). Genotyping
PCR was used to quantify the deletion status of ATMIN and NBS1 in T cells from host
ATMINA'"NBS14" mice transferred to recipient RAG2”" mice 6 months post transfer. The dele-
tion efficiency was found to be approximately 10-30% (S11A Fig), indicating that similar to
the phenotype observed in ATMIN*"NBS1" mice, the activation of ATMIN/NBS1 proficient
T cells leads to the intestine inflammation phenotype in this RAG2 transfer model. However,
since the amount of deletion of ATMIN and NBS1 does not change over a 6-month engraft-
ment period (i.e. 20-40% of the deletion efficiency prior to transfer, S11B Fig), it might be pos-
sible that ATMIN/NBS1 double-deficient T cells are also involved in the maintenance of the
disease (in addition to its initiation) under this experimental setting. Taken together, these
results clearly demonstrated that the inflammation phenotype observed in ATMIN*'"NBS1*"
mice is due to defects in T cells (and not in B cells).

Mice deficient for ATMIN and NBS1 in T cells produce inflammatory
cytokines in the intestine and are hypersensitive to induction of colitis

Having observed increased cytokine production by IELs from ATMIN*"NBS1*" mice, we next
isolated IELs from control, ATMIN*, NBS14" and ATMIN*'"NBS1" mice and analyzed the
expression of proinflammatory cytokines by quantitative RT-PCR. We assessed gene expres-
sion in both unstimulated and anti-CD3 and CD28 antibody stimulated IELs. We observed
high expression levels of the inflammatory cytokines Il-1B, Tnfo and I117a in both unstimu-
lated and stimulated IEL from ATMIN“"NBS14" mice (Fig 7A-7C).

Since only a proportion of ATMINA'"NBS1" mice develop spontaneous colitis we assessed
whether these mice would be more susceptible to chemically induced colitis with dextran
sodium sulphate (DSS). The DSS model of colitis has similarities to human IBD hence is an
ideal model to mimic this disease [48]. We treated control, ATMINAL, NBS14E,
ATMIN*"NBS1" and ATM " mice for 8 days with 2% DSS, at which point the control mice
did not show any signs of weight loss. In striking contrast to ATMIN“" and NBS1*", only the
ATMIN“"NBS14" mice were sensitive to DSS-induced colitis as apparent by the weight loss of
approximately 20% in these mice over an 8-day period (Fig 7D). Our data also confirmed the
reported mild sensitivity of ATM™ to DSS induced colitis [49].
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Following DSS treatment, mice were sacrificed and the expression of inflammatory cyto-
kines was assessed in the large intestine, as this is the tissue mostly affected following exposure
to DSS. We detected a substantial increase in the expression of the inflammatory cytokines
I117a, Ifny and Tnfo after DSS treatment, specifically in ATMINA'NBS12" mice (Fig 7E-7G).
Moreover, we observed a thickening of the large intestine, in the DSS treated ATMIN*"NBS14"
mice as assessed by histological analysis (Fig 7H). Assessment of the colitis score showed a
severe inflammation of the intestine of ATMIN“'NBS12" mice treated with DSS (F ig 71).
These data indicate that although a proportion of ATMIN*"NBS1*" mice develop spontaneous
inflammation and colitis, these mice are prone to chemically induced colitis.

Discussion

By utilizing murine models for the conditional deletion of ATMIN and/or NBS1 in T cells,
achieved via the use of CD2-cre, we have identified a novel role for NBS1 in TCRo recombina-
tion. In this study we have confirmed findings showing that ATM is required for recombina-
tion of the TCRa locus [46] and our data indicate that this process is regulated by NBS1.
Hence, NBS1 appears to be the cofactor of ATM that drives TCRo recombination. Loss of
ATMIN does not affect TCRa recombination and furthermore loss of ATMIN in NBS1-defi-
cient mice does not rescue this NBS1 dependent defect.

