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DNA ligase IV (LIG4) is an essential component of the nonhomol-
ogous end-joining (NHEJ) repair pathway and plays a key role in
V(D)J recombination. Hypomorphic LIG4 mutations in humans are
associated with increased cellular radiosensitivity, microcephaly,
facial dysmorphisms, growth retardation, developmental delay,
and a variable degree of immunodeficiency. We have generated a
knock-in mouse model with a homozygous Lig4 R278H mutation
that corresponds to thefirst LIG4mutation reported in humans. The
phenotype of homozygous mutant mice Lig4R278H/R278H (Lig4R/R)
includes growth retardation, a decreased life span, a severe cellular
sensitivity to ionizing radiation, and a very severe, but incomplete
block in T and B cell development. Peripheral T lymphocytes show
an activated and anergic phenotype, reduced viability, and a
restricted repertoire, reminiscent of human leaky SCID. Genomic
instability is associated with a high rate of thymic tumor develop-
ment. Finally, Lig4R/Rmice spontaneously produce low-affinity anti-
bodies that include autoreactive specificities, but are unable to
mount high-affinity antibody responses. These findings highlight
the importance of LIG4 in lymphocyte development and function,
and in genomic stability maintenance, and provide a model for the
complex phenotype of LIG4 syndrome in humans.
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Nonhomologous end joining (NHEJ) is one of the two major
DNA repair pathways in mammalian cells that protect the

genome against DNA double-stranded breaks (DSBs) generated
by genomic insults such as ionizing radiation (IR) or reactive
oxygen species or that arise during V(D)J recombination (1) and
Ig heavy chain (IGH) class switch recombination (CSR) (2).
V(D)J recombination is the process by which developing T and B
lymphocytes assemble their antigen receptor variable region
exons. In this process, the recombinase activating gene (RAG)1
and RAG2 proteins introduce DSBs at recombination signal
sequences (RSS) that flank coding variable (V), diversity (D),
and joining (J) elements. This process generates hairpin-sealed
coding ends and blunt phosphorylated signal ends. These DNA
ends are recognized and resolved by proteins of the NHEJ
pathway, with formation of coding joins and recombination sig-
nal (RS) joins, respectively. In particular, the KU70/KU80 het-
erodimer binds directly the DNA ends, allowing activation of the
DNA-PK catalytic subunit (DNA-PKcs) (3) and phosphorylation
of Artemis, which mediates opening of hairpin-sealed DNA
coding ends (4, 5). In the last phase of NHEJ, the DNA ligase IV
(LIG4)/XRCC4 complex mediates ligation of the DNA ends (6).
In addition, the XRCC4-like factor (XLF), also known as Cer-
nunnos, participates in this process (7, 8).

In humans, mutations in Artemis, DNA-PKcs, and Cernunnos/
XLF have been associated with combined immunodeficiency (4,
7, 9, 10). Mutations in the DNA ligase IV (LIG4) gene underlie
the LIG4 syndrome, a rare autosomal disorder characterized by
cellular radiosensitivity, microcephaly, neurological abnormal-
ities, bone marrow failure, and increased susceptibility to
malignancies (11). A variable degree of immunodeficiency has
been reported in patients with LIG4 syndrome, ranging from
apparent lack of immunological defects (12) to severe defects in
T and B cell development, resulting in SCID (13–15) or in
Omenn syndrome (16). The molecular basis for this phenotypic
heterogeneity is still unclear.
In mice, Lig4 deficiency is embryonically lethal and is asso-

ciated with cellular radiosensitivity, massive neuronal apoptosis,
and arrest in T and B cell development (17, 18). Both the
embryonic lethality and neuronal apoptosis, but not the lym-
phoid development defect and the cellular radiosensitivity, can
be rescued by simultaneous p53 deficiency (19). Lig4 hap-
loinsufficiency contributes to translocations and cancer in certain
cell cycle checkpoint deficient backgrounds (20).
We have generated a knock-in mouse model with a homo-

zygous Lig4 arginine to histidine (R278H) mutation that corre-
sponds to the mutation identified in the first LIG4-deficient
patient, who developed T cell leukemia associated with increased
cellular radiosensitivity (12). Here, we demonstrate that mice
homozygous for this mutation represent a model of the complex
cellular and clinical phenotype observed in patients with
LIG4 syndrome.

