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Cernunnos Deficiency Reduces Thymocyte Life Span and Alters the T
Cell Repertoire in Mice and Humans
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Cernunnos is a DNA repair factor of the nonhomologous end-joining machinery. Its deficiency in humans causes radiosensitive
severe combined immune deficiency (SCID) with microcephaly, characterized in part by a profound lymphopenia. In contrast to
the human condition, the immune system of Cernunnos knockout (KO) mice is not overwhelmingly affected. In particular, Cer-
nunnos is dispensable during V(D)]J recombination in lymphoid cells. Nevertheless, the viability of thymocytes is reduced in
Cernunnos KO mice, owing to the chronic activation of a P53-dependent DNA damage response. This translates into a qualita-
tive alteration of the T cell repertoire to one in which the most distal Vo and Jo segments are missing. This results in the contrac-
tion of discrete T cell populations, such as invariant natural killer T (iNKT) and mucosa-associated invariant T (MAIT) cells, in

both humans and mice.

he immune system is the site of intense genome dynamics, in

particular during the development and maturation of Band T
lymphocytes in bone marrow and the thymus, when antigen re-
ceptor genes are rearranged through V(D)] recombination prior
to their expression. DNA damages are also likely to occur during
the several phases of intense proliferation which accompany the
development of B and T cells.

V(D)J recombination is the prototypical example of the gen-
eration of a programmed DNA double-strand break (DNA-dsb)
during lymphoid development through the activity of recombina-
tion activating genes 1 and 2 (Ragl/2) on immunoglobulin (Ig)
and T cell receptor (TCR) genes (see the work of Helmink and
Sleckman [1] for a recent review). The resulting DNA-dsb is re-
solved by the nonhomologous end-joining (NHE]) DNA repair
pathway, composed of seven core components (see the work of
Lieber [2] for a recent review). The Cernunnos-Xrcc4-DNA ligase
IV complex ultimately reseals the DNA-dsb. Cernunnos, also
known as Xrcc4-like factor (XLF), was the last NHE] factor that
was independently identified, through a survey of RS-SCID pa-
tients (3) and a yeast two-hybrid screen with Xrcc4 as a bait (4).
Cernunnos and Xrcc4 adopt the same overall three-dimensional
crystal structure (5, 6) and, together with DNA ligase IV, are parts
of the same complex (4, 7). Cernunnos stimulates the DNA-join-
ing activity of the Xrcc4-DNA ligase IV complex (8, 9).

V(D)J recombination constitutes a central checkpoint in the
development of the immune system, as its defect leads to abortive
B and T cell maturation in vivo, resulting in severe combined
immune deficiency (SCID) (10), but its first recognized function
was the generation of a diverse antigenic repertoire through the
combinatorial association of variable, diversity, and joining seg-
ments that encode the variable domains of both Igand TCRs (11).
Numerous examples show that a reduced V(D)] recombinase ac-
tivity affects the extent of antigenic diversity of immune receptors
in mice and humans. The resulting immune deregulation may
then lead to autoimmunity, increased susceptibility to infections,
or the development of various forms of cancer (12).

A Cernunnos knockout (Cernu KO) mouse in which deletion
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of exons 4 and 5 caused in-frame alternative splicing of exon 3 to
6 and residual (<1% of wild-type [wt] level) protein expression
was previously reported (13). In the present study, we used a dif-
ferent gene targeting approach to develop a complete Cernunnos
null mouse model to explore the role of Cernunnos in the devel-
opment and maturation of the murine immune system in com-
parison to what is known of Cernunnos-deficient human patients.