As well as uncovering a role for NBS1 in TCRo. recombination, we show that loss of NBS1
leads to a block in T cell development at the DP stage of development. This novel finding dif-
fers from the developmental block reported by Saidi and colleagues [25] where the use of Lck-
cre to mediate NBS1 deletion resulted in a T cell developmental block at the DN3 to DN4 stage
[25]. The differences between the developmental block at DP and DN3-DN4 observed by Saidi
and colleagues [25] could be due to the use of different cre lines, which delete with varying effi-
ciency during T cell development, with CD2-cre appearing to delete target genes more effi-
ciently. As with our findings for TCRo recombination, ATMIN does not play a role in T cell
development and moreover loss of ATMIN cannot rescue NBS1-mediated functions with
regard to T cell development. The inability of ATMIN-loss to rescue the NBS1-dependent
reduction in thymic cellularity was unexpected as it contrasts to other cellular systems where
loss of ATMIN rescues NBS1-dependent cellular lethality [35].

Unexpectedly, however, the combined loss of ATMIN and NBS1 results in spontaneous acti-
vation of peripheral T cells, including in the spleen and intestine that results in the development
of intestinal prolapses in approximately 30% of ATMIN*'"NBS1*" mice. Moreover, in an iz vivo
experimental system for intestinal colitis, using DSS to mimic IBD, we report enhanced colitis,
significantly and specifically, in ATMIN*"NBS1*" mice. Although we observe a tendency
towards spontaneous T cell activation in mice lacking only NBS1, as indicated by increased anti-
gen experienced cells in the spleen and increased proliferation of splenic T cells, this phenotype
is not pronounced enough to give rise to pathology, that is spontaneous colitis development.
Hence, in T cells, loss of ATMIN exacerbates a phenotype of spontaneous T cell activation
observed upon loss of NBS1. Interestingly, the T cells that are activated in the ATMIN*"NBS1*"
mouse model are predominantly T cells that have ‘escaped’ cre-mediated deletion.

One could speculate that the spontaneous inflammation driven by ATMIN/NBSI-proficient
T cells is a secondary phenotype that occurs due to lymphopenia. In such a scenario the wild-
type T cells in ATMIN*"NBS1*" mice proliferate to fill an ‘empty space’. Yet we would argue
against this since we do not observe spontaneous intestinal inflammation in NBS1*" mice that
are as lymphopenic as ATMIN*"NBS1" mice. Furthermore, spontaneous inflammation is not
a general feature of lymphopenic mice and to our knowledge this is the first report of a DNA
repair deficiency that leads to spontaneous colitis.
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ATM-deficient mice do not develop spontaneous systemic inflammation and yet the combi-
natorial loss of ATMIN and NBS1 does. There are two potential explanations for this; firstly,
these cofactors have ATM-independent roles that contribute to the development of colitis. Sec-
ondly, when removing these two cofactors, ATM is still present but it cannot function. This
would allow the kinase to function in a ‘dominant-negative manner’, binding its substrates but
being unable to phosphorylate them. In doing so, other kinases belonging to the ATM-superfam-
ily (such as DNA-PKcs) would be unable to compensate for ATM activity. In support of this, the
ATM-deficient mouse is viable whereas the kinase-dead ATM mouse is lethal [3,50,51].

We consolidate the data presented in this manuscript in the form of a model as displayed in
Fig 8. Co-deletion of ATMIN and NBSI in T cells leads to excessive DNA damage, and in turn,
increased apoptosis in T cells, leading to a reduction in T cells numbers. Surviving, mostly
wild-type, T cells move to the periphery where they show increased proliferation and activa-
tion, as marked by the production of cytokines, including IL-17A. Subsequently, neutrophil
infiltration leads to ROS production hence explaining the increased expression of ROS-detoxi-
fying genes, including Mt1, Mt2, Gpx4 and Pdia6 that we observe in the spleens of
ATMIN'"NBS1" mice. The increased ROS could also exacerbate the DNA damage observed
in ATMIN“"NBS14" cells. We propose that the increase in neutrophils and proliferating T
cells in moribund ATMIN*'"NBS1*" mice are the causes of splenomegaly and intestinal inflam-
mation that eventually leads to premature death of ATMIN*'"NBS1*" mice. Hence our data
support a model where ATMIN and NBS1 proficient T cells are the source of inflammation.