Results
Generation and Characterization of Lig4R/R Cells and Mice. A tar-
geting construct carrying the CGC to CAT mutation at codon
278 of the Lig4 gene (resulting in the R278H amino acid sub-
stitution) and a neomycin-resistance gene (NeoR) flanked by
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LoxP sites was used for homologous recombination in TC1 (129/
Svev) embryonic stem (ES) cells (Fig. S1A). Southern blot
analysis revealed ES clones carrying the Lig4 R278H mutant
allele (Fig. 1A). Upon deletion of the NeoR cassette, subclones
were injected for germline transmission to generate mice het-
erozygous for the R278H mutation (Lig4+/R mice).
Lig4+/R mice were intercrossed to produce homozygous mutant

Lig4R/R mice. Lig4R/R mice, in contrast to Lig4−/− mice, were
viable and generated according to Mendelian inheritance. West-
ern-blot analysis, performed on total lysate of thymocytes from
Lig4R/R mice, showed that the Lig4 R278H mutant is expressed,
albeit at slightly reduced levels as compared to wild-type Lig4
(Fig. 1B). Lig4R/R mouse embryonic fibroblasts (MEFs) displayed
increased radiation sensitivity (Fig. 1C), similar to XRCC4-defi-
cient MEFs and to human cell lines carrying the Lig4 R278H
mutation (11, 21). As an initial assay for potential NHEJ defects,
we generated Lig4R/R ES cells by sequential gene targeting of the
second allele of a Lig4+/R ES line (Fig. S1A) and then assayed
ability to support V(D)J recombination and RS joins formation
via a transient assay. These studies revealed that RS joining was
severely impaired in Lig4R/R ES cells relative to that of wild-type
TC1 ES cells (Fig. S2); although, in contrast to prior findings in
Lig4−/− mice, we did find normal joins among the few recovered.
In preliminary assays, we also found that coding joining appeared
markedly impaired but that relatively normal joins could be
recovered. Together, these studies suggest a severe but incom-
plete V(D)J recombination/NHEJ defect inLig4R/R cells. At birth
and at later ages, Lig4R/R mice are strikingly smaller than their
wild-type littermate controls (Fig. 1D and Fig. S1B andC), similar
to Ku70- and Ku80-deficient mice (22). Fertility ofLig4R/R mice is
severely compromised; therefore, generation of Lig4R/R mice was
based on interbreeding of Lig4+/R mice.

T Cell Development and Function in Lig4R/R Mice. Both the thymus
and the spleen of Lig4R/R mice were small (Fig. S3A). Overall
preservation of the thymic architecture and of the cortico-
medullary demarcation was observed in Lig4R/R mice (Fig. S3B).
Total thymic cellularity and the absolute number of CD4− CD8−

double-negative (DN), CD4+ CD8+ double-positive (DP), and
single-positive (SP) CD4+ or CD8+ thymocytes were drastically
reduced in Lig4R/R mice (Fig. 2A). Staining with anti-CD4 and

anti-CD8 antibodies showed accumulation of DN thymocytes at
the CD44− CD25+ DN3 stage of development (Fig. 2A), as
expected for the severe defect in NHEJ and V(D)J recombina-
tion indicated by the transient assays of Lig4R/R ES cells (Fig.
S2). However, consistent with the leakiness of the functional
defect detected in the ES cell assays, we observed generation of
very low numbers of DP and SP thymocytes (Fig. 2A).
Analysis of endogenous T cell receptor (TCR) β coding joins

