
LETTERS

Frequent inactivation of A20 in B-cell lymphomas
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A20 is a negative regulator of the NF-kB pathway and was initially
identified as being rapidly induced after tumour-necrosis factor-a
stimulation1. It has a pivotal role in regulation of the immune
response and prevents excessive activation of NF-kB in response
to a variety of external stimuli2–7; recent genetic studies have
disclosed putative associations of polymorphic A20 (also called
TNFAIP3) alleles with autoimmune disease risk8,9. However, the
involvement of A20 in the development of human cancers is
unknown. Here we show, using a genome-wide analysis of genetic
lesions in 238 B-cell lymphomas, that A20 is a common genetic
target in B-lineage lymphomas. A20 is frequently inactivated by
somatic mutations and/or deletions in mucosa-associated tissue
lymphoma (18 out of 87; 21.8%) and Hodgkin’s lymphoma of
nodular sclerosis histology (5 out of 15; 33.3%), and, to a lesser
extent, in other B-lineage lymphomas. When re-expressed in a
lymphoma-derived cell line with no functional A20 alleles, wild-
type A20, but not mutant A20, resulted in suppression of cell
growth and induction of apoptosis, accompanied by downregula-
tion of NF-kB activation. The A20-deficient cells stably generated
tumours in immunodeficient mice, whereas the tumorigenicity
was effectively suppressed by re-expression of A20. In A20-
deficient cells, suppression of both cell growth and NF-kB activity
due to re-expression of A20 depended, at least partly, on cell-
surface-receptor signalling, including the tumour-necrosis factor
receptor. Considering the physiological function of A20 in the
negative modulation of NF-kB activation induced by multiple
upstream stimuli, our findings indicate that uncontrolled signal-
ling of NF-kB caused by loss of A20 function is involved in the
pathogenesis of subsets of B-lineage lymphomas.

Malignant lymphomas of B-cell lineages are mature lymphoid neo-
plasms that arise from various lymphoid tissues10,11. To obtain a com-
prehensive registry of genetic lesions in B-lineage lymphomas, we
performed a single nucleotide polymorphism (SNP) array analysis
of 238 primary B-cell lymphoma specimens of different histologies,
including 64 samples of diffuse large B-cell lymphomas (DLBCLs), 52
follicular lymphomas, 35 mantle cell lymphomas (MCLs), and 87
mucosa-associated tissue (MALT) lymphomas (Supplementary
Table 1). Three Hodgkin’s-lymphoma-derived cell lines were also
analysed. Interrogating more than 250,000 SNP sites, this platform
permitted the identification of copy number changes at an average
resolution of less than 12 kilobases (kb). The use of large numbers of

SNP-specific probes is a unique feature of this platform, and com-
bined with the CNAG/AsCNAR software, enabled accurate deter-
mination of ‘allele-specific’ copy numbers, and thus allowed for
sensitive detection of loss of heterozygosity (LOH) even without
apparent copy-number reduction, in the presence of up to 70–80%
normal cell contamination12,13.

Lymphoma genomes underwent a wide range of genetic changes,
including numerical chromosomal abnormalities and segmental gains
and losses of chromosomal material (Supplementary Fig. 1), as well as
copy-number-neutral LOH, or uniparental disomy (Supplementary
Fig. 2). Each histology type had a unique genomic signature, indi-
cating a distinctive underlying molecular pathogenesis for different
histology types (Fig. 1a and Supplementary Fig. 3). On the basis of the
genomic signatures, the initial pathological diagnosis of MCL was re-
evaluated and corrected to DLBCL in two cases. Although most copy
number changes involved large chromosomal segments, a number of
regions showed focal gains and deletions, accelerating identification of
their candidate gene targets. After excluding known copy number vari-
ations, we identified 46 loci showing focal gains (19 loci) or deletions
(27 loci) (Supplementary Tables 2 and 3 and Supplementary Fig. 4).

Genetic lesions on the NF-kB pathway were common in B-cell
lymphomas and found in approximately 40% of the cases (Supple-
mentary Table 1), underpinning the importance of aberrant NF-kB
activation in lymphomagenesis11,14 in a genome-wide fashion. They
included focal gain/amplification at the REL locus (16.4%) (Fig. 1b)
and TRAF6 locus (5.9%), as well as focal deletions at the PTEN locus
(5.5%) (Supplementary Figs 1 and 4). However, the most striking
finding was the common deletion at 6q23.3 involving a 143-kb seg-
ment. It exclusively contained the A20 gene (also called TNFAIP3), a
negative regulator of NF-kB activation3–7,15 (Fig. 1b), which was
previously reported as a candidate target of 6q23 deletions in ocular
lymphoma16. LOH involving the A20 locus was found in 50 cases, of
which 12 showed homozygous deletions as determined by the loss of
both alleles in an allele-specific copy number analysis (Fig. 1b, Table 1
and Supplementary Table 4). On the basis of this finding, we searched
for possible tumour-specific mutations of A20 by genomic DNA
sequencing of entire coding exons of the gene in the same series of
lymphoma samples (Supplementary Fig. 5). Because two out of the
three Hodgkin’s-lymphoma-derived cell lines had biallelic A20
deletions/mutations (Supplementary Fig. 6), 24 primary samples
from Hodgkin’s lymphoma were also analysed for mutations, where