In summary we have generated a novel mutant mouse strain that develops an IBD-like phe-
notype that occurs due to the combined loss of the ATM cofactors, ATMIN and NBS1 in T
cells. The underlying genetic causes of many patients displaying immunodeficiency and/or
IBD are to a large extent unknown. Here we shed light on factors leading to the development of
such defects.

Materials and Methods
Ethics statement

Mice were maintained and bred at the Institute of Molecular Biotechnology, Vienna. All exper-
imental procedures were approved by the ethical committee of the Medical University of
Vienna and by Federal Ministry of Science and Research and conform to Austrian law (license
number: BMWEF-66.009/0069-11/3b/2012).

Mice

The generation of ATMINY¥ and NBS1*/F mice has been described previously [33,43].
ATMIN®F and NBS1"/F mice were bred to achieve ATMIN*FNBS1"¥ mice. For cre-mediated
deletion ATMIN™F, NBS1"/* and ATMIN*FNBS1*F mice were crossed with heterozygous
CD2-cre mice [44] and were designated ATMIN“Y, NBS1%* and ATMIN*"NBS14Y. ATM mice
were bred as ATM "' as described previously [3]. Control mice include ATMINY -CD2cre’,
NBS1¥F-CD2cre’, ATMIN*FNBS1¥F-CD2cre” and CD2cre* mice. Unless otherwise stated, all
mice were used at 6-12 weeks of age. CD2-cre deletion efficiency and genotyping of mice were
determined on DNA using PCR-based assay. Primers are listed in Table 1. RAG2™" mice were
used for the T cell reconstitution experiments [52].

In vivo BrdU incorporation

For detection of cell proliferation, mice were injected with 1 mg BrdU or supplemented with
0.8 mg/ml of BrdU in drinking water and analysed at the indicated time points.
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Fig 8. Model for the role of ATMIN and NBS1 in suppressing T cell activation and inflammation. Proposed model depicting mechanisms of
inflammation caused by concomitant deletion of ATMIN and NBS1 (details can be found in the text).

doi:10.1371/journal.pgen.1005645.g008

Colitis induction

For colitis induction, mice were challenged with 2% (mass/vol) dextran sodium sulphate (DSS;
molecular weight 36-50 kDa; MP Biomedicals) in autoclaved drinking water ad libitum for 8
consecutive days. Weight of the animals was monitored every day. At the end of the treatment
mice were sacrificed and the colon tissue was analyzed for cytokine production by quantitative

reverse transcription (RT)-PCR.
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Table 1. List of PCR primers used in this study for genotyping, Southern blotting and for analysis of cytokine production by quantitative RT-PCR.

Application Primer name

Genotyping ATMIN F
ATMIN R
ATMIN delta
NBS1 F
NBS1 R
NBS1 delta
ATM WT F
ATM WT R
ATM mut F
ATM mut R
CD2-cre F
CD2-cre R

Southern blotting Jp2
VB5.1
Vp8.2
Thy1 F
Thy1 R
DB2

Quantitative RT-PCR mEF1a F
mEF1a R
IFNy F
IFNy R
TNFa F
TNFa R
IL6 F
IL6 R
IL17A F
IL17A R
Xcl1 F
Xcl1 R
Ccl F
Ccl1 R
Cxcl10 F
Cxcl10 R
Ccl22 F
Ccl22 R
Ifitm1 F
Ifitm1 R

doi:10.1371/journal.pgen.1005645.1001

T cell reconstitution

Primer sequence 5’- 3’