and RS joins involving TCRVβ14 that were isolated from
genomic DNA of Lig4R/R thymocytes revealed extensive dele-
tions within RS joins (Fig. S4). In contrast to normal thymocytes
where substantial numbers of nonproductive joins are recovered,
nearly all coding joins recovered from Lig4R/R thymocytes were
productive (Fig. S4). Although there could be several explan-
ations for this finding, one possibility is that most joins in Lig4R/R

encompass large deletions (23–25) that go beyond the PCR
primers so that only highly selected normal joins are detected by
the assay.
Total cellularity and the absolute number of SP CD4+ and

CD8+ cells were also markedly reduced in the spleen of Lig4R/R

mice (Fig. 2B). Preliminary results indicate that CD4+ and CD8+

peripheral T cells from Lig4R/R mice have a CD3hi CD24lo phe-
notype, similar to mature T lymphocytes from littermate controls
(Fig. S5A). However, in contrast to what was observed in control
mice, the vast majority of both SP CD4+ and SP CD8+ splenic
T cells of Lig4R/R mice displayed a CD44+ CD62L− phenotype
(Fig. 2B), suggesting in vivo activation. A dramatic defect of T cell
proliferation, as assessed by 5,6-carboxyfluorescein succinimidyl
ester (CFSE) dilution, was observed when Lig4R/R splenic T cells
were cultured in vitro for 72 h in the presence of anti-CD3mAb in
combination with either anti-CD28 mAb or IL-2 (Fig. 3A and Fig.
S5B). Furthermore, when simultaneously stained for annexin-V
(AnnV) and 7-AAD, in vitro activated Lig4R/R splenic T cells
showed markedly reduced viability (Fig. 3B).
To characterize the ability of Lig4 R278H mutation to support

generation and maintenance of a polyclonal T cell repertoire, we
performed spectratyping analysis in thymic and splenic T cells of
Lig4R/R mice and their Lig4+/+ littermates. Thymocytes from
Lig4R/R mice showed a largely polyclonal distribution of the TCR
third complementarity-determining region (CDR3) length for
each TCRβ variable (TCRVB) gene family analyzed. However,

p <0.0001p <0.0001
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Fig. 1. Lig4 R278H/R278H (Lig4R/R) targeting of ES cells, R278H
protein expression, and ionizing radiation sensitivity of the
homozygous targeted ES cells. (A) Southern blot of EcoRI-
digested DNA from the tails of germline mice. Probe B (Fig.
S1A) was used to detect wild-type (+/+), heterozygous (+/R),
and R278H/R278H (R/R) bands. (B) Western blot analysis of Lig4
protein expression in thymocytes from Ku70−/− Lig4−/− (indi-
cated as −/−), Lig4+/+(+/+), Lig4+/R (+/R), and Lig4R/R (R/R) mice.
Expression of tubulin is shown as a loading control. (C) Ionizing
radiation (IR) sensitivity in +/+, R/R, and Xrcc4−/− MEFs. R/R
MEFs are as IR sensitive as Xrcc4−/− MEFs. (D) Weight and size
(mean ± SE) of 4-week-old +/+ (n = 10), +/R (n = 10), and R/R
(n = 10) littermates. P values were determined by unpaired
Student's t test.
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oligoclonal patterns, indicative of a restriction in T cell repertoire,
were detected in most of the TCRVB families analyzed in Lig4R/R

splenic T cells (Fig. S6 and SI Text). These results, along with the
activated/memory phenotype of peripheral T cells, are suggestive
of peripheral expansion, leading to oligoclonality. Similar abnor-
malities have been reported in murine models of Omenn syn-
drome (26, 27). However, at variance with these models, Lig4R/R

mice revealed only modest inflammatory infiltrates (mainly com-
posed of T lymphocytes and neutrophils) in the gut and the liver
(Fig. S7A). CD4+ CD25hi Foxp3+ regulatory T cells (Tregs) were
detected in mesenteric lymph nodes from Lig4R/R mice (Fig. S7B
and SI Text), although their function could not be tested due to low
absolute number. In addition, splenic T cells from Lig4R/R mice
showed no obvious skewing in their cytokine expression profile
both under resting conditions and when cultured in vitro with anti-
CD3 plus anti-CD28mAbs, with the exception of reduced levels of
IL-13 and IFN-γ secretion (Fig. S7C and SI Text).