1Cancer Genomics Project, Department of 2Pediatrics, 3Cell Therapy and Transplantation Medicine, and 4Hematology and Oncology, Graduate School of Medicine, University of
Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan. 5Core Research for Evolutional Science and Technology, Japan Science and Technology Agency, 4-1-8, Honcho, Kawaguchi-
shi, Saitama 332-0012, Japan. 6Department of Pediatrics, Graduate School of Medicine, Kyoto University, 54 Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606-8507, Japan. 7Department
of Pathology, Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, 2-5-1 Shikata-cho, Kita-ku, Okayama 700-8558, Japan. 8Division of
Pathology, The Cancer Institute of Japanese Foundation for Cancer Research, Japan, 3-10-6 Ariake, Koto-ku, Tokyo 135-8550, Japan. 9Hematology Division, Hospital, and 10Early
Oncogenesis Research Project, Research Institute, National Cancer Center, 5-1-1 Tsukiji, Chuo-ku, Tokyo 104-0045, Japan. 11Division of Immunology, Aichi Cancer Center Research
Institute, 1-1 Kanokoden, Chikusa-ku, Nagoya 464-8681, Japan. 12Gunma Children’s Medical Center, 779 Shimohakoda, Hokkitsu-machi, Shibukawa 377-8577, Japan. 13Division of
Hematology, Internal Medicine, Showa University Fujigaoka Hospital, 1-30, Fujigaoka, Aoba-ku, Yokohama-shi, Kanagawa 227-8501, Japan. 14Department of Pathology, Teikyo
University School of Medicine, 2-11-1 Kaga, Itabashi-ku, Tokyo 173-8605, Japan.

Vol 459 | 4 June 2009 | doi:10.1038/nature07969

712
 Macmillan Publishers Limited. All rights reserved©2009

www.nature.com/nature
www.nature.com/nature
www.nature.com/doifinder/10.1038/nature07969


genomic DNA was extracted from 150 microdissected CD30-positive
tumour cells (Reed–Sternberg cells) for each sample. A20 mutations
were found in 18 out of 265 lymphoma samples (6.8%) (Table 1),
among which 13 mutations, including nonsense mutations (3 cases),
frame-shift insertions/deletions (9 cases), and a splicing donor site
mutation (1 case) were thought to result in premature termination of
translation (Fig. 1c). Four missense mutations and one intronic
mutation were identified in five microdissected Hodgkin’s lym-
phoma samples. They were not found in the surrounding normal
tissues, and thus, were considered as tumour-specific somatic
changes.

In total, biallelic A20 lesions were found in 31 out of 265 lym-
phoma samples including 3 Hodgkin’s lymphoma cell lines.
Quantitative analysis of SNP array data suggested that these A20
lesions were present in the major tumour fraction within the samples
(Supplementary Fig. 7). Inactivation of A20 was most frequent in
MALT lymphoma (18 out of 87) and Hodgkin’s lymphoma (7 out of
27), although it was also found in DLBCL (5 out of 64) and follicular
lymphoma (1 out of 52) at lower frequencies. In MALT lymphoma,
biallelic A20 lesions were confirmed in 18 out of 24 cases (75.0%)
with LOH involving the 6q23.3 segment (Supplementary Fig. 8).
Considering the limitation in detecting very small homozygous dele-
tions, A20 was thought to be the target of 6q23 LOH in MALT
lymphoma. On the other hand, the 6q23 LOHs in other histology
types tended to be extended into more centromeric regions and less
frequently accompanied biallelic A20 lesions (Supplementary Fig. 8
and Supplementary Table 4), indicating that they might be more

heterogeneous with regard to their gene targets. We were unable to
analyse Hodgkin’s lymphoma samples using SNP arrays owing to
insufficient genomic DNA obtained from microdissected samples,
and were likely to underestimate the frequency of A20 inactivation
in Hodgkin’s lymphoma because we might fail to detect a substantial
proportion of cases with homozygous deletions, which explained
50% (12 out of 24) of A20 inactivation in other histology types.
A20 mutations in Hodgkin’s lymphoma were exclusively found in
nodular sclerosis classical Hodgkin’s lymphoma (5 out of 15) but not
in other histology types (0 out of 9), although the possible association
requires further confirmation in additional cases.