TCAGCATCTTCTCCAGAGAGACAG
CACATGTGTACAGCACATTCATTG
CTCAGGGTACACATACTATGCTTGC
CAGGGCGACATGAAAGAAAAC
AATACAGTGACTCCTGGAGG
ATAAGACAGTCACCACTGCG
GCTGCCATACTTGATCCATG
TCCGAATTTGCAGGAGTTG
CTTGGGTGGAGAGGCTATTC
AGGTGAGATGACAGGAGATC
AGATGCCAGGACATCAGGAACCTG
ATCAGCCACACCAGACACAGAGATC
TGAGAGCTGTCTCCTACTATCGATT
GTCCAACAGTTTGATGACTATCAC
CCTCATTCTGGAGTTGGCTACCC
CCATCCAGCATGAGTTCAGC
GCATCCAGGATGTGTTCTGA
GTAGGCACCTGTGGGGAAGAAACT
GCAAAAACGACCCACCAATG
GGCCTGGATGGTTCAGGATA
TTCAAGACTTCAAAGAGTCTGAGG
ATCTGGAGGAACTGGCAAAA
ACCGTCAGCCGATTTGCTAT
TTGACGGCAGAGAGGAGGTT
ACCACGGCCTTCCCTACTTC
TTGGGAGTGGTATCCTCTGTGA
CCTGGCGGCTACAGTGAAG
TTTGGACACGCTGAGCTTTG
GGCCATGAGAGCTGTAATTTTTG
TGGCTTCTGGATCAGCACAA
TGATCCCCCAGCTGTGGTA
GTTGAGGCGCAGCTTTCTCTA
GATGACGGGCCAGTGAGAA
GCTCGCAGGGATGATTTCAA
TGGTGGCTCTCGTCCTTCTT
ACCATAGGGACCTGCATCAGA
GCAGCAAGAGGTGGTTGTACTG
TGGTGGCTGTCGCAGAAG

RAG2”" mice were injected intravenously with 5x10° of sorted splenic CD3* TCRB* T cells in
200 pl of PBS. Moribund mice were sacrificed and samples were analyzed by flow cytometry.

Histology

Tissue was fixed directly after harvesting in 4% paraformaldehyde solution and transferred
into 70% ethanol after 24 hours. The samples were dehydrated using an increasing ethanol
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series and embedded in paraffin. Tissue sections were prepared using a microtome at a thick-
ness of 5 um. Samples were then rehydrated using xylene, ethanol solutions and water. Hema-
toxylin and eosin (H&E) staining and CD3 (Dako) staining was performed and finally slides
were mounted in Entellan (Merck) and subjected to microscopy. Axio Imager Al microscope
(Zeiss) and Axio Cam MRc5 were used to acquire the images. Alternatively, the rehydrated
samples were stained with an anti-yH2AX antibody (Cell Signaling) and with an In Situ Cell
Death Detection Kit (Roche), according to manufacturers’ instructions. Samples were counter-
stained with diamidino-2-phenylindole (DAPI). Images were acquired on an Axio Imager M2
microscope (Zeiss).

Comet assay

Cells at a density of 5x10* were washed in pre-chilled PBS and then mixed in 100 uL 0.6% low
melting agarose (Sigma, type VII) maintained at 37°C. The cell suspension was then immedi-
ately layered onto pre-chilled frosted glass slides pre-coated with 1.5% agarose and maintained
in the dark at 4°C for all following steps. Slides were immersed in pre-chilled lysis buffer (2.5 M
NaCl, 10 mM Tris-HCI, 100 mM EDTA pH 8.0, 1% Triton X-100, 1% DMSO, pH 10; DMSO
and Triton X added shortly before use) overnight. Slides were washed with pre-chilled distilled
water (2x10 minutes), and next placed for 45 minutes in pre-chilled alkaline electrophoresis
buffer (55 mM NaOH, 1 mM EDTA, 1% DMSO). Electrophoresis was conducted at 30 V for
25 minutes, followed by neutralisation in 400 mM Tris-HCl pH 7.0 for 1 h. Finally, DNA was
stained with SYBR Gold (1:10,000 dilution in H,O; Life Technologies) for 10 minutes. The
comet tail moment was measured for at least 50 cells per sample in 3 replicates using the CASP
image-analysis program [53].