B Cell Development and Function in Lig4R/R Mice. The proportion of
B220+ cells in the bone marrow of Lig4R/R mice was significantly
reduced, when compared to littermate controls (Fig. 4A). The

majority of B220+ IgM− cells from Lig4R/R mice expressed CD43,
indicating an incomplete block at the pro-B cell stage (Fig. 4A).
The proportion of B220+ IgM+ B cells in the spleen of Lig4R/R

mice was markedly reduced; however, a residual number of these
cells were consistently detected (Fig. S8A). These results are in
contrast to the inability of Lig4−/− B cell progenitors (even on a
p53-deficient background) to progress to the B220+ IgM+ stage
both in vivo and in vitro (19). The splenic B cells of Lig4R/R mice
showed a restricted repertoire (Fig. S9 and SI Text). IgG2b, IgG3,
and IgA serum levels were significantly reduced in 8-week-old
Lig4R/R mice; however, residual levels of serum IgM and relatively
normal levels of IgG1, IgG2a, and IgE were detected (Fig. 4B).
Although Lig4R/R mice had a lower number of transitional, fol-
licular, and marginal zone splenic B cells, they had a normal
number of B220high B cells that expressed intracytoplasmic IgG1
(Fig. 4C). Naive Lig4R/R mice spontaneously produced higher
titers of 2,4,6-trinitrophenol (TNP)-specific IgM and IgG as
compared to Lig4+/+ mice (P < 0.0005 and P < 0.005, respec-
tively) (Fig. 4D). However, following immunization with the T-
independent type II antigen TNP-Ficoll or with T-dependent
antigen TNP–keyhole limpet hemocyanin (KLH), Lig4R/R mice
produced lower amounts of antigen-specific IgM and IgG anti-
bodies than Lig4+/+ mice (Fig. 4D), and no high-affinity TNP-
specific IgG antibodies were detected in Lig4R/R mice after sec-
ondary immunization with TNP-KLH (Fig. S8B). Spontaneous
production of low-affinity, polyreactive antibodies is often asso-
ciated with autoimmunity. Indeed, increased levels of anti-ssDNA
and anti-chromatin antibodies were detected inLig4R/Rmice (Fig.
4E). Overall, these data indicate that Lig4R/R mice have profound
abnormalities in B cell development and antigen-specific antibody
production; however, they spontaneously produce low-affinity
IgM and IgG antibodies that contain self-reactive specificities.

Genomic Instability and Tumor Susceptibility. Lig4R/R mice showed
increased morbidity when compared to Lig4+/R and Lig4+/+ lit-
termates (Fig. 5A). When moribund Lig4R/R mice were killed, a
significant proportion (13/44) of them showed evidence of thymic
tumors (Fig. 5A) with either a DP or a SP phenotype; no cases of
DN thymic lymphomas were observed. Southern-blot analysis of 8
of 13 T cell tumors revealed clonal rearrangements or deletion of
the Jβ1 cluster in the vast majority of the tumors and clonal rear-
rangements involving the Jβ2 cluster in several of them (T3, T5,
T6, and T7 in Fig. 5B). No cases of B cell lymphomas were docu-
mented; however, colon adenocarcinoma and medulloblastoma
were observed in 4 and 1 mice, respectively. To test whether the
reduced life span and the increased occurrence of tumors were
associated with genomic instability, positively selected CD43+

splenic T cells from Lig4R/R mice and from heterozygous Lig4+/R

mice were cultured in vitro with Con A, and the presence of
chromosomal abnormalities was evaluated by telomere-specific
fluorescent in situ hybridization (T-FISH). Approximately 20% of
the metaphases in Lig4R/R T cells contained aberrancies with the
majority being chromosomal breaks and translocations, as com-
pared to<2% chromosomal aberrancies inLig4+/R cells (Fig. 5C).

