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The Journal of Immunology

Thymocyte-Specific Truncation of the Deubiquitinating
Domain of CYLD Impairs Positive Selection in a NF-kB
Essential Modulator-Dependent Manner

Ageliki Tsagaratou,*,† Eirini Trompouki,†,1 Sofia Grammenoudi,† Dimitris L. Kontoyiannis,†

and George Mosialos*,†

The cylindromatosis tumor suppressor gene (Cyld) encodes a deubiquitinating enzyme (CYLD) with immunoregulatory function.

In this study, we evaluated the role of Cyld in T cell ontogeny by generating a mouse (CyldD9) with a thymocyte-restricted Cyld

mutation that causes a C-terminal truncation of the protein and reciprocates catalytically inactive human mutations. Mutant mice

had dramatically reduced single positive thymocytes and a substantial loss of peripheral T cells. The analyses of polyclonal and

TCR-restricted thymocyte populations possessing the mutation revealed a significant block in positive selection and an increased

occurrence of apoptosis at the double-positive stage. Interestingly, in the context of MHC class I and II restricted TCR transgenes,

lack of functional CYLD caused massive deletion of thymocytes that would have been positively selected, which is consistent with

an impairment of positive selection. Biochemical analysis revealed that CyldD9 thymocytes exhibit abnormally elevated basal

activity of NF-kB and JNK. Most importantly, inactivation of NF-kB essential modulator fully restored the NF-kB activity of

CyldD9 thymocytes to physiologic levels and rescued their developmental and survival defect. This study identifies a fundamental

role for functional CYLD in establishing the proper threshold of activation for thymocyte selection by a mechanism dependent on

NF-kB essential modulator. The Journal of Immunology, 2010, 185: 2032–2043.

U
biquitination is currently emerging as a dominant reg-
ulatory mechanism in cancer and immunity by means
of posttranslational modification of intracellular signal-

ing mediators of activation, proliferation, stress, and death. The
cylindromatosius tumor suppressor gene (Cyld) encodes a 956 aa
polypeptide (CYLD) with deubiquitinating activity (1–3). The
deubiquitinating domain of CYLD is located in the carboxyl ter-
minal 365 aa and constitutes the most highly conserved region of
the protein (2–4). Cyld originally emerged as a tumor suppressor
gene through the identification of human mutations predisposing
to tumors of skin appendages (4). Subsequently, insufficient CYLD
functions correlated with a range of tumors including hepatocel-
lular, colon, and lung carcinomas and multiple myelomas (5–9).
Interestingly, all the mutations identified to date in human Cyld
are predicted to cause carboxyl terminal truncations or frameshift
alterations of the protein that inactivate its deubiquitinating acti-
vity (2, 3). Numerous in vitro and in vivo experimental approaches

have established an inhibitory role for CYLD on the basal and
TNFR-family–induced activity of the transcription factor NF-kB,
which was associated with the ability of CYLD to induce the
deubiquitination of TNFR-associated factor 2, TNFR-associated
factor 6, NF-kB essential modulator (NEMO), TGFb-activated
kinase 1, B cell CLL-lymphoma 3 and receptor-interacting protein 1
(10–12). Notably, the combination of genetic and biochemical stud-
ies associated the deubiquitinating activity of CYLD with its tu-
mor-suppressing and NF-kB–inhibitory properties (2, 3).
Interestingly, the armamentarium of CYLD functions extends

beyond cellular transformation and includes immune modulation.
For example, impaired CYLD expression is associated with im-
mune diseases like inflammatory bowel disease (13). However,
a number of recent studies in different mice bearing obligatory
null alleles demonstrated putative, essential, yet contrasting roles
for CYLD in the regulation of adaptive and innate immune
responses (14–18). A first report aimed to eliminate CYLD
functions in the mouse through the germ-line removal of the ATG-
containing exon 2 from the murine Cyld locus (15). Mutant mice
were viable but showed reduced numbers of mature CD4+ and
CD8+ single positive (SP) T cells in their thymic and peripheral
compartments. The study did not reveal the stage of T cell mat-
uration that failed in the context of the mutation. Instead, the
authors proposed that defects in the TCR-induced interaction of
the lymphocyte-specific protein tyrosine kinase (Lck) adaptor ki-
nase with the ZAP70 kinase obscured the processes of T cell
selection in immature Cyld-deficient CD4+CD8+ double positive
(DP) thymocytes. Paradoxically, peripheral Cyld-deficient T cells
did not share the same defect in TCR signaling, but instead were
hyperresponsive to TCR stimulation (14). Subsequent studies
revealed that these mutant mice exhibited additional abnormalities
in B cell development, peripheral B cell subset composition and
a puzzling B cell hyperactivity (17). Thus, and although indicative
for the involvement of CYLD in the modulation of lymphocyte
development, these studies raised a number of puzzling issues and
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could not definitively conclude on the roles of CYLD in governing
these processes. The involvement of CYLD in lymphocyte devel-
opment was questioned further by another line of mouse mutants
in which the expression of CYLD was disrupted by the germ-line
removal of exons 2 and 3 of the Cyld gene (16). Surprisingly, these
mice did not appear to have any defects in the development of
mature lymphocytes, although these cells showed enhanced acti-
vation of NF-kB and JNK in response to stimulators of innate
and adaptive immunity. The apparent discrepancy between the dif-
ferent mutants cannot be resolved easily because of the difference
in targeting strategies, but they indicate a potential multicellular
effect of CYLD in lymphocyte development in addition to potential
redundancies in CYLD functions that cannot be resolved in a Cyld-
deficient setting.
To circumvent these problems and to address the specific role of

CYLD in T cell ontogeny, we generated conditionally targeted
mice possessing a T cell-restricted mutation in the Cyld locus
engineered to encode a functionally impaired C-terminal truncated
CYLD protein. Through this mutation, we establish a cell-intrinsic
role of Cyld in T cell development and demonstrate its involve-
ment in thymocyte selection in a manner that depends on its
functional interaction with NEMO.

Materials and Methods
Mice

The generation of mice with loxP-targeted Cyld locus has been described
previously (19). The transgenic Lck-Cre (20) mice were provided by J.D.
Marth (University of California, San Diego, CA). The transgenic H-Y TCR
mice were provided by Dr. B. Malissen (Centre d’Immunologie de Mar-
seille Luminy, Marseille, France). The BL/6 Tg (TCRaTCRb)425 Cbn/j
(OT2) mice were purchased from the Jackson Laboratory (Bar Harbor,
ME). All mice were maintained in mixed C57BL/6, 129Ola configuration.
The mice were bred and maintained in the animal facilities of the Bio-
medical Sciences Research Centre Alexander Fleming under specific-
pathogen free conditions. Experiments on live animals were approved by
the Hellenic Ministry of Rural Development (Directorate of Veterinary
Services) and by Biomedical Sciences Research Center Alexander Flem-
ing’s Animal Research and Ethics Committee for compliance to Federa-
tion of Laboratory Animal Science Associations regulations. Screening of
tail DNA for inheritance of the floxed Cyld gene was performed by PCR
using the following primers: F6: 59-CGTGAACAGATGTGAAGGC-39;
R6: 59-CTACCATCCCTGCTAACCAC-39; F5: 59-GCAGGCTGTACAG-
ATGGAAC-39; R1: 59-CTGCAAATTTCAGGTTGCTGTTG-39. Inheritance
of the LckCre transgene was determined by PCR using the following primers:
forward, 59-ATTACCGGTCGATGCAACGAGT-39; and reverse, 59-CAGG-
TATCTCTGACCAGAGTCA-39. Inheritance of the H-Y TCR transgene was
determined by PCR using the following primers: Vb8.2HY: 59-GGC-
TGCAGTCACCCAAAGCCCAAG-39 and 59-CAGTCAGTCTGGTTCCT-
GAGCC-39. Inheritance of the OT2 TCR transgene was determined by PCR
using the following primers:

oIMR1825: 59-GCT GCT GCA CAG ACC TAC T-39 and
oIMR1826: 59-CAG CTC ACC TAA CAC GAG GA-39.