In vitro staining for oxidative stress

To detect ROS, splenic T cells were plated on a poly-L lysine (Sigma) coated plate (Corning)
and stained with 5 pM CellROX Deep Red Reagent (Life Tech) for 30 minutes at 37°C, washed
with PBS, fixed in 4% paraformaldehyde 10 minutes and counterstained with 5 pug/ml Hoechst
33258 for 5 min. Quantification of immunofluorescence images with CellROX was performed
based on the mean fluorescence intensity of cytoplasmic area defined by the distance from the
nuclei using the CellProfiler cell image analysis software v2.0 [54].

Stimulation of splenic T cells

T cells were isolated from the spleen using the Pan T Cell Isolation Kit IT (Miltenyi Biotec)
according to manufacturer’s instructions. For cytokine production experiments, cells were
stimulated with 25 ng/ml PMA and 10 mg/ml ionomycin in the presence of 10mg/ml Brefeldin
A (all from Sigma) overnight. For assessment of cytokine gene expression by quantitative
RT-PCR, cells were incubated in a 48-well plate, at 37°C with 5% CO, and 3% O, in the pres-
ence or absence of 2 pg/ml anti-CD3 and anti-CD28 immobilized antibodies (both from BD)
overnight.

Isolation of intraepithelial lymphocytes

Intraepithelial lymphocytes (IEL) were isolated from the small intestine. In brief, the small
intestine was removed and flushed with PBS. The tissue was cut into pieces and incubated with
RPMI medium containing 5 mM EDTA three times for 15 minutes Supernatant was collected
and centrifuged and cells were purified on a Percoll (Sigma) gradient. Subsequently cells were
subjected to flow cytometry analysis. In some cases, cells were cultured in RPMI (Invitrogen)
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supplemented with penicillin and streptomycin (Invitrogen), 10% FCS (Invitrogen) and mer-
captoethanol. One x 10° cells were incubated in a 96-well plate, at 37°C with 5% CO, and 3%
O, in the presence or absence of 2 pug/ml anti-CD3 and anti-CD28 immobilized antibodies
(both from BD) overnight. Cells were then harvested and used for quantitative RT-PCR analy-
sis to determine cytokine expression. For cytokine production experiments, cells were stimu-
lated with 25 ng/ml PMA and 10 mg/ml ionomycin in the presence of 10mg/ml Brefeldin A
(all from Sigma) overnight.

Flow cytometry

Cells were washed with PBS containing 0.5% BSA and incubated for 30 minutes on ice with the
following antibodies: anti-CD4 (RM-4.5; eBioscience), anti-CD8 (53.6.7; BD), anti-CD44
(IM.7; BD), anti-CD25 (PC61; BD), anti-CD62L (MEL14; Biolegend), anti-TCRp (H57-597;
eBioscience), anti-TCRyd (BD), anti-CD69 (H1.2F3; eBioscience), anti-CD11b (M1/70; BD),
anti-Grl (RB6-8C5; eBioscience) and anti-HSA (M1/69, eBioscience). Cells were then washed
in PBS with 0.5% BSA and data was collected using a Fortessa cytometer (BD Bioscience) and
analyzed using Flow]Jo software (Treestar, Ashland, OR).

In the case of intracellular staining, cells were fixed and permeabilized using the Foxp3
buffer staining kit (eBioscience) according to the manufacturer’s instructions prior to staining
for intracellular Foxp3 expression using an anti-Foxp3 antibody (FJK-16s, BD), for 30 minutes.

For Annexin V staining, cells were washed with PBS and stained with BD Pharmingen
Annexin V Apoptosis Detection Kit I according to the manufacturer’s instructions.

The detection of BrdU was performed using BD Pharmingen BrdU Flow Kit according to
the manufacturer’s instructions.