Discussion
Mutations of the LIG4 gene have been reported in 14 patients
(11–16, 28–30) who shared growth retardation and microcephaly,
but showed significant heterogeneity in the degree of immuno-
logical impairment and in the occurrence of tumors. Variability of
the clinical phenotype has been attributed to different degrees of
impairment of LIG4 protein expression and function associated
with the various mutations. In the attempt to better define the
pathophysiology of the phenotypic manifestations of LIG4 syn-
drome, we have generated and characterized a knock-in mouse
model carrying a homozygous R278H mutation that corresponds
to the first LIG4 mutation identified in humans (12).
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Fig. 2. Severe lymphopenia and T cell phenotype in Lig4R/R mice. (A) (Upper
Left) Absolute number of total, double-negative (DN), double-positive (DP) and
CD4andCD8 single-positive thymocytes inwild-type (+/+) and Lig4R/R (R/R)mice.
(Upper Right) Representative FACS analysis of thymocytes from an R/R mouse
and its littermate control (+/+). (Lower Left) Representative analysis of CD44and
CD25 expression within CD4− CD8− DN thymocytes from an R/R mouse and its
+/+ littermate control. (Lower Right) Distribution of DN cells at various stages of
differentiation (DN1 to DN4) in R/R and in +/+mice. (B) (Upper Panel) Absolute
number of total splenocytes (Left) and of CD4+ and CD8+ splenic T cells (Right) in
R/Rmice and +/+ littermate controls (Lower Left) Expression of CD44 and CD62L
within CD4+ (top) and CD8+ (bottom) splenic T cells from an R/R mouse and its
+/+ littermate control. (Lower Right) Distribution of naive (CD44lo CD62Lhi) and
effector memory (CD44hi CD62Llo) cells within CD4+ and CD8+ splenic T cells.
Results are shown as the mean ± SE. Gating was on live lymphocytes and the
percentages of the indicated populations are relative to the lymphocyte gate.
P values were determined by unpaired Student's t test.
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Using a plasmid-rejoining assay in fibroblast cell lines derived
from patients homozygous for the LIG4 R278H mutation, NHEJ
activity was significantly impaired, but not abrogated, and the
fidelity of RS joins was markedly reduced (11, 21, 31). In keeping
with these observations, we have found that Lig4 R278H protein
expression is only modestly reduced in the thymus of Lig4R/R

mice and that RS and coding joins formation is not abrogated,
consistent with greatly, but not completely, impaired NHEJ
activity. Profound abnormalities of thymic architecture, with

inability to support generation of a broadly polyclonal repertoire
of T cells (26, 32), have been associated with severe immuno-
pathology both in patients and in mice with hypomorphic RAG
mutations. In contrast, the diversity of thymic T cell repertoire
and thymic architecture are largely preserved in Lig4R/R mice,
probably because the NHEJ defect is not complete. Fur-
thermore, generation of CD4+ CD25hi Foxp3+ cells (i.e., bona
fide Tregs) was preserved. Overall, these findings may explain
the lack of significant immunopathology in Lig4R/R mice.
Total thymic cellularity was drastically reduced, and survival of