DNA analysis for Nemo was performed using the following three pri-
mers in one reaction, as described elsewhere (21):

27: 59-GCC TTG GTG CTC CCT AAC TCT-39,
40: 59-TCA CAT CAC ATC GTT ATC CTT-39, and
61: 59-ATG AAC AAG CAC CCC TGG AAG-39.

Abs

Abs against the following molecules coupled to the indicated fluorochromes
were purchased from BD Pharmingen (San Diego, CA): CD4-FITC, CD4-
PE, CD8-PE, CD3–biotin, B220-Cychrome, TCR-Cychrome, CD11b-PE,
Gr1-biotin, CD25-biotin, CD44-FITC, CD62L-biotin, CD69 PECy7, and
TCRVb 5.1-PE. The following purified Abs were purchased from BD
Pharmingen: anti-NEMO (C73-764), anti-CD53 (OX-79), and anti-CD4
(GK1.5). Biotin-conjugated anti-CD24, allophycocyanin–Cy7-conjugated
anti-CD8, anti-CD3ε, and anti-CD28 were purchased from Biolegend (San
Diego, CA). A700-conjugated anti-CD4, PercP-conjugated anti-CD8,

FITC-conjugated anti–H-Y TCR (clone T3.70), FITC-conjugated anti-
TCRVa2 were purchased from eBioscience (San Diego, CA). Determina-
tion of cell survival in fresh or cultured thymocytes was conducted by
staining with annexin V (BD Biosciences, San Jose, CA) and propidium
iodide ([PI] Sigma-Aldrich, St. Louis, MO) after surface staining for CD4
and CD8 (when evaluating survival of total thymocytes) or after CD53-
dependent isolation of DP thymocytes. The anti-CYLD Ab that was used
in Fig. 1 was a gift from Dr. Shao Cong Sun (MDAnderson Cancer Center,
Houston, TX), and it has been described elsewhere (22). The anti-CYLD
Ab (E-4) that was used in Supplemental Fig. 6 was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). The anti-Lck (3A5), anti–ZAP-70
(1E7.2), anti-p65 (A), anti–p-JNK (G-7), anti-JNK2 (D-2), anti-linker for
activation of T cells (LAT; M-19), and anti-tubulin (B-7) Abs were
obtained from Santa Cruz Biotechnology. Abs to Src phosphorylated at
tyrosine 416 (which recognizes Lck phosphorylated at tyrosine 394),
Zap70 phosphorylated at tyrosine 319, and LAT phosphorylated at tyrosine
191 were obtained from Cell Signaling Technology (Beverly, MA). The
anti-actin mouse mAb was purchased from MP Biomedicals (Solon, OH)
and the anti-FLAG (M5) mouse mAb was purchased from Sigma-Aldrich.

Flow cytometric analysis

Single-cell suspensions were obtained from the thymus, spleen, and lymph
nodes by dissociation of isolated tissues through a 60-mm mesh. Red blood
cells were excluded by Gey’s lysis solution, and debris was removed by
a cell strainer. Cells were processed for the detection of a panel of cell
markers by incubation in PBS, 0.1% NaN2, and 2% FBS for 20 min on ice
by titrated concentrations of reagents. Cell-associated fluorescence was
analyzed by a FACSCantoII flow cytometer and the DIVA V6 software
(BD Biosciences). Flow cytometry figures were prepared using the FlowJo
software (Tree Star, Ashland, OR). Differences in lymphocyte populations
were evaluated with the unpaired t test using the Sigmaplot 9 statistical
software.

DP thymocyte purification

Total thymocytes were incubated with anti–CD53-biotin (BD Pharmingen)
and then with anti-rat IgG-biotin (Jackson ImmunoResearch Laboratories,
West Grove, PA). CD53+ cells were subsequently removed using anti-
biotin microbeads (MACS; Miltenyi Biotec, Auburn, CA). DP thymocytes
were incubated on ice before stimulation to evaluate TCR signaling.

Immunoblotting and immunoprecipitation assays

Immunoblotting and immunoprecipitation assays were performed as pre-
viously described (2).

EMSA

Nuclear extracts were prepared and EMSA was performed as previously
described (19). The sequences of the oligonucleotides that were used for
the determination of Oct-1 binding were the following:

Oct-1 F: 59-TGT CGA ATG CAA ATC ACT AG-39 and
Oct-1 R: 59-TTC TAG TGA TTT GCA TTC G-39.

The sequences of the oligonucleotides that were used for the de-
termination of NF-kB binding contained two tandem repeated NF-kB
binding sites (underlined), and they were as follows:

NF-kBf: 59-ATC AGG GAC TTT CCG CTG GGG ACT TT-39 and
NF-kBr: 59-CGG AAA GTC CCC AGC GGA AAG TCC CT-39.

For supershift analysis, nuclear extracts were preincubated with anti-p65
Abs.

T cell stimulation assays

To evaluate TCR signaling, 5 3 106 to 10 3 106 T cells resuspended in
serum-free Iscove’s medium were incubated for 15 min on ice with anti-
mouse CD3ε mAb (1 mg/ml, 145-2c11; Biolegend) and anti-CD4 (1 mg/
ml, L3T4; BD Pharmingen), followed by crosslinking with goat anti-
hamster IgG (6060-01; SouthernBiotech, Birmingham, AL) for the indi-
cated times at 37˚C with gentle shaking. Stimulated T cells were imme-
diately lysed in RIPA buffer containing protease and phosphatase
inhibitors. DP thymocyte survival was calculated as the percentage of alive
cells (negative for staining with annexin V and PI) after overnight incuba-
tion with 20 mg/ml of immobilized anti-mouse CD28 (37.51) and the in-
dicated concentrations of anti-mouse CD3 (145-2c11; Biolegend).

The Journal of Immunology 2033
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RT-PCR

Total RNA was isolated from total thymocytes or DP cells with Trizol
(Invitrogen, Carlsbad, CA) and oligo-dT primed cDNAwas prepared using
Improm Reverse Transcriptase (Promega, Madison, WI) according to the
manufacturer’s instructions.