Quantitative PCR

Splenocytes and IELs were harvested and RNA was isolated from cells using phenol-chloro-
phorm extraction. RNA was treated with 1 ul DNase (Sigma) and then reverse transcribed with
the SuperScript III Reverse Transcriptase protocol (Invitrogen) to obtain cDNA. An amount of
50 ng of cDNA template was used for the qRT-PCR using SYBR Green qPCR Mastermix (Qia-
gen). For determination of cytokine expression mEF1c was used as reference gene. Alterna-
tively, the DP population of thymocytes (CD4"CD8") was isolated using fluorescence activated
cell sorting (FACS). PCR quantification of TCR recombination regions was performed as pub-
lished previously using total DNA from the isolated DP (CD4"CD8") thymocytes [46]. The
PCR was performed on a 7900HT Fast Real-Time PCR System (Applied Biosystems).

Southern blotting for TCRB recombination

The DN4 population (CD4'CD8 CD25CD44") of thymocytes was isolated using fluorescence
activated cell sorting. Cells were lysed and subjected to PCR amplification of selected recombi-
nation regions using the following primers combinations: J32 and Vf5.1; J82 and V88.2; Thyl
F and Thyl R for which the sequences are found in Table 1.

The Thyl non-recombining region was used as a positive control. PCR products were sepa-
rated on a 1.2% agarose gel and blotted onto a Hybond N*membrane and subjected to South-
ern blot analysis using a TCRP probe which corresponds to the JB2.6 fragment and was
obtained by PCR amplification with the D2 and JB2 primers followed by gel purification. The
Thyl probe was generated by isolating the PCR fragment resulting from amplification using
the Thy1 primers and gel purification. Both probes were labeled using the RandomPrimed
DNA Labeling Kit (Roche Life Science) and a->*P-dCTP (Hartmann Analytic).
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Whole genome RNA-sequencing

The amount of total RNA was quantified using Qubit 2.0 Fluorometric Quantitation system
(Life Technologies) and the RNA integrity number (RIN) was determined using Experion
Automated Electrophoresis System (Bio-Rad). RNA-seq libraries were prepared with TruSeq
Stranded mRNA LT sample preparation kit (Illumina) using Sciclone and Zephyr liquid han-
dling robotics (PerkinElmer). Library amount was quantified using Qubit 2.0 Fluorometric
Quantitation system (Life Technologies) and the size distribution was assessed using Experion
Automated Electrophoresis System (Bio-Rad). For sequencing libraries were pooled, diluted
and sequenced on Illumina HiSeq 2000 using 50 bp single-read chemistry. Base calls provided
by the Illumina Realtime Analysis software were converted into BAM format using Illumina2-
bam and demultiplexed using BamIndexDecoder (https://github.com/wtsi-npg/
illumina2bam). Transcriptome analysis was performed using the Tuxedo suite. TopHat2
(v2.0.10, http://genomebiology.com/2013/14/4/R36/abstract) was supplied with reads passing
vendor quality filtering (PF reads) and the Ensembl transcript set (Mus musculus, €73, Septem-
ber 2013) as reference. TopHat2 analyses were run independently for each replicate. Cufflinks
(v2.1.1, http://www.nature.com/nbt/journal/v31/n1/full/nbt.2450.html) was used to assemble
transcripts from spliced read alignments, using the Ensembl e73 transcriptome as the reference
as well as de novo assembly of transcript models. Differential expression was assessed with
Cuftdiff v2.1.1 (http://www.nature.com/nbt/journal/v28/n5/full/nbt.1621.html). Transcrip-
tome sets of all replicates for each sample group were combined with Cuffmerge. Finally, cum-
meRbund (http://www.bioconductor.org/packages/release/bioc/html/cummeRbund.html) and
biomaRt (http://www.bioconductor.org/packages/release/bioc/html/biomaRt.html) were used
in combination with custom R scripts to perform quality assessment and further refine analysis
results.