in vitro activated T lymphocytes was impaired in Lig4R/R mice,
thus contributing to the severe peripheral T cell lymphopenia
that was particularly prominent among CD8+ lymphocytes. A
SCID phenotype has been observed in patients with LIG4
mutations in whom no qualitative V(D)J recombination defects
were present in the few circulating T lymphocytes (14), and a
leaky SCID phenotype has been recently reported in another
mouse model of Lig4 deficiency (Lig4Y288C/Y288C mice) charac-
terized by poor lymphocyte survival despite residual Lig4 activity
(33). Overall, these data suggest that hypomorphic LIG4 muta-
tions may cause profound immunodeficiency by both affecting
cell survival and impairing V(D)J recombination.
Lig4R/R mice show a dramatic defect in B-cell development and

a severe, but incomplete in vivo CSR defect, as demonstrated by
residual levels of some Ig isotypes. Normal or increased levels of
IgM, IgG1, and IgA were previously demonstrated also in
Lig4Y288C/Y288C mice (33) and might reflect accelerated plasma
cell differentiation associated with B cell lymphopenia (34).
Stimulation of B lymphocytes through toll-like receptors and
cytokine secretion by T lymphocytes in a lymphopenic and
immunodeficient environmentmay be involved in inducingCSR in
vivo inLig4R/Rmice. Normal or increased IgMand IgG levels have
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Fig. 3. Reduced proliferation and decreased viability of splenic T cells from
Lig4R/R mice on in vitro activation. (A) Percentage of Lig4R/R (R/R) and control
(+/+) splenic T cells at different cycles of proliferation, upon culture with
anti-CD3, anti-CD3 plus anti-CD28, or anti-CD3 plus IL-2. Proliferation was
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the indicated stimuli. Results are shown as mean percentage ± SE. P values
were determined by unpaired Student's t test.
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Statistical significance was assessed using a Mann–Whitney U test.

Rucci et al. PNAS | February 16, 2010 | vol. 107 | no. 7 | 3027

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/cgi/data/0914865107/DCSupplemental/Supplemental_PDF#nameddest=STXT


been reported in some patients with severe immunodeficiency due
to LIG4 mutations (13, 14). Among other animal models of
defective NHEJ, B cell development and CSR recombination are
largely preserved in Cernunnos-deficient mice (35), and switching
to IgG1 is also maintained inDNA-PKcs-deficient mice harboring
IgH and IgL knock-in alleles (36). Lig4R/R mice spontaneously
produce higher amounts of low-affinity antibodies that include
self-reactive specificities, but are unable to mount robust antibody
responses following antigenic challenge. Production of autoanti-
bodies has been also reported in Lig4Y288C/Y288C mice (33) and in
patients with leaky SCID due to LIG4 mutations (13). Several
mechanisms may account for this B-cell-mediated immune dys-
regulation. Peripheral CD4+ CD25hi Foxp3+ cells were detected
in Lig4R/R mice (Fig. S7B), arguing against impaired Treg-medi-
ated control of autoimmunity, although functional activity of these
cells could not be tested due to the lownumber.On the other hand,
Lig4 mutations should affect receptor editing and hence impinge
on a key mechanism of B cell tolerance. Finally, severe B cell
lymphopenia has been shown to result in increased serum levels of
B-cell activating factor (BAFF) (37), and this could facilitate
rescue and expansion of low-affinity self-reactive B cells inLig4R/R

mice as shown in other models (37, 38). Additional experiments
are needed to address these hypotheses.
Lig4R/R cells show radiation sensitivity and genomic instability

at similar levels as observed in Lig4−/−, Xrcc4−/−, and Ku70−/− or
Ku80−/− cells (22, 24). In Lig4R/R mice, these features are asso-
ciated with development of thymic tumors. Similar findings have
been reported in Lig4Y288C/Y288C mice (33). Peripheral lymphoid