Results
Mutation of Cyld prohibits the generation of mature
thymocytes

To examine the functional role of Cyld in specific tissues, we
devised a conditional strategy to render murine CYLD catalyti-
cally inactive in tissues of interest. Furthermore, this approach was
adopted specifically to elucidate the biologic role of the catalytic
domain of CYLD. Previous approaches analyzed the phenotype of
Cyld null mice, which reflects the combined lack of biologic
functions that depend on the multiple functional domains of
CYLD. Using gene targeting, we previously flanked the ninth
exon of the murine Cyld gene with loxP sequences (Cyldflx9 allele;
Fig. 1A) to permit its excision by the Cre recombinase (CyldD9;
Fig. 1A) (19). Exon 9 encodes an essential part of the deubiqui-
tinating domain of CYLD; therefore, its removal should inhibit its
catalytic activity. Furthermore, the removal of exon 9 should also
induce a frameshift mutation because of the aberrant splicing of
exons 8 to 10, thus mimicking the naturally occurring carboxyl
terminal mutations of Cyld in patients with familial cylindro-
matosis. Previously, we used Cyldflx9/flx9 to introduce the CyldD9

mutation in the mouse germline (19).
To generate mice with a thymocyte-specific CyldD9 mutation,

Cyldflx9/flx9 mice were crossed to LckCre-transgenic mice (20). The
Lck promoter restricts the expression of Cre in the early stage of
immature double negative (DN) thymocytes. In accordance with
the thymocyte-specific expression pattern of the Cre recombinase
in LckCre-Cyldflx9/flx9 mice, the excision of Cyld exon 9 was
readily evident in thymocytes (Fig. 1B), but not in other non-
lymphoid tissues from these mice (Fig. 1C). In addition, RT-
PCR analysis verified the presence of Cyld mRNA encoding exons
1–13, but were devoid of the sequence encoding exon 9 (Fig. 1D
and data not shown). Interestingly, the mutant mRNA was pri-
marily present in LckCre-Cyldflx9/flx9, whereas it was clearly
underrepresented in heterozygous LckCre-Cyldflx9/+, suggesting
a predominance of wild type CYLD expression in the latter
setting (Fig. 1D). Finally, immunoblotting with an anti-CYLD
Ab indicated a nearly complete absence of full-length CYLD pro-
tein in LckCre-Cyldflx9/flx9 thymic or peripheral T cell extracts,
respectively (Fig. 1E, 1F). A carboxyl terminally truncated form
of CYLD could not be detected in LckCre-Cyldflx9/flx9 thymocytes,
most likely because the highest level of CYLD expression is ob-
served in SP thymocytes (15), which are practically eliminated in
LckCre-Cyldflx9/flx9 mice (see below).
Both thymic and peripheral T cells isolated from Cyldflx9/+ and

LckCre mice maintained a physiologic representation of T cell
subtypes, as assessed by their enumeration after the evaluation of
surface expression of CD4, CD8, CD25, CD44, CD62L, CD69,
CD5, and TCR (Supplemental Fig. 1 and data not shown). Simi-
larly, the LckCre-Cyldflx9/+ and LckCre mice showed similar rep-
resentation of T cell subtypes based on the expression of the afore-
mentioned markers (Supplemental Fig. 1B and data not shown).
Thus, we present LckCre-Cyldflx9/+ mice (termed T-Cyld+ in all
the figures) as the control animals for mutant LckCre-Cyldflx9/flx9

mice (termed T-CyldD9 in all the figures).
The introduction of CyldD9 in mouse thymocytes in LckCre-

Cyldflx9/flx9 did not affect significantly the representation of DN
and DP thymocytes; strikingly however, both CD4+ and CD8+ SP
compartments were reduced to almost nominal values (Fig. 2A,

2B, 2E, 2F). Furthermore, the reduction in CD4- or CD8-
expressing thymocytes reflected the loss of mature single positive
subsets, as confirmed by the enumeration of CD24lo cells express-
ing high levels of surface TCRb (Fig. 2C, 2D). However, the
TCRbloCD8+CD52CD24hi thymocytes that constitute immature
single positive cells were present, and generally the levels of
CD8+TCRblo thymocytes in CyldD9 and control mice were com-
parable, whereas CD8+TCRbhi thymocytes that represent mature
CD8 SP were significantly underrepresented in CyldD9 mice (Fig
2G, 2H). Similarly, the reduction of CyldD9 SP thymocyte popu-
lations was also reflected in the dramatic reduction of CD4+ and
CD8+ T cells in the periphery of LckCre-Cyldflx9/flx9, as assessed
by their enumeration in mesenteric lymph nodes and the spleen

FIGURE 1. Generation and characterization of LckCre-Cyldflx9/flx9 mice.

A, Gene-targeting strategy. Schematic representation of exons 7–13 (E7–

E13) of the murine Cyld locus (Cyld+). The structures of the floxed Cyld

locus in the absence (Cyldflx9) and presence (CyldD9) of the Cre recombi-

nase are shown. The loxP sites are shown as solid triangles, and the neo-

mycin resistance gene is shown as a gray rectangle. The positions of

primers F5, F6, R1, and R6 are shown by arrows. B, PCR of genomic

DNA from thymocytes of Cyldflx9/flx9 (Cyldflx9) and LckCre-Cyldflx9/flx9 (T-

CyldD9) mice with the indicated primer pairs for the Cyld locus or primers

for the Gapdh locus. The positions of the specific PCR products are

indicated. More than four animals per genotype were analyzed. At least

three independent experiments were performed. C, PCR of genomic DNA

from perfused thymus, lung, liver, heart, and kidney of LckCre-Cyldflx9/flx9

mice with the indicated primer pairs for the Cyld locus or primers for the

Gapdh locus. The positions of the specific PCR products corresponding to

the recombined CyldD9 locus or the Gapdh locus are indicated. Organs

isolated from two animals were used. Two independent experiments were

performed. D, RT-PCR of RNA from thymocytes of wild type (Cyld+),

LckCre-Cyldflx9/+ (T-Cyld+) and LckCre-Cyldflx9/flx9 (T-CyldD9) mice with

the primers F5 and R1 for the Cyld mRNA or primers for the Gapdh

mRNA. The position of the specific PCR products corresponding to full-

length Cyld (T-Cyld+) and CyldD9 (T-CyldD9) are indicated. At least three

mice per genotype were used. Data are representative of three independent

experiments. E, Immunoblot of thymocyte lysates from LckCre (T-Cyld+)

and LckCre-Cyldflx9/flx9 (T-Cyld D9) mice. The positions of full length

CYLD and actin are shown. At least three animals per genotype were used.

Data are representative of three independent experiments. F, Immunoblot

of splenic T cells from LckCre (T-Cyld+) and LckCre-Cyldflx9/flx9 (T-CyldD9)

mice. The positions of full-length CYLD and tubulin are shown. Two ani-

mals per genotype were used. Data are representative of two independent

experiments.
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(Supplemental Fig. 2A, 2B). Most of the remnant peripheral
T cells in LckCre-Cyldflx9/flx9 possessed CD44hiCD62Llo effector-
memory–like phenotype (Supplemental Fig. 2C) and a relatively
high percentage of them were also CD69+ (Supplemental Fig. 2D),
suggesting that they are undergoing lymphopenia-induced expan-
sion as described in other lymphopenic states (23, 24).
In contrast, we did not detect any significant difference in the

representation of splenic B cells (B220+) and myeloid cells
(CD11b+, Ly6G/Gr1+) between controls and LckCre-Cyldflx9/flx9

mice (data not shown). Collectively, our data demonstrate that
the CyldD9 mutation impairs the generation of SP thymocytes in
the mouse.