MATERIALS AND METHODS

/ /=

Generation of Cernu™'~ mice. Cernu” '~ mice were developed at the
Institut Clinique de la Souris (ICS; Illkirch, France) by flanking exon 4
with LoxP sites (Fig. 1). Mice were genotyped by standard PCR on tail
DNA by use of the following primers: Cernu4R (5'-GTCCCCAGCTGTT
AAGAGTTTC-3') for KO and flox mice, CernuExo4F (5'-GGATGAAG
GACCTTGAGATCC-3") for flox mice, and Cernu3F (5'-CTATGGAAG
CCAGGAGAGAATG-3") for KO mice. All animals were maintained in a
specific-pathogen-free environment. Analyses were performed on Cernu
KO and littermate control animals on a mixed B6/129 background. P53
KO mice were on a mixed B6/129 background as well. All experiments and
procedures were performed in compliance with the French Ministry of
Agriculture’s regulations for animal experiments (act 87847, 19 October
1987; modified in May 2001).

Analysis of lymphocyte populations. Cell phenotyping was per-
formed on blood, thymus, bone marrow, lymph nodes, and splenic lym-
phoid populations by four-color fluorescence analysis as previously de-
scribed (14).

Invariant natural killer T cell (iNKT cell) determination was per-
formed on splenocytes from 4- to 8-week-old mice by staining with allo-
phycocyanin (APC)-mouse CD1d tetramer, loaded or not loaded with
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FIG 1 Generation of Cernu™/~ mice. (a) Schematic representation of the KO strategy and location of the external 5" probe. Exon 4 was flanked by LoxP sites.
(b) Southern blot analysis of tail DNA by use of a 5’ probe. The blot shows the 6.3-kb wt band and the 4.9-kb KO allele on a Bcll digest. (¢) Mendelian distributions

of genotypes in offspring of Cernu™’~ X Cernu*’~ and Cernu™’~ X Cernu™/~

intercrosses. %Th., percent theoretical. (d) Quantitative RT-PCR evaluation of

Cernunnos transcript levels in thymuses and spleens of +/+, +/—, and —/— littermates. (e) Western blot analysis showing the absence of the 35-kDa Cernunnos
protein in MEFs. Anti-Ku-70 antibody was used as a loading control. **, nonspecific band. (f) Phleomycin sensitivity of Cernu ™/~ (green circles), Xrcc4 '~ (gray
circles), DNA Lig4 /™ (black circles), and wt (orange circles) MEFs. The data represent one of two separate experiments, with values representing the means of

two independent determinations for each point.

aGal-cer (kindly provided by the NIH Tetramer Core Facility); 2.4G2
anti-Fc antibody and fluorescein isothiocyanate (FITC)-anti-mouse
TCR-B (both from BD Bioscience); and phycoerythrin (PE)—anti-mouse
CD3e and anti-mouse NK1.1 (both from Becton Dickinson). Human
iNKT cells (15) and mucosa-associated invariant T cells (MAIT cells) (16)
were detected using anti-Va24 and anti-Va7.2 antibodies on peripheral
blood lymphocytes (PBLs).

V(D)J recombination assay in thymocytes. CD4~ CD8" thymocytes
were negatively purified by magnetic sorting and infected with MX-
RSS12/23 supernatant (17). The level of V(D)] recombination was deter-
mined 48 h after transduction by scoring the GFP™ (rearranged) cells
among the human CD4-positive (huCD4 ™) transduced cells. Thymocytes
from Artemis "/~ mice were used as a negative control.

Thymocyte proliferation assay in vivo. Cernu KO mice were bred
into the Ragl '~ background, and 6- to 8-week-old double-KO (DKO)
mice were injected intraperitoneally (i.p.) with 100 pg of anti-CD3 anti-
body to mimic the TCR- selection-induced thymocyte proliferative
burst as previously described (18).

Thymocyte survival assay in vitro. Single-cell suspensions were ob-
tained from the thymus and cultured at 1 X 10° cells/ml in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with glutamine and
10% decomplemented fetal bovine serum. The number of viable cells after
24 h was counted by trypan blue staining, and apoptosis was analyzed by
fluorescence-activated cell sorting (FACS) after labeling with annexin V
and 7-aminoactinomycin D (7AAD) (apoptosis detection kit; BD Phar-
mingen).