malignancies have been reported in 4 of 14 patients with LIG4
mutations, including the original patient with a homozygousLIG4
R278Hmutation (12, 13, 28, 30).Development ofDPor SP thymic
tumors has been reported also in other murine models of impaired
NHEJ, in particular in Ku70−/− (22, 39) and in DNA-PKcs-
deficient mice (40–42), although with significant variability that
may reflect differences in genetic background and/or environ-
mental factors. Importantly, thesemodels aswell as theLig4R/Rand
the Lig4Y288C/Y288C mice share “leaky” defects in T cell develop-
ment. These findings are consistent with the need for productive
TCR gene rearrangement to induce proliferation, which may then
make the cells susceptible to secondary hits in the NHEJ-deficient
background, and also may lead to generation of subsequent
developmental stages more susceptible to transformation.
In summary, Lig4R/R mice represent a model for a naturally

occurring mutation in the LIG4 gene in humans. They recapit-
ulate most of the phenotypic features of LIG4 syndrome and
may thus serve as a model to explore more in detail the patho-
physiology of human LIG4 syndrome.

Materials and Methods
Generation of Lig4R/R Mice. Lig4+/R mice were generated by gene targeting
(Fig. S1 and SI Text) and intercrossed to generate homozygous Lig4R/R mice.
Timed Lig4+/R matings were performed to generate day 12–13 Lig4R/R MEFs.
Expression of Lig4 protein was assessed as described (2).

Radiation Sensitivity. To assess the radiation sensitivity of Lig4+/+, Lig4R/R, and
Xrcc4−/− MEFs, colony survival assays were performed as described (35).
Three independent experiments were performed, and results were
expressed as average (± SD) of colonies detected.

V(D)J Recombination Assays. Analysis of endogenous Vβ14DJβ1 junctions was
performed on DNA from Lig4+/+ and Lig4R/R thymocytes using primers and
conditions previously described (43). Transient V(D)J recombination assays
were performed as described (44).

Immunophenotypic Analysis and Histopathology. Single cell suspensions from
thymi, spleens, and bone marrow were prepared and stained with specific
anti-mouse antibodies (SI Text). Data were acquired on a FACSCalibur or LSR
flow cytometer (BD Biosciences) and analyzed using FlowJo software for
Mac version 8.3 (Treestar). Histopathology of the thymus, liver, and gut was
performed as reported in SI Text.

In Vitro Lymphocyte Proliferation. Splenic T cells were purified from Lig4+/+

and Lig4R/R mice, using the Negative Selection Mouse T Cell Enrichment Kit
(Stem Cell Technologies) according to the manufacturer’s protocol. Pro-
liferation in response to anti-CD3 mAb (5 μg/mL) ± anti-CD28 mAb (2 μg/mL)
or IL-2 (100 IU/mL) assayed by CFSE (Molecular Probes) dilution was per-
formed as described (45). Apoptosis was measured by staining with the
Annexin V-PE Apoptosis detection kit (BD Biosciences).

Ig Levels, Antibody Responses, and Autoantibodies. Ig serum levels and anti-
body responses to TNP-Ficoll and to TNP-KLH were examined in 8-week-old
Lig4+/+ and Lig4R/R mice as described (46). Low- and high-affinity anti-TNP
IgG antibodies, anti-ssDNA, and anti-chromatin antibodies were measured
by ELISA as described in SI Text.

Analysis of Genomic Instability and Telomere-FISH Analysis. Positively selected
CD43+ splenic T cells from Lig4R/R mice and from heterozygous Lig4+/R mice
were plated at 1 × 106/mL and activated in vitro with 2.5 μg/mL Con A in RPMI
medium 1640 supplementedwith 10%FCS, penicillin/streptomycin (100 units/
mL), 10 mM Hepes, 2 mM glutamine, and 10 μM 2-mercaptoethanol for 48 h.
Metaphase spreadswere prepared and analyzed by telomere staining (T-FISH)
as described (2).

Southern Blot Analysis of Thymic Tumors. Genomic DNA from the tumor was
isolated and digested with EcoRI. Southern blotting was performed as
described using TCRβ genomic probes A (0.7 kb ClaI-BamHI) and B (0.9 kb
NcoI-NcoI) (47).
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Fig. 5. Reduced survival, genomic instability of peripheral T cells, and
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