CyldD9 thymocytes exhibit late stage selection abnormalities

The demise ofCyldD9 SP thymocytes could be due to defects in their
maturation from the corresponding DP pool as a consequence of

a block in positive selection. During this process, the phenotype of
DP cells changes to reflect a state of activation prior to the acqui-
sition of a single CD4+ or CD8+ coreceptor phenotype. These
changes include the increase in surface TCR expression from in-
termediate (TCRbint) to high (TCRbhi) levels, the transient ex-
pression of the early activation marker CD69 (25), and the increase
in the expression of the TCR-associatedmolecule CD5 (26) marking
the initiation of selection. In wild type mice, TCR2/loCD692 cells
consist of preselection DP thymocytes, TCRintCD69lo/hi are cells
initiating and undergoing positive selection, whereas TCRhi

CD69hi and TCRhiCD69lo/2 represent mainly postselection thymo-
cytes (27). As shown in Fig. 3, CyldD9 DP thymocytes were capable
of initiating positive selection, because TCRbintCD69lo/hi DP thy-
mocytes were more abundant in LckCre-Cyldflx9/flx9 mice than in
control mice (Fig. 3B). However, an apparent block at the double
dull (DD) developmental stage ofCyldD9DP thymocytes was noted,

FIGURE 2. Abnormal thymocyte development in LckCre-Cyldflx9/flx9 mice. A, Representative subset distribution of thymocytes derived from control

(LckCre-Cyldflx9/+ [T-Cyld+]) and mutant (LckCre-Cyldflx9/flx9 [T-CyldD9]) mice by means of CD4 and CD8 expression. B, Enumeration of thymocyte

subsets as assessed in A. Data are depicted as mean absolute numbers (6 SEM) from n = 6 mice per group at 6–8 wk of age. ppp = 6.6 3 1026; ppp = 7 3
1025 indicate the statistically significant differences in CD4+ and CD8+ thymocytes between control (T-Cyld+) and mutant (T-CyldD9) mice, repectively. C,

Representative flow cytometric detection of total thymocytes from control (T-Cyld+) and mutant (T-CyldD9) mice by means of CD24 and TCRb expression.

D, Enumeration of CD24- and TCRb-defined thymic subsets as assessed in C. Data are depicted as mean absolute numbers (6 SEM) from n = 6 mice per

group at 6–8 wk of age. pp = 0.048; ppp = 0.00001 indicate the statistically significant differences in CD24hiTCRbhi and CD24loTCRbhi thymocytes

between control (T-Cyld+) and mutant (T-CyldD9) mice, respectively. E, Representative flow cytometric detection of DN thymocytes from control (T-Cyld+)

and mutant (T-CyldD9) mice by means of CD25and CD44 expression. Numbers indicate frequency of DN1 (CD44+CD252), DN2 (CD44+CD25+), DN3

(CD442CD25+), and DN4 (CD442CD252) subsets. F, Enumeration of DN1–DN4 subsets as assessed in E. Data are depicted as mean absolute numbers (6
SEM) from n = 6 mice per group at 6–8 wk of age. G, Normal immature single positive cell representation, but a dramatically reduced number of mature

CD8 SP in T-CyldD9 mice. Representative flow cytometric detection of CD8+TCRblo thymocytes from control (T-Cyld+) and mutant (T-CyldD9) mice by

means of CD5 and CD24 expression in gated CD8+TCRblo. H, Enumeration of CD8+TCRblo thymocytes and mature CD8+TCRbhi as assessed by means of

TCRb expression in CD8+ gated cells. Data are depicted as mean absolute numbers (6 SEM) from n = 5 mice per group at 6–8 wk of age. ppp , 0.001

indicates the statistically significant differences in CD8+TCRbhi between control (T-Cyld+) and mutant (T-CyldD9) mice. In all cases, data are representative

of more than two independent experiments.
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because CD4+CD8lo cells were dramatically reduced inCyldD9 mice
(Fig. 3C). Furthermore, immature TCRhiCD69hi SP thymocytes and
mature TCRhiCD69lo/2 SP thymocytes were dramatically reduced,
whereas remnant cells that express these markers exhibited a latent
DD identity and showed similar percentages of CD4 and CD8 SP
thymocytes instead of the typical 3:1 ratio of CD4 to CD8 SP
thymocytes (Fig. 3C). Similar conclusions were reached when
evaluating the upregulation of CD5 in combination with TCR.
More specifically, the following four different developmental
stages of thymocytes can be discerned based on the expression of
CD5 and TCR: TCRloCD5lo cells that consist of preselection DP
cells; TCRloCD5int cells that consist of DP undergoing positive
selection; TCRintCD5hi cells that are mainly DD as well as CD4+

CD8lo cells that are in the process of positive selection; and, finally,
TCRhiCD5hi cells that consist of postselection CD4 and CD8
thymocytes (27). As shown in Supplemental Fig. 3A, CyldD9 DP
cells initiated the process of positive selection as indicated by the
overrepresentation of TCRloCD5int cells compared with control
thymocytes. However, CyldD9 cells were blocked in the DD

developmental stage and failed to upregulate TCR, a hallmark of
the successful completion of positive selection and the generation of
mature naive SP cells ready to migrate to the periphery (Sup-
plemental Fig. 3A, 3B) (28). As expected, CD4+CD8lo cells were
severely reduced and SP cells were practically absent in mutant
mice (Supplemental Fig. 3A–C). Collectively, our data indicate that
CyldD9DP cells initiate the process of positive selection and proceed
until the DD stage where they are apparently blocked, resulting in
a nearly complete absence of CD4+CD8lo cells and CD5hiCD69lo/2

TCRhi mature SPs. This deviation of thymocytes from the normal
developmental process could be attributed either to their deletion or
to their inability to complete positive selection, potentially because
of impaired TCR signaling. However, the normal initiation of posi-
tive selection and the presence of cells undergoing positive selection
until theDD stage—that is, until the upregulation of TCR (Fig. 3 and
Supplemental Fig. 3)—suggests that there is nomajor defect in TCR
signaling in CyldD9 mice (27). Indeed, proximal TCR signaling in
response to CD3/CD4 costimulation was similar in CyldD9 and con-
trol DP thymocytes (Supplemental Fig. 4A). To explore further the

FIGURE 3. Cyld D9 DP thymocytes initiate positive selection but are blocked in the double dull developmental stage. A, Monitoring of thymocyte positive

selection based onCD69 upregulation. Representative flow cytometric detection of CD69 and TCRb expression in total thymocytes from control (T-Cyld+) and

mutant (T-CyldD9) mice (left panels). Defined subsets representing distinct developmental stages (TCRb2/loCD692, TCRintCD69lo/hi, TCRhiCD69hi, and

TCRhiCD69lo/2)were further analyzed forCD4andCD8expression (right panels indicated by arrows).B, Absolute numbers of thymocyte subsets in control (T-

Cyld+) and mutant (T-CyldD9) mice as assessed by CD69 and TCR expression in A. Data are depicted as mean absolute numbers (6 SEM) from n = 6 mice per

group at 5–7wkof age.ppp,0.001 indicates the statistically significant differences in the different developmental stages between control (T-Cyld+) andmutant

(T-CyldD9) mice. C, Enumeration of thymic subsets defined by CD4 and CD8 expression within the CD69/TCR defined developmental stages that showed

significant statistical difference in B. Data are depicted as mean absolute numbers (6 SEM) from n = 6 mice per group at 5–7 wk of age. The statistically

significant differences between control (T-Cyld+) and mutant (T-CyldD9) mice: ppp, 0.02 for DD cells; ppp, 0.001 for the other subsets.
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reason for the loss of CyldD9 DP thymocytes, we evaluated their
survival rate in ex vivo cultures. As assessed by annexin V and PI
staining,more than 70%of control LckCre-Cyldflx9/+DP thymocytes
survived after a 20-hr ex vivo culturing period. In sharp contrast,
less than 30% of LckCre-Cyldflx9/flx9DP thymocytes survived under
the same conditions (Fig. 4A, 4B). More precisely, both the early
and late apoptotic CyldD9 DP were 2-fold higher when compared
with control DP thymocytes, whereas necrotic DP cells could be
detected in similar percentages (Fig. 4A). Intriguingly, the expres-
sion of the prosurvival factor B cell lymphoma X L/S (BCLXL/S),
which is a critical player in the survival of DP thymocytes (29, 30),
was significantly reduced in CyldD9 compared with control DP thy-
mocytes, providing a molecular basis for the impaired survival of
CyldD9 DP thymocytes (Fig. 4C, 4D).