Reverse transcription-PCR (RT-PCR) analysis of TCR Ja usage. For
combined determinations of mTRAV3.1, mTRAV5.1, and mTRAV3.4
usage, thymocyte- and splenocyte-derived cDNAs were PCR amplified
using mTRAV3 (5'-TCATCTGCACCTACACAGACAGTGC-3') and
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mTCR-EX4R (5'-GATGGAGCTTGGGAGTCAG-3") primers, cloned
into the TOPO-TA vector (Invitrogen), and sequenced with T7 or M13
primers. Immunoscope analysis was performed as previously described
(19).

Analysis of global TCR-« usage by deep sequencing. RNAs from hu-
man PBLs were reverse transcribed using a Smarter 5’ rapid amplification
of cDNA ends (5'RACE) kit (Clontech Laboratories) according to the
manufacturer’s recommendations. 5’RACE PCR was achieved using a
mix of long (5'-CTAATACGACTCACTATAGGGCAAGCAGTGGTAT
CAACGCAGAGT-3") and short (5'-CTAATACGACTCACTATAGGG
C-3') primers in a universal primer mix (UPM), along with the Ca reverse
primer CAR3 (5'-GTCTCTCAGCTGGTACACG-3'). Five-hundred-
base-pair PCR products were gel purified and processed for single-
molecule sequencing using an Ion personal genome machine (PGM)
(Ion Torrent, Life Technologies) according to the manufacturer’s rec-
ommendations. hTRAV and hTRAJ gene segments were identified
using the IMGT database and software (http://www.imgt.org/HighV
-QUEST) (20). The genomic location of each hTRAV and hTRAJ ele-
ment was obtained from the UCSC Genome Browser (http://genome
.ucsc.edu/).

Quantitative real-time RT-PCR analysis. TagMan PCR was per-
formed on triplicates of 20 ng of reverse-transcribed RNA, using predesigned
primer and probe sets from Applied Biosystems (for mouse Cernunnos exons
1 and 2, set Mm 01259071_m1; for mouse Bid exons 5 and 6, set Mm
00432073_m1; for mouse Cdknla or P21 exons 1 and 2, set Mm
01303209_m1; for mouse Bax exons 4 and 5, set Mm 00432050 _m]1; for
mouse Bbc3 or PUMA exons 3 and 4, set Mm 00519268 _m1; and for glyc-
eraldehyde-3-phosphate dehydrogenase [GAPDH], set Mm 99999915_g1).
mRNA content was calculated with SDS2.1 sequence detector software (Ap-
plied Biosystems). GAPDH was used for normalization of expression, and
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FIG 2 (a) Lymphocyte cellularity in thymuses, spleens, and lymph nodes (LN) of Cernu™/~ and Cernu™/~ mice. SEM, standard error of the mean. (b) V(D)]
recombination activity in purified CD4~ CD8~ thymocytes. Transduced cells were identified through expression of the huCD4 gene from the reporter. The %
recombination represents the fraction of GFP-positive cells among the huCD4-positive cells. The relative V(D)] activity was calculated by comparison to the level
attained in thymocytes from Cernu*’~ mice, used as a 100% activity control. (c) Proliferative capacity of thymocytes. Cernu '~ Ragl '~ and Ragl ~/~ mice were

injected i.p. with anti-CD3.

RNA from Cernu™/~ mice was used as the calibrator. The relative amounts
of mRNA in samples were determined using the 2~ 22T method, where
AAC; is the difference between AC{Cytarget — C;GAPDH) sample and
AC(Cytarget — C;GAPDH) calibrator. Final results are expressed as n-fold
differences in target gene expression for tested samples compared with the
mean expression value for the control.