Western blotting

Cells were extracted in RIPA lysis buffer (NEB) supplemented with protease inhibitors (Sigma)
and phosphatase inhibitors (Sigma, NEB). Western blots were performed using standard pro-
cedures. Protein samples were separated by SDS-PAGE (3-8% or 4-12% gradient gels; Invitro-
gen), and subsequently transferred onto nitrocellulose membranes. All primary antibodies
were used at 1:1000 dilution and secondary antibodies at 1:5000. The following antibodies were
used: ATM (Santa Cruz), ASCIZ (Millipore); p95 (known as NBS1) (NEB), B-actin (Sigma),
pS15-p53 (Cell Signalling), pS824-KAP1 (Bethyl Labs), total p53 (Pab-421; CR-UK generated
antibody) and HRP-conjugated goat anti-mouse or rabbit IgG (Sigma).

Statistical analysis

The statistical significance of differences between the means of individual experimental groups
compared to the control group was calculated using the Student’s t-test. Values with a p<0.05
were considered as statistically significant.

Supporting Information

S1 Fig. Deletion of ATMIN and NBS1 using CD2-cre. (A) Genotyping PCR for floxed, wild
type (WT’) and deleted (‘A’) alleles of ATMIN and NBS1 performed on DNA from thymus or
spleen samples. The PCR for CD2-cre was performed on DNA from tail. Western blot analysis
of (B) thymi and (C) spleens from control, ATM™”", ATMIN®F, NBS14F and ATMINA'NBS14F
mice probed for ATMIN, NBS1, ATM and actin.

(TIF)
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S2 Fig. Assessment of YFP expression in the thymus. (A) Representative flow cytometry data
of YFP expression in DN, DP, SP CD4 and SP CD8 T cells in thymus of control, ATMIN*",
NBS1" and ATMIN“"NBS1*" mice. (B) Representative flow cytometry data of YFP expression
in DN1-4 T cells in thymus of control, ATMIN?Y, NBS14F and ATMINA'NBS12% mice. (©)
Genotyping PCR for floxed, wild type (‘WT’) and deleted (‘A’) alleles of NBS1 performed on
DNA from DN1-4 T cells from thymus of NBS1*™ mice.

(TIF)

S3 Fig. NBS1 is required for T cell development. (A) Quantification of T cell subpopulations
in the thymus measured by flow cytometry following staining for CD4, CD8, TCRp and
TCRy8 in control, ATMIN®", NBS1*" and ATMIN*"NBS1“" mice. N = 4-8 mice per genotype.
(B) Quantification of T cell subpopulations in the spleen measured by flow cytometry following
staining for CD4, CD8, TCRp and TCRY$ in control, ATMIN*", NBS14" and
ATMIN*"NBS14" mice. (C) Representative FACS plots of B. N = 3-5 mice per genotype. Error
bars represent SEM (*P<0.05, **P<0.01, ***P<0.001).

(TIF)

S4 Fig. ATMIN and NBS1 are dispensable for TCRp recombination, survival and prolifera-
tion of DN thymic T cells. (A) Southern blot analysis of VB8.1-JB2 and Vf5.1-JB2 recombina-
tion regions in FACS-sorted DN4 (CD25°CD44°) thymocytes of control, ATMIN“", NBS1*"
and ATMIN*'"NBS1*" mice. Thy1 is used as a loading control. (B) Representative flow cytome-
try data of DN1 (CD25° CD44"), DN2 (CD25*CD44"), DN3 (CD25"CD44°) and DN4
(CD25°CD44") T cell subpopulations in thymi of control, ATMIN“", NBS1*" and
ATMIN“'NBS14" mice. N = 5-7 mice per genotype. (C) Quantification of B. (D) Representa-
tive flow cytometry data of Annexin V" apoptotic T cells in DN (CD4 CD8") population of
thymi in mice indicated in A. (E) Quantification of d. N = 4 mice per genotype. (F) Representa-
tive flow cytometry results of BrdU* DN T cells in thymus of mice indicated in A, assessed fol-
lowing 2 days of in vivo BrdU incorporation. (G) Quantification of F. N = 4 mice per genotype.
(TIF)