Transgenic TCRs that favor positive selection failed to rescue
the development of CyldD9 DP thymocytes and revealed their
increased propensity for deletion

The complex process of thymocyte selection is difficult to unravel
in mice with a polyclonal T cell repertoire. To circumvent this
obstacle, we examined the selection of MHC class I restricted

thymocytes expressing the transgenic HY TCR. This transgenic
TCR reacts with an Ag derived from the male-specific Smcy pro-
tein in the context of H-2Db MHC class I. Hence, thymocytes
expressing HY-specific TCR are negatively selected in male H-
2Db and undergo massive deletion. This phenomenon leads to
a dramatic decrease in total cellularity, which is accompanied
by severe underrepresentation of DP and CD8 SP T cells.
However, HY-specific TCR promotes positive selection of the
CD8 lineage in female mice (31).
In transgenic (tg)HY+LckCre-Cyldflx9/flx9 female mice, total

thymic cellularity was severely reduced (Fig. 5A). DP thymocytes
behaved similarly (data not shown). Both total thymocytes and DP
thymocytes isolated from tgHY+LckCre-Cyldflx9/flx9 mice showed
an even greater tendency to become apoptotic in culture relative
to control HY-TCR-expressing thymocytes (Fig. 5B and data not
shown, respectively). Thus, after 20 h of in vitro culture, the rem-
nant CyldD9 thymocytes were reduced to almost nominal values
(Fig. 5B, 5C).
Flow cytometric analysis revealed uniform expression of the

transgenic HY TCR in tgHY+LckCre-Cyldflx9/flx9 thymocytes (Fig.
5D). Moreover, the number of DP and CD8 SP thymocytes bearing
the HY TCR was reduced in tgHY+LckCre-Cyldflx9/flx9mice (Fig. 5,
E and F). However, CyldD9 CD8 SP thymocytes were mature as
assessed by flow cytometric analysis of the markers CD69, CD5
and CD24 (Fig. 5G). More precisely, CD5 expression was
increased both in DP and CD8 SP HY-expressing thymocytes,
whereas both CD69 and CD24 were markedly downregulated in
CD8 SP HY-expressing thymocytes. Thus, the maturation of the
produced CyldD9 CD8 SP thymocytes readily takes place in this
context. This finding suggests that HY TCR recognizes the Ag
and that the process of positive selection is initiated. However,
a large number of thymocytes that would normally be positively
selected under these conditions are eliminated in the absence of
functional CYLD. Collectively, our data indicate that the CyldD9

mutation leads to a change in the threshold of activation, which
apparently diverts CD8 SP thymocytes from a destiny of positive
selection to enhanced deletion.
Negative selection in HY male mice is characterized by severely

reduced thymocyte numbers as well as nearly complete absence of
DP and SP thymocytes. This profile probably reflects negative se-
lection that occurs early in the DP stage. In HY tgLckCre Cyldflx9/flx9

male mice, negative selection owing to high-affinity TCR ligand
engagement takes place to the same extent as in control male mice,
because the number of DP and CD8 cells were comparable (Fig.
5H). This finding is in accordance with the similar effect of TCR
engagement on the survival of control and LckCre Cyldflx9/flx9 DP
thymocytes in vitro, although the interpretation of this result is
compromised by the much greater tendency of LckCre Cyldflx9/flx9

DP thymocytes to undergo apoptosis (Supplemental Fig. 5).
To further evaluate the implication of CYLD in positive selection

of CD4 lineage, we crossed LckCre-Cyldflx9/flx9 mice with the
OT-2 TCR transgenic mice that express a TCR composed of V
a2/V b5 chains, recognizing the OVA peptide 323–339 in the con-
text of MHC class II I-Ab (32). The analysis indicated a severe
reduction in total thymic cellularity of tgOT2+ LckCre-Cyldflx9/flx9

mice compared with control mice (Fig. 6A) that was accompanied
by a decrease in the ex vivo survival of thymocytes (Fig. 6B).
Moreover, there was an apparent reduction in TCR expression
(Fig. 6C) that, combined with the absence of CD4 T cells in the
Va2/Vb5 TCR high thymocytes, reveals that positive selection is
completely abolished in the absence of functional CYLD protein
(Fig. 6D, 6E). Furthermore, tgOT2+ LckCre-Cyldflx9/flx9 mice had
a tendency to lose CD4+CD8lo thymocytes, which represent an
intermediate population that has initiated selection in response to

FIGURE 4. Reduced exvivo survival ofCyldD9DP thymocytes.A, CD53-

depleted DP thymocytes from LckCre-Cyldflx9/+ (T-Cyld+) and LckCre-

Cyldflx9/flx9 (T-CyldD9) mice were stained for annexin/PI and assessed by

flow cytometry following their isolation and 16 h of culture. The

percentages of live cells (annexin–PI–), early apoptotic (annexin+PI–), late

apoptotic (annexin+PI+), and necrotic (annexin–PI+) after 16 h of culture are

indicated. One representative experiment of two is depicted. At least three

mice per genotype were evaluated. B, Enumeration of live DP thymocytes

from control (T-Cyld+) and mutant (T-CyldD9) mice after 16 h in culture as

assessed in A. Survival of DP cells in vitro was estimated as the frequency of

live cells (annexin2PI2) after 16 h in culture relative to the input population

and represented as mean absolute numbers (6 SEM) from three control (T-

Cyld+) and four mutant (T-CyldD9) mice per group at 5–6 wk of age. ppp,
0.001 indicates the statistically significant difference between the survival of

control (T-Cyld+) and mutant (T-CyldD9) mice.C, Reduced expression of the

anti-apoptotic BCLXL/S in CyldD9 DP thymocytes. RT-PCR analysis using

RNA isolated from CD53 depleted control (T-Cyld+) and mutant (T-CyldD9)

DP, revealed reduced expression of BCLXL/S in CyldD9 DP thymocytes. At

least four mice per genotype were evaluated. D, Quantitation of BCLXL/S

expression inLckCre-Cyldflx9/flx9 (T-CyldD9) andLckCre-Cyldflx9/+ (T-Cyld+)

mice. Densitometric analysis was performed, and the ratio of the BCLX L/S

to GAPDH (expression index) was calculated. The expression index of

BCLX L/S from purified DP thymocytes of control mice was divided by the

expression index from mutant DP thymocytes, to derive the corresponding

folds of upregulation of BCLXL/S expression.
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TCR signaling and are midway in the transition from DP to SP cells
(Fig. 6D, 6E) (27). However, CyldD9 DP thymocytes with Va2/Vb5
TCR high expression upregulated CD5 and CD69 similarly to
control DP thymocytes, whereas they downregulated CD24 more
prominently than control DP thymocytes, a sign of premature
maturation (Fig. 6F) (33). Moreover, flow cytometric analysis of
the spleen (Fig. 6G, 6H) and mesenteric lymph nodes (data not
shown) of TCR Vb5 and CD4 expression revealed a nearly
complete absence of peripheral T cells. These data establish
CYLD as a key player in the positive selection of the CD4 lineage,
most likely by maintaining a proper threshold of activation and thus
safeguarding the outcome of positive selection.