RESULTS
Generation of Cernunnos KO mice. Based on previous structure-
function studies, we designed our Cernunnos KO model by delet-
ing exon 4 (Fig. 1a). Cernu KO mice were bred to homozygosity by
crossing of Cernu™’~ mice. All genotype combinations were ob-
served at the expected Mendelian frequencies (Fig. 1b and c).
Quantitative RT-PCR analysis covering exons 1 and 2 demonstrated
the absence of detectable Cernunnos transcripts in both thymuses
and spleens from Cernu~’~ mice as a probable consequence of non-
sense-mediated RNA decay resulting from the out-of-frame splicing
of exons 3 to 5 (Fig. 1d). Accordingly, Cernunnos protein was not
detected in Cernu /~ murine embryonic fibroblasts (MEFs) by
Western blotting (Fig. le). MEFs from Cernu™’~ mice demonstrated
an increased sensitivity to the radiomimetic drug phleomycin in vitro
(Fig. 1), as expected for an NHE] defect.

The immune system is not overwhelmingly affected in Cer-
nunnos KO mice. The lymphocyte counts of Cernu ™'~ mice were
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slightly yet significantly diminished (Fig. 2a) compared to those of
their wt littermates in the thymus (31.6 X 10° versus 108.7 X 10%
P = 0.0009), spleen (27.4 X 10° versus 72.8 X 10°% P < 0.0001),
and lymph nodes (6.7 X 10° versus 4.7 X 10% P = 0.25), in con-
trast with the known severe lymphopenia of human Cernunnos
patients (3). This was independent of the age of the animals (data
not shown) and homogeneous between all T and B cell popula-
tions analyzed for the thymus, spleen, and lymph nodes (data not
shown). The lark-shaped image of CD4/CD8 dual staining of thy-
mocytes attests the normal development of thymocytes through
all maturation stages and thus indicates a proficient V(D)] recom-
bination process. To confirm this, we analyzed the V(D)J recom-
bination activity ex vivo in purified DN thymocytes, using the
retroviral V(D)J recombination substrate MX-RSS12/23 (17)
(Fig. 2b). About 26% of thymocytes from wt mice transduced with
the reporter (identified by the expression of huCD4) had rear-
ranged the substrate and expressed green fluorescent protein
(GFP). No recombination could be identified in Artemis-deficient
thymocytes, as expected. DN thymocytes from Cernu '~ mice
showed a 2-fold reduction in V(D)] recombination activity in this
setting. Moreover, sequences of coding joints recovered from
Cernu '~ thymocytes were only marginally affected, with a slight
yet not statistically significant increase in coding end erosion com-
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FIG 3 (a) Nucleotide sequence analysis of coding joints recovered from pMX-RSS-12/23-transduced thymocytes from 2 Cernu™’~ and 2 Cernu ™~

Similar frequencies of nucleotide loss at coding joints recovered from pMX-RSS-12/23-transduced thymocytes from Cernu*’~ and Cernu ™~

pared with that in wt thymocytes (Fig. 3). This is in accord with the
relatively normal V(D)] recombination activity noted in Abelson
murine leukemia virus (A-MuLV)-transformed pro-B cell lines
derived from a distinct Cernu™’~ mouse model (13). Cernunnos
is also dispensable for V(D)]J recombination in humans, as shown
by normal B cell differentiation in the bone marrow in Cernun-
nos-deficient patients as opposed to Ragl/2-, Artemis-, or DNA
ligase IV-deficient patients (21).

We then asked if the reduction in thymocyte counts could be a
consequence of an impaired proliferative capacity during TCR-f3
selection. We introduced the Cernu KO mutation on the Ragl ~/~
background and mimicked the TCR-3 selection-driven thymo-
cyte proliferative burst by treating mice i.p. with 100 pg anti-CD3
as previously described (18). There was no difference in anti-CD3-
driven thymocyte expansion after 9 days between Ragl '~ X
Cernu~’~ and Ragl_/ ~ mice, with about 100 X 10° recovered
cells, a 2-log increase compared to the thymocyte cellularity of
untreated mice in both cases (Fig. 2¢).
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’~ mice. (b)

’~ mice.