S5 Fig. NBS1 is required for TCRa recombination, which is not affected by concomitant
loss of ATMIN. (A) Schematic representation of the V to ] recombination events in the TCRo.
locus. Arrows indicate forward and reverse primers used to amplify the selected V10 to J2
region. (B) Quantitative RT-PCR analysis of eight Va10-Jo recombination regions in purified
DP (CD4"CD8") thymic T cells from control, ATMIN“*, NBS14", ATMINA'*NBS1*" and
ATM " mice. Results are normalized to the control DP thymic T cells. N = 3 mice per geno-
type. Error bars represent SEM (*P<0.05).

(TTF)

$6 Fig. Activation of CD4" T cells occurs in the thymus of ATMIN“"NBS1*" mice. (A) Rep-
resentative flow cytometry data of CD44 expression on CD4" and CD8" thymocytes in control,
ATMIN®", NBS1*" and ATMIN“*"NBS1*" mice. (B) Quantification of A.

(TIF)

S7 Fig. YFP™ T cells are reduced in the spleen of ATMIN“"NBS1*" mice. (A) Representative
flow cytometry data of activated (CD62L'°¥CD44") CD4* and CD8" T cells in the spleen of
control, ATMIN*", NBS1*" and ATMIN*'"NBS1*" mice. (B) Representative flow cytometry
data of YEP" T cells (gated on the TCRB" population) in the spleen of control, ATMIN*",
NBS1*" and ATMIN“"NBS1" mice. (C) Representative flow cytometry data of YEP" activated
(CD44*CD62L"™) T cells in the spleen of control, ATMIN“", NBS1" and ATMIN“"NBS14"
mice. (D) Representative flow cytometry data of YFP™ proliferating (BrdU™) T cells in the
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spleen of control, ATMIN®", NBS1*" and ATMIN*'"NBS1*" mice. (E) Genotyping PCR of
control, two biological replicates of YFP” ATMIN“"NBS1*" and YFP* ATMIN“"NBS1*" FACS
sorted (for TCRB" populations) splenic T cells, without TCR stimulation (‘naive T cells’) or
with TCR stimulation (‘activated T cells’). (F) Genotyping PCR of dilution series of control ver-
sus ATMINA'"NBS1*" T cells from the thymus.

(TIF)

S8 Fig. Regulatory T cells are not reduced in ATMIN“"NBS1*" mice. (A) Representative
flow cytometry data of CD4"Foxp3" regulatory T (gated on the TCRB" population) cells in the
spleen of control, ATMINAY, NBS14Y, ATMINA'NBS14Y and ATM™™ mice. N = 5-7 mice per
genotype. (B) Quantification of A. Error bars represent SEM (*P<0.05, **P<0.01).

(TTF)

S9 Fig. Expression profiling does not indicate an inflammatory phenotype in the spleens of
ATMIN*" or NBS1*" mice. (A) Gene ontology analysis of processes enriched in spleen of
ATMIN*" mice identified by mRNA-sequencing. (B) Gene ontology analysis of processes
enriched in spleen of NBS1*" mice identified by mRNA-sequencing.

(TIF)

$10 Fig. Intestine of ATMIN“" or NBS1*" mice displays infiltration of T cells and an accu-
mulation of DNA damage. Intestines of control, ATMIN“", NBS1*" and ATMIN*'"NBS1*"
mice were stained by H&E and for YH2AX as well as CD3.

(TIF)

S11 Fig. Analysis of deletion status of ATMIN and NBS1 prior to and following engraft-
ment into RAG™" mice. (A) Genotyping PCR for floxed and deleted (‘A’) alleles of ATMIN
and NBS1 was performed on DNA from FACS sorted (TRCB* populations) T cells isolated
from reconstituted RAG2”" mice. (B) Genotyping PCR for floxed and deleted (‘A’) alleles of
ATMIN and NBS1 performed on DNA from T cells isolated from spleen of ATMIN*"NBS14"
mice.

(TIF)
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