Aberrant activation of NF-kB and JNK in CyldD9 thymocytes

It has been shown previously that CYLD is a negative regulator of
NF-kB and JNK. This finding prompted an investigation of the
activity of the two pathways in CyldD9 thymocytes. Importantly,
basal levels of NF-kB DNA-binding activity were dramatically

increased in CyldD9 thymocytes compared with control thymo-
cytes (Fig. 7A, upper panel, compare lanes 3 and 4). The activity
of NF-kB was mainly due to the binding of p65 and p50 subunits
(Fig. 7A, upper panel, lane 6 and data not shown). Similar re-
sults were obtained with nuclear extracts from DP thymocytes
(Supplemental Fig. 4B, compare lanes 3 and 4). In addition, the
activity of JNK was also elevated in CyldD9 thymocytes compared
with control thymocytes (Fig. 7B, compare lanes 2 and 3 and Fig.
7C). These findings implicate the deregulated activation of NF-kB
and JNK in defective CyldD9 thymocyte selection.

Inactivation of NEMO rescues the developmental defects of
CyldD9 thymocytes

CYLD has been shown to interact with NEMO, which plays a fun-
damental role in the activation of NF-kB as an integral component
of the I-kB kinase (IKK) complex (2, 3). More recently, NEMO
has been implicated in the activation of JNK (34, 35). To de-
termine whether NEMO is involved in the defective selection of

FIGURE 5. Impaired positive selection in LckCreCyldflx9/flx9 MHC class I restricted transgenic mice. A, Total thymocyte number in female control

(tgHY+ LckCre-Cyldflx9/+ [HY+ T-Cyld+]) and mutant (tgHY+ LckCre-Cyldflx9/flx9 [HY+ T-CyldD9]) mice. Data are depicted as mean absolute numbers

(6 SEM) from n = 7–9 mice per group. ppp = 0.001 indicates the statistically significant difference in the total number of thymocytes between control (HY+

T-Cyld+) and mutant (HY+ T-CyldD9) mice. B, Histograms depicting annexin V staining in PI2 fresh (0 h) or cultured (for 20 h) thymocytes from control

(HY+ T-Cyld+) and mutant (HY+ T-CyldD9) mice . C, In vitro survival of fresh and cultured thymocytes isolated from two control (HY+ T-Cyld+) and three

mutant (HY+ T-CyldD9) mice. Average values 6 SE are shown. ppp , 0.00024 indicates statistically significant differences. D, Representative histogram

depicting the difference in the expression of the HY-TCR (T3.70) between total thymocytes from control ([HY+ T-Cyld+], open histogram) and mutant

([HY+ T-CyldD9], shaded histogram) mice. E, Representative subset distribution of gated HY-TCR–expressing thymocytes by means of CD4 and CD8

expression in control (HY+ T-Cyld+) and mutant (HY+ T-CyldD9) mice. F, Enumeration of HY-TCR–expressing DP and CD8+ thymocytes in control (HY+

T-Cyld+) and mutant (HY+ T-CyldD9) mice. Data are depicted as mean absolute numbers (6 SEM) from n = 7–9 mice per group. ppp = 0.0005; ppp =

0.0006 indicate the statistically significant differences in DP and CD8 thymocytes between control and mutant mice, respectively. G, Representative

histograms that depict the expression of CD69, CD5, and CD24 in both DP and CD8 SP that express HY-TCR in control ([HY+ T-Cyld+], open histogram)

and mutant ([HY+ T-CyldD9], shaded histogram) mice. If not otherwise stated, data are representative of at least three independent experiments. H, Analysis

of CD4 and CD8 thymic subsets in male control (HY+ T-Cyld+) and mutant (HY+ T-CyldD9) mice by flow cytometry. Thymocytes expressing high levels of

T3.70-reactive TCR were evaluated for CD4 and CD8 expression. Data from one representative experiment of three are depicted. Three 6-wk-old mice per

genotype were evaluated.
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thymocytes in LckCre-Cyldflx9/flx9 mice, these mice were crossed
with mice (Nemoflx) carrying a conditionally-targeted Nemo allele.
More specifically, Nemoflx mice bear a premature stop codon that
can be conditionally introduced in a Cre-dependent manner and
have been used already to evaluate the function of NEMO in T cell
development (21). The double mutant mice (LckCre-Cyldflx9/flx9-
Nemoflx) were viable and fertile and showed no obvious
abnormalities. The loxP-targeted Nemo and Cyld alleles were effi-
ciently recombined in the thymocytes of LckCre-Cyldflx9/flx9-Nemoflx

mice, as determined by competitive genomic PCR (Supplemental
Fig. 6A, 6B). It should be noted that the recombination efficiency
of the Cyldflx9 allele in LckCre-Cyldflx9/flx9-Nemoflx mice was com-
parable to its recombination in LckCre-Cyldflx9/flx9 mice (Sup-
plemental Fig. 6B). Furthermore, the efficient recombination of
the Cyldflx9 allele was confirmed by the absence of a full-length
Cyld transcript and the expression of a CyldD9 transcript in DP
thymocytes from mice (Supplemental Fig. 6C). Finally, full-
length CYLD protein was undetectable (Supplemental Fig. 6D),

and NEMO was significantly reduced, in accordance with previ-
ous reports (36), in thymocytes from LckCre-Cyldflx9/flx9-Nemoflx

double mutant mice as determined by immunoblotting (Supplemen-
tal Fig. 6E). Concomitant inactivation of NEMO in thymocytes with
mutated Cyld fully restored the basal activity of NF-kB to phys-
iologic levels (Fig. 7A, compare lanes 2, 3, and 4) and attenuated
JNK activation, which remained above physiologic levels (Fig. 7B,
compare lanes 1, 2, 3, and Fig. 7C). Most importantly, both CD4
and CD8 SP populations in mice with mutated Cyld and Nemowere
restored to levels that were comparable to those seen in control
mice (Fig. 8A, 8B). Nevertheless, the absolute number of CD8 SP
in the double mutants was lower than the corresponding population
of control mice, a finding that can be attributed to Nemo deficiency
as previously described (Fig. 8B) (36). Furthermore, and in accor-
dance with the previously described phenotype of mice with T cell-
specific Nemo deficiency, CD8 SP thymocytes from double mutant
mice showed an immature phenotype, as reflected by their inability
to downregulate CD24 (data not shown), whereas in the periphery

FIGURE 6. Positive selection of MHC class II-restricted TCR transgenic mice was practically abolished in CyldD9 T cells. A, Total thymocyte number in

female control (tgOT2 LckCre-Cyldflx9/+ [OT2 T-Cyld+]) and mutant (tgOT2 LckCre-Cyldflx9/flx9 [OT2 T-CyldD9]) mice. Data are depicted as mean absolute

numbers (6 SEM) from n = 5 mice per group. ppp = 0.001 indicates the statistically significant difference in the total number of thymocytes between

control and mutant mice. B, In vitro survival of fresh and cultured thymocytes isolated from seven control (OT2 T-Cyld+) and five mutant (OT2 T-CyldD9)

mice. Average values 6 SE are shown. ppp , 0.008 indicates statistically significant differences. C, Impaired positive selection in OT2 T-CyldD9 mice as

assessed by their inability to upregulate TCRVb. Representative histograms are shown for the surface expression of TCRVa and TCRVb. The open

histogram represents control mice, whereas the shaded histogram represents mutant mice. At least seven mice per genotype were evaluated. Data are

representative of three separate experiments. D, Representative subset distribution of gated TCRVb2/Va5-expressing thymocytes by means of CD4 and