The T cell repertoire is biased in Cernunnos KO mice. We
analyzed the T cell repertoire diversity in Cernu™’~ mice by im-
munoscope analysis (19). Both TCR-f (Fig. 4a) and TCR-« (Fig.
4b) repertoires were diversified, with the representation of all V3
and Va families in accord with the proficient V(D)] recombina-
tion activity. Nevertheless, a close examination of the most 5’
(distal) and 3" (proximal) Va segments revealed a striking differ-
ence in their usage among Cernu /™ and Cernu™’~ mice (Fig. 4b
and c). Whereas the distal mn”TRAV1 and mTRAV2 segments ac-
counted for 2.2% of all Va segments in Cernu™’~ T cells, they
represented only 0.4% of Va segments in Cernu '~ mice (Fig. 4c).
Conversely, the most proximal segments, i.e., mTRAV17 to
mTRAV21, represented 2.7% and 8.8% of Va segments in
Cernu™~ and Cernu™’~ T lymphocytes, respectively. In other
words, while the frequency of distal Va segments was reduced by
80% in Cernu ™'~ T cells, the usage of proximal Va segments was
increased 3.2-fold in the same mice. To consolidate this observa-
tion, we designed a PCR assay whereby TCR-« transcripts ex-
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representation of distal (5') and proximal (3') Va segments in Cernu™ /"~

pressing either distal mMTRAV3.1 and mTRAV5.1 genes or the
proximal mTRAV3.4 gene (Fig. 5a) are coamplified with a single
pair of primers and the frequencies of the three Va segments then
determined by cloning and sequencing. As shown in Fig. 5b, the
use of distal Vo segments was significantly reduced in Cernu '~
mice compared to Cernu™/ ™ mice, in both the thymus (32% ver-
sus 81%; P < 0.0001) and the spleen (61% versus 81%; P <
0.0001). We next determined the Ja usage of each set of distal and
proximal Va-containing TCR-a transcripts (Fig. 5¢). In accor-
dance with the theory of sequential waves of TCR-a rearrange-
ments in the thymus (see Discussion) (22), the proximal Vo
(Va3')-containing transcripts tended to use the most 5" (proxi-
mal to Vas) Ja segments, with medians at mTRAJ51 in the thymus
and mTRAJ46 in the spleen for both Cernu*’~ and Cernu™/~ T
cells. The distal Vo (Va5")-containing transcripts from Cernut/™
T cells followed the same rule by using more 3’ (distal to Vas) Jou
segments centered around mTRAJ16 and mTRA]J25 in the thymus
and the spleen, respectively. In sharp contrast, distal Va-contain-
ing transcripts from Cernu™’~ T cells contained Jo segments cen-
tered on mTRAJ40 and mTRAJ46 in the thymus and the spleen,
respectively, close to the beginning of the TCR Ja cluster. In sum-
mary, the molecular analysis of TCR-a rearrangements in
Cernu '~ mice revealed two main differences compared to
Cernu*’™ mice: (i) a strong tendency to use the most 3’ (proximal
to Jas) Vo segments and (ii) a considerable shift in Ja usage to-
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and Cernu™™ T cells.

ward the most 5’ (proximal to Vas) segments even when TCR-a
rearrangements involved distal Vas.