CD8 expression in control (OT2 T-Cyld+) and mutant (OT2 T-CyldD9) mice. E, Absolute numbers of DP, CD4+CD8lo, and CD4 SP in TCRVa2/Vb5 gated

thymocytes from control (OT2 T-Cyld+) and mutant (OT2 T-CyldD9) mice. Data are depicted as mean absolute numbers (6 SEM) from n = 5 mice per

group. At least two independent experiments were performed. pp = 0.031; ppp = 0.003; ppp = 0.001 indicate the statistically significant differences in DP,

CD4+CD8lo, and CD4 thymocytes between control and mutant mice, respectively. F, Representative histograms that depict the expression of CD69, CD5,

and CD24 in gated TCRVa2/Vb5-expressing DP in control (OT2 T-Cyld+, open histogram) and mutant (OT2 T-CyldD9, shaded histogram) mice. G,

Representative histograms that depict the surface expression of TCR Vb2 in splenocytes isolated from control (OT2 T-Cyld+, open histogram) and mutant

(OT2 T-CyldD9, shaded histogram) mice. At least five mice per genotype were evaluated. H, Surface expression of CD4 and CD8 in splenocytes from control

(OT2 T-Cyld+) and mutant (OT2 T-CyldD9) mice. n = 5 mice per genotype. In all cases, data are representative of at least two independent experiments.
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both CD4+ and CD8+ T cells were dramatically reduced (Supple-
mental Fig. 6G, 6H), because proper NF-kB activity is required for
the survival of mature T cells (36).
Further analysis showed that double mutants and control mice

had comparable numbers of mature SP thymocytes (TCRbhiCD24lo)
(Fig. 8C, 8D), and the double mutant DP cells were able to com-
plete the process of positive selection, as assessed by the com-
bined expression of TCRb with CD69 (Fig. 8E, 8F) or CD5
(Supplemental Fig. 6F). A slight reduction in CD24 mean fluo-
rescence intensity was noted in the CD24hiTCRbint/lo subset of
double mutant DP thymocytes compared with the corresponding
population of control DP thymocytes, although the basis for this
minor difference is unclear. Finally, the survival of thymocytes in
double mutant mice was completely restored (data not shown).

Our results establish a functional interplay between CYLD and
NEMO in the orchestration of thymocyte selection by setting the
optimal threshold of activation.

Discussion
The implication of Cyld in the regulation of mammalian immune
responses and the controversy that surrounds the role of Cyld in

thymocyte development and activation prompted an investigation

of the specific function of Cyld in thymocytes. For this purpose,

a conditional gene targeting approach permitted the inactivation

of CYLD’s activity from the early stages of thymocyte de-

velopment onward in a manner that mimics the naturally oc-

curring mutations of Cyld in humans. The mating of mice with

floxed Cyld exon 9 to LckCre mice resulted in efficient and

specific elimination of Cyld exon 9 in thymocytes. Interestingly,

the thymocyte-specific excision of Cyld exon 9 resulted in a dra-

matic decrease of both CD4+ and CD8+ SP thymocyte popula-

tions. Our results are consistent with a previous study by Reiley

et al. (15) that analyzed mice with complete inactivation of Cyld

in all tissues that resulted in the reduction of SP thymocytes.

However, our approach analyzed the role of CYLD specifically

in thymocytes, and it demonstrated a thymocyte-intrinsic re-

quirement of functional CYLD for the positive selection of SP

thymocytes. Our attempt to further elucidate the function of

CYLD in the multifaceted procedure of DP selection uncovered

an unexpected feature. More precisely, the use of Cyld-deficient

TCR transgenic mice revealed increased death and dramatic re-

duction of thymic cellularity in an environment that otherwise

favors the process of positive selection, as manifested also by

the proper upregulation of positive selection markers. These data

are consistent with defective positive selection in Cyld-deficient

thymocytes.
Reiley et al. (15) associated the developmental defect of Cyld-

null thymocytes with impaired proximal TCR signaling, which

was traced to suboptimal activation of Zap70. In our mouse model

of Cyld-deficiency, we could not detect a significant impairment in

the early stages of TCR signaling, as assessed by the activation of

Lck, Zap70, and LAT (Supplemental Fig. 4A). This finding is

consistent with the ability of CyldD9 DP thymocytes to initiate

the process of positive selection. The difference between our study

and the study of Reiley et al. (15) in proximal TCR signaling

of Cyld-deficient thymocytes could be attributed to the different

gene-targeting strategy. Although our data cannot be used to ex-

clude a potential contribution of CYLD in TCR signaling, our

genetic analysis revealed a dominant regulatory effect of NEMO-

dependent signaling in optimal selection of Cyld-deficient thymo-

cytes. An obvious issue for consideration is the molecular nature of

the functional interaction between CYLD and NEMO. A physical

interaction between these two molecules has been established by

previous studies (2, 3). Alternatively, NEMO ubiquitination and/or

its ability to interact with polyubiquitin chains has been associated

with the activation of the NF-kB and JNK pathways, and it has

been shown that CYLD can mediate the deubiquitination of NEMO

(3, 34, 35, 37, 38). More recently, the interaction of NEMO with

free polyubiquitin chains has been shown to mediate the activation

of IKK in vitro, and CYLD could inhibit this process by disassem-

bling the unanchored polyubiquitin chains (39). These data pro-

vide a molecular framework of the functional relationship between

CYLD and NEMO, which is based on the ability of CYLD to inhibit

the activity of NEMO directly or indirectly in a deubiquitination-

dependent manner.
Thymocyte-specific inactivation of CYLD led to an aberrant ac-

tivation of NF-kB and JNK. A concomitant ablation of NEMO in

FIGURE 7. Elevated basal activity of NF-kB and JNK in CyldD9

thymocytes. A, EMSA of NF-kB and Oct-1 DNA binding activity in thymo-

cytes from LckCre-Cyld+/+ Nemoflx/flx (T-Cyld+ Nemo2), LckCre-Cyldflx9/flx9

Nemoflx/flx (T-CyldD9 Nemo2), LckCre-Cyldflx9/+ Nemo+ (T-Cyld+ Nemo+),

and LckCre-Cyldflx9/flx9 Nemo+ (T-CyldD9 Nemo+) mice in the absence or

presence of a 100-fold excess of unlabeled probe (1003 cold probe) or

anti-p65 Ab as indicated. The positions of Oct-1– and NF-kB–containing

complexes of the radiolabeled probe are shown. The position of the NF-

kB–containing complex that is supershifted by the anti-p65 Ab is shown by

an asterisk. One representative of three independent experiments is shown. At

least three mice per genotypewere evaluated. B, Immunobloting of phosphor-

ylated and total JNK in thymocytes from LckCre-Cyldflx9/flx9Nemoflx/flx

(T-CyldD9 Nemo2), LckCre-Cyldflx9/+ Nemo+ (T-Cyld+ Nemo+), and LckCre-

Cyldflx9/flx9 Nemo+ (T-CyldD9 Nemo+) mice (left panel). One representative

experiment of two is depicted. At least two mice per genotype were evalu-

ated. C, Quantitation of JNK1 and JNK2 activity in LckCre-Cyldflx9/flx9

Nemoflx/flx (T-CyldD9 Nemo2), LckCre-Cyldflx9/+ Nemo+ (T-Cyld+ Nemo+),

and LckCre-Cyldflx9/flx9 Nemo+ (T-CyldD9 Nemo+) mice. Densitometric

analysis was performed, and the ratio of the phosphorylated JNK1 to total

JNK1 (activity index) was calculated. The same procedure was followed

for JNK2. The activity indexes of JNK1 and JNK2 from thymocytes of

double-mutant and single-mutant mice were divided by the activity indexes

of JNK1 and JNK2 from control thymocytes, respectively, to derive the

corresponding folds of activation. Data are depicted as mean absolute

numbers (6 SEM) from n = 2 mice per group at 5–6 wk of age.
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Cyld-deficient thymocytes essentially rescued their developmental
defects and fully restored the activity of NF-kB to physiologic
levels, whereas it partially reduced the activity of JNK, which
remained above physiologic levels. Our findings indicate that ab-
errant activation of NF-kB and possibly JNK mediate a derailment

of Cyld-deficient thymocyte development from a physiological
process of positive selection to elimination, which could be at-
tributed, at least in part, to surpassing of appropriate thresholds of
activation. Our results are in agreement with the findings of Jimi
et al. (33), who demonstrated loss of SP thymocytes in a transgenic