The TCR-« repertoire is skewed in human Cernunnos pa-
tients. We then wished to appreciate to what extent the variation
of Va and Ja utilization identified in Cernu™’/~ mice could be
generalized to the human Cernunnos deficiency condition. We
evaluated the TCR-a repertoire in PBLs by means of 5’ RACE PCR
and next-generation sequencing (NGS). Va and Ja sequences
were plotted according to their relative positions in the genome
(Fig. 6a and b). Whereas the median position of Va in TCR-a
transcripts from a control individual was located around
hTRAV9.2 (at bp 3.2 X 10°), the median Va position in TCR-«
transcripts from a Cernunnos patient was significantly displaced
downstream of the Va locus, around hTRAV26-1 (at bp 5.2 X
10°), in proximity to the TCR Ja cluster. Conversely, the median
Ja segments were centered around hTRAJ28 and hTRAJ39 (at bp
4.0 X 10*and 2.6 X 10*) in the control and the Cernunnos patient,
respectively, with a statistically significant shift toward the 5’ side
of the TCR Ja cluster, more proximal to the Va segments, in the
TCR-a repertoire from the patient. A contour plot representation
of the TCR-a transcripts according to the positions of Vo and Jo
segments (Fig. 6b) illustrates the shift of the TCR-a point cloud
toward the most downstream Va and most upstream Jo segment
in PBLs from the Cernunnos patient compared to the control. In-
deed, the barycenter (Vo Jo) moved from (bp 3.2 X 10% bp 4.0 X
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FIG 5 (a) Schematic representation of murine TCR Va and Ja clusters and positions of the three Va genes coamplified by PCR using a unique set of primers.
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from the thymus and the spleen. (c) TCR Ja representation in distal and proximal Va-containing transcripts from thymuses and spleens of Cernu™

Cernu*’~ mice. Vertical red lines correspond to the medians for Ja usage.

10*) in the control to (bp 5.2 X 10’ bp 2.6 X 10*) in the Cernunnos
patient.

MAIT and iNKT cells are two innate-like populations of T
lymphocytes that express highly conserved and semi-invariant T
cell receptors (23, 24). iNKT cells are bona fide T lymphocytes that
also express NK lineage receptors. They recognize microbial li-
gands, suggesting their probable innate-like antimicrobial func-
tions. MAIT cells also react to bacterially infected cells, in a major
histocompatibility complex (MHC) class I-like molecule (MR1)-
dependent manner. Vitamin B metabolites were recently identi-
fied as ligands for MAIT cells (25). In humans, iNKT cells use
hTRAV10 (at bp 2.0 X 10°) and hTRAJ18 (at bp 5.0 X 10*), and
MAIT cells express hTRAV1.2 (at bp 0.2 X 10°) and hTRAJ33 (at
bp 3.3 X 10%). Figure 6¢ represents the positions of invariant
TCR-a transcripts from iNKT and MAIT cells together with the
75% cloud points of TCR-« transcripts from a Cernunnos patient
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and a control individual. It appears that MAIT and iNKT cell-
specific TCR-a transcripts are well outside the TCR-a 75% cloud
point for the Cernunnos patient, arguing that these two minor T
cell populations should largely be underrepresented in the context
of Cernunnos deficiency. In mice, the invariant TCR-a repertoire
expressed by iNKT cells is composed of Va14 (mTRAV11) rear-
ranged to mTRAJ18. The frequency of iNKT cells identified by dual
staining using anti-TCR-3 and a CD1d tetramer decreased signifi-
cantly, from 1.06% to 0.28%, in the spleens of Cernu™’~ mice (Fig.
7b), as expected given the reduced usage of distal TCR Jo segments.
Determination of the numbers of iINKT and MAIT cells in PBLs from
one Cernunnos patient showed the same tendency, with a 10-fold
decrease in both populations in comparison with the control for the
day (data not shown). Nevertheless, since the frequencies of iNKT
and MAIT cells are highly variable among individuals, this sole ob-
servation in humans awaits other cases for statistical support.
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Collectively, the shift in TCR-o usage toward the most proxi-
mal Vo and Ja segments and the resulting disappearance of iINKT
cells represent the signature of reduced thymocyte viability as de-
tailed in Discussion. This series of analyses thus suggested that the
lack of Cernunnos decreases the thymocyte life span in both hu-
mans and mice.

Decreased viability of Cernu™'~ thymocytes. To confirm this
hypothesis, we analyzed the thymocyte life span upon Cernunnos
inactivation by surveying thymocyte viability after 24 h in culture
in vitro (Fig. 8a). The cell recovery decreased from 50.22% to
24.84% in Cernu*’~ and Cernu /™ cultures, respectively. This
statistically significant 50% reduction was imputable to an in-
crease in thymocyte apoptosis as measured by dual staining with
7AAD and annexin V (Fig. 8b).

To evaluate the possible implication of the DNA repair/tumor
suppressor factor P53 in this phenomenon, we determined the
levels of expression of several P53 target genes by real-time quan-
titative PCR (Fig. 8c). The expression of four P53-dependent
genes involved in apoptosis, i.e., PUMA, P21, Bid, and BAX, was
significantly increased in thymocytes from Cernu~’~ mice (Fig.
8¢c). The almost complete return of expression levels to baseline
for these four genes in the Cernu™’~ X P537/~ DKO animals

/
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Quantitative RT-PCR analysis of P53 target genes in Cernu ™/~ thymocytes.
Y get g ymocyt

further supported the implication of P53 in thymocyte apoptosis
caused by the loss of Cernunnos.

P53 KO partly complements reduced Cernunnos KO thymo-
cyte viability. To further ascertain the role of P53 in the decreased
thymocyte fitness observed in Cernu™'~ mice, we generated
Cernu '~ X P537/~ DKO animals and surveyed the various pa-
rameters associated with thymocyte viability. The first striking
consequence of introducing the P53 KO background was a com-
plete normalization of the thymocyte counts (243.2 X 10°in DKO
mice versus 92.78 X 10° in Cernu~’~ mice; P = 0.0074) in DKO
mice (Fig. 9a), together with a statistically significant increase in
thymocyte recovery in 24-h in vitro cultures (Fig. 9b). Introduc-
tion of the P53 KO background also had a significant impact on
the frequencies of TCR Va and Ja usage (Fig. 9¢). Indeed, the
proportion of upstream Vo usage increased from 32% to 58% in
splenic T cells from Cernu ™/~ and DKO mice, respectively, with a
statistically significant shift toward the values obtained for T cells
from wt (93%) and P53~/ (82%) mice. This partial normaliza-
tion of TCR Vo usage was accompanied by a concomitant correc-
tion of Ja usage in Va5’ -containing transcripts, with median Jo
positions at mTRAJ38 and mTRAJ29 in Cernu~’/~ and DKO T
cells, respectively, with the mTRA]J position in the latter approach-
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ing the median of mMTRAJ23 seen in wt and P53/~ mice (Fig. 9¢).
Lastly, the increased thymocyte viability in DKO mice, as revealed
by TCR Va and Ja usage, translated into a partial recovery of the
iNKT cell population in DKO spleens (Fig. 9d).

We concluded that Cernunnos deficiency results in chronic
activation of the DNA damage response (DDR) and subsequent
P53-driven upregulation of proapoptotic factors, leading to de-
creased thymocyte viability and a qualitative alteration of the T
cell repertoire in both humans and mice.

DISCUSSION

Cernunnos loss of function is not embryonically lethal in mice.
Likewise, we identified a human Cernunnos patient harboring a
homozygous genomic deletion spanning exons 2 to 5, resulting in
a null allele (unpublished observation). Cernunnos is therefore
not essential in both humans and mice, in contrast to Xrcc4 and
DNA ligase IV.