FIGURE 8. Rescue of the main developmental defects of T-CyldD9 by genetic ablation of Nemo. A, Representative subset distribution of thymocytes

derived from control (LckCre-Cyldflx9/+ Nemo+ [T-Cyld+ Nemo+]) and double mutant (LckCre-Cyldflx9/flx9 Nemo2 [T-CyldD9 Nemo2]) mice by means of

CD4 and CD8 expression. B, Enumeration of thymocyte subsets as assessed in A. Data are depicted as mean absolute numbers (6 SEM) from n = 5 mice

per group at 5–6 wk of age. pp = 0.048, the statistically significant difference in CD8+ thymocytes between control (T-Cyld+ Nemo+) and double mutant

(T-CyldD9 Nemo2) mice. C, Representative flow cytometric detection by means of CD24 and TCRb expression from control (T-Cyld+ Nemo+) and double

mutant (T-CyldD9 Nemo2) mice. D, Enumeration of CD24- and TCRb-defined thymic subsets as assessed in C. Data are depicted as mean absolute numbers

(6 SEM) from n = 5 mice per group at 5–6 wk of age. E, Representative flow cytometric detection of CD69 and TCRb expression in total thymocytes from

control (T-Cyld+ Nemo+) and double mutant (T-CyldD9 Nemo2) mice (left panels). Defined subsets representing distinct developmental stages (TCRb2/lo

CD692, TCRintCD69lo/hi, TCRhiCD69hi, and TCRhiCD69lo/2) were further analyzed for CD4 and CD8 expression (right panels, indicated by arrows). F,

Enumeration of thymic subsets from control (T-Cyld+ Nemo+) and double mutant (T-CyldD9 Nemo2) mice as defined by the expression of TCR and CD69 in

E. Data are depicted as mean absolute numbers (6 SEM) from n = 5 mice per group at 5–6 wk of age. In all cases, data are representative of at least two

independent experiments.
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mouse model of NF-kB–hyperactivation that overexpresses con-
stitutively active IKK2. Similar to our study, Jimi et al. (33) provide
evidence that attributes the loss of SP thymocytes to conversion of
positive to negative selection because of aberrantly elevated NF-kB
activity. Nevertheless, our study, which did not rely on an artificial
upregulation of an integral NF-kB pathway component, identified
CYLD as a functionally important inhibitor of NF-kB in thymo-
cytes and an apparent master regulator of thresholds of thymocyte
activation that orchestrate their proper selection process. A proa-
poptotic role of NF-kB in DP thymocytes has been suggested
also by the increased resistance to CD3-mediated apoptosis by
DP thymocytes expressing a nondegradable form of IkBa (29).
The antiapoptotic behavior of NF-kB–deficient DP thymocytes
was attributed to increased BCLXL/S expression. Interestingly,
CyldD9 thymocytes exhibit decreased BCLXL/S expression (Fig.
4C, 4D), highlighting a plausible molecular mechanism for their
increased deletion. In addition, our results provide critical infor-
mation for the clarification of the emerging role of NF-kB in
SP thymocyte development. Jimi et al. (33) established NF-kB
activation as a key event in CD8 development, a finding that is in
accordance with the defective production of CD8 SPs in mice with
thymocyte-specific IKK2 deficiency (40). Moreover, they showed
that NF-kB activity increases in CD69+ DP thymocytes, which
represent the subpopulation of DP thymocytes that undergoes
positive selection, whereas CD692 DP thymocytes have practically
undetectable NF-kB activity. These observations support a regu-
latory role of NF-kB activity during selection-associated DP thy-
mocyte activation with optimal NF-kB activation being apparently
important for the initial transition of DP to CD8 SP thymocytes and
its downregulation having a critical role in the establishment of the
CD4 lineage (33). Intriguingly, expression of CYLD is higher in SP
thymocytes (15), suggesting a major role of CYLD in the ontogeny
of these subsets. The following scenario could be envisaged. Cyld D9

DPthymocyteshave anabnormallyhighbasal levelofNF-kBactivity,
which increases further asDP cells enter the process of Ag-dependent
positive selection. As DP thymocytes proceed toward the completion
of positive selection the lack of functional CYLD impairs the fine
tuning of NF-kB activity, and its levels remain extremely high. The
hyperactivation of NF-kB is detrimental for CD4+CD8lo cells where
NF-kBmust be downregulated and thismayalso explainwhyCD4SP
cells are apparentlymore affected thanCD8SP.Alternatively,Cyld D9

CD8 SP are also reduced, albeit to a lesser extent than CD4 SP,
because in the absence of functional CYLD NF-kB activity reaches
higher levels than the optimal ones for positive selection, possibly
leading to their deletion. Interestingly, the process of negative
selection by high-affinity self ligands in HY male mice did not differ
between Cyld D9 and control thymocytes. Apparently, the increased
activity of NF-kB inCyld-deficient thymocytes does not influence the
outcome of the abnormally high level of TCR signaling after the
engagement of HYAg in HY tg LckCre Cyldflx9/flx9 male mice. This
finding is in accordance with the results of Jimi et al. (33).
The differential requirement of NF-kB activity for the development

of CD8 and CD4 thymocytes may underlie a possible crosstalk
of NF-kB with lineage commitment factors. More specifically,
NF-kB could interfere with the activity of the transcription factor
Runx3, which governs the process of CD8 lineage commitment by
binding and activating the CD8 enhancer and also by suppressing
CD4 expression through the CD4 silencer in CD8 SPs (41, 42).
Furthermore, NF-kB may also regulate the activity of ThPOK,
which is required in MHC II selected thymocytes to prevent Runx-
dependent differentiation toward the CD8 lineage (43).
In addition to NF-kB, a potential role for JNK in setting

appropriate thresholds of thymocyte activation would be also con-
sistent with our findings. This notion is also supported by previous

work by Rincón et al. (44), who demonstrated that forced inhibi-
tion of JNK protects thymocytes from CD3-mediated deletion,
indicating that JNK activation is implicated in the process of
thymocyte deletion and negative selection.
Our results establish a thymocyte-intrinsic role of CYLD in the

positive selection of SP thymocytes and the maturation of T cells by
fine tuning of NEMO-dependent signaling pathways. Undoubtedly,
the detailed characterization of the NEMO-dependent gene-
expression program that is regulated by CYLD in the thymus will
illuminate important aspects of the complex mechanism of thymo-
cyte development and maturation.
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