Surprisingly, the immune system is not overwhelmingly af-
fected in Cernu '~ mice, in contrast to the human Cernunnos
deficiency condition (3). Indeed, while Cernunnos patients har-
bor a remarkable lymphopenia, the numbers of T and B lympho-
cytes are only slightly reduced in Cernu ™/~ mice compared to
their heterozygous or wt littermates. Indeed, Cernunnos is largely
dispensable during V(D)] recombination, as first noted by Li et al.
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(13). Accordingly, Cernu~/~ mice crossed onto the P53 KO back-
ground did not develop B cell lymphoma, as opposed to the case
with other NHE] deficiency situations (26). We propose a specu-
lative yet plausible explanation for this intriguing observation,
based on our recent report on the Cernunnos-Xrcc4 complex
structure (27). Crystals of Cernunnos-Xrcc4 complexes revealed
that both homodimers associate with each other in long filaments
through their head domains, helping to tether the broken DNA
ends by creating a “DNA ligation synapse” (27-30). The absence
of Cernunnos would then result in DNA ligation synapse destabi-
lization rather than a catalytic malfunction of the Xrcc4-Cernun-
nos-DNA ligase IV complex per se. During V(D)J recombination,
the Ragl and Rag2 proteins persist on DNA ends, in the so-called
postcleavage complex (PCC) (see the work of Schatz and Swanson
[31] for a recent review), to shepherd the Ragl/2-induced DNA
breaks toward the NHE] pathway (32). The DNA end-tethering
function of Xrcc4-Cernunnos filaments would then become par-
tially redundant to the Rag1/2 PCC, arguing for the almost normal
V(D)]J recombination in the absence of Cernunnos. Interestingly,
V(D)J recombination is severely altered in mice carrying both
ATM and Cernunnos KO alleles (33), in accord with the known
role of ATM in stabilizing the PCC.

We noted a significant alteration in TCR Va and Ja usage in
both murine and human Cernunnos-deficient T cells. The TCR-a
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cyte viability is decreased, resulting in a bias of Jo usage toward the most 5
elements (first wave). In contrast, the thymocyte life span is increased in BcIXL
Tg mice, allowing several waves of recombination and the resulting skewing of
Jou usage toward the most downstream elements.

Thymocyte lifespan

locus is unique compared to the other TCR and Igloci in the sense
that multiple waves of TCR-a rearrangements can occur until the
resulting TCR-expressing thymocytes are positively selected (see
the work of Krangel et al. [34] for a review). The initial waves of
TCR-a rearrangement involve the most 5’ Ja segments (35). Sub-
sequent waves of VaJa rearrangements involve upstream Va to
downstream Ja segments (Fig. 10). Thymocyte viability directly
affects the number of successive VaJa rearrangements (36, 37).
The shift in TCR-« usage toward the most 3’ Va segment and the
most 5’ Ja segment in Cernunnos-deficient T cells in both hu-
mans and mice is therefore an indication of reduced thymocyte
viability in these settings.

This is a consequence of a chronic P53 activation likely caused
by a lasting DNA damage response. Indeed, introduction of the
P53 KO background partially reverted the characteristics associ-
ated with thymocyte fragility. This is reminiscent of the situation
of DNA ligase IV and Xrcc4 KO mice (38, 39), in which backcross-
ing onto the P53 KO background circumvents the embryonic
lethality caused by the apoptosis of postmitotic neurons.

In conclusion, we found that although Cernunnos is dispens-
able for V(D)J recombination, its absence results in a skewing of
TCR Va and Ja usage, resulting in quantitative and qualitative
alterations of the T cell repertoire. This is highlighted in particular
by the deficit in iNKT and MAIT cells, two populations of lym-
phocytes expressing invariant TCRs composed of upstream Vo
segments rearranged to downstream Jo segments and therefore
relying on an extended thymocyte life span. Given the possible
antimicrobial activity of these two discrete T cell populations (23,
40), their deficit could affect the immunocompetence of Cernun-
nos-defective hosts. Likewise, one cannot exclude that some other,
as yet undefined T cell populations bearing particular TCR speci-
ficities could be compromised (or overrepresented) in the absence
of Cernunnos. Analysis of TCR-a rearrangement in peripheral
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mature T cells as an indirect means to evaluate thymocyte viability
could help to increase our understanding of some immune dereg-
ulation situations leading to autoimmunity or susceptibility to
developing cancer.
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