A20 is a key regulator of NF-kB signalling, negatively modulating
NF-kB activation through a wide variety of cell surface receptors and
viral proteins, including tumour-necrosis factor (TNF) receptors, toll-
like receptors, CD40, as well as Epstein–Barr-virus-associated LMP1
protein2,5,17,18. To investigate the role of A20 inactivation in lympho-
magenesis, we re-expressed wild-type A20 under a Tet-inducible pro-
moter in a lymphoma-derived cell line (KM-H2) that had no
functional A20 alleles (Supplementary Fig. 6), and examined the effect
of A20 re-expression on cell proliferation, survival and downstream
NF-kB signalling pathways. As shown in Fig. 2a–c and Supplementary
Fig. 9, re-expression of wild-type A20 resulted in the suppression of cell
proliferation and enhanced apoptosis, and in the concomitant accu-
mulation of IkBb and IkBe, and downregulation of NF-kB activity. In
contrast, re-expression of two lymphoma-derived A20 mutants,
A20532Stop or A20750Stop, failed to show growth suppression, induction
of apoptosis, accumulation of IkBb and IkBe or downregulation of
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Figure 1 | Genomic signatures of different B-cell lymphomas and common
genetic lesions at 2p16-15 and 6q23.3 involving NF-kB pathway genes.
a, Twenty-nine genetic lesions were found in more than 10% in at least one
histology and used for clustering four distinct histology types of B-lineage
lymphomas. The frequency of each genetic lesion in each histology type is
colour-coded. FL, follicular lymphoma; UPD, uniparental disomy.
b, Recurrent genetic changes are depicted based on CNAG output of the SNP
array analysis of 238 B-lineage lymphoma samples, which include gains at
the REL locus on 2p16-15 (left panel) and the A20 locus on 6q23.3 (right

panel). Regions showing copy number gain or loss are indicated by
horizontal lines. Four histology types are indicated by different colours,
where high-grade amplifications and homozygous deletions are shown by
darker shades to discriminate from simple gains (copy number #4) and
losses (copy number 5 1) (lighter shades). c, Point mutations and small
nucleotide insertions and deletions in the A20 (TNFAIP3) gene caused
premature truncation of A20 in most cases. Altered amino acids caused by
frame shifts are indicated by green bars.
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NF-kB activity (Fig. 2a–c), indicating that these were actually loss-of-
function mutations. To investigate the role of A20 inactivation in
lymphomagenesis in vivo, A20- and mock-transduced KM-H2 cells
were transplanted in NOD/SCID/cc

null (NOG) mice19, and their
tumour formation status was examined for 5 weeks with or without
induction of wild-type A20 by tetracycline administration. As shown
in Fig. 2d, mock-transduced cells developed tumours at the injected
sites, whereas the Tet-inducible A20-transduced cells generated
tumours only in the absence of A20 induction (Supplementary
Table 5), further supporting the tumour suppressor role of A20 in
lymphoma development.

Given the mode of negative regulation of NF-kB signalling, we next
investigated the origins of NF-kB activity that was deregulated by A20
loss in KM-H2 cells. The conditioned medium prepared from a 48-h
serum-free KM-H2 culture had increased NF-kB upregulatory activity
compared with fresh serum-free medium, which was inhibited by re-
expression of A20 (Fig. 3a). KM-H2 cells secreted two known ligands
for TNF receptor—TNF-a and lymphotoxin-a (Supplementary Fig.
10)20—and adding neutralizing antibodies against these cytokines into
cultures significantly suppressed their cell growth and NF-kB activity
without affecting the levels of their overall suppression after A20

induction (Fig. 3b, d). In addition, recombinant TNF-a and/or lym-
photoxin-a added to fresh serum-free medium promoted cell growth
and NF-kB activation in KM-H2 culture, which were again suppressed
by re-expression of A20 (Fig. 3c, e). Although our data in Fig. 3 also
show the presence of factors other than TNF-a and lymphotoxin-a in
the KM-H2-conditioned medium—as well as some intrinsic pathways
in the cell (Fig. 3a)—that were responsible for the A20-dependent NF-
kB activation, these results indicate that both cell growth and NF-kB
activity that were upregulated by A20 inactivation depend at least
partly on the upstream stimuli that evoked the NF-kB-activating sig-
nals.

Aberrant activation of the NF-kB pathway is a hallmark of several
subtypes of B-lineage lymphomas, including Hodgkin’s lymphoma,
MALT lymphoma, and a subset of DLBCL, as well as other lymphoid
neoplasms11,14, where a number of genetic alterations of NF-kB sig-
nalling pathway genes21–25, as well as some viral proteins26,27, have
been implicated in the aberrant activation of the NF-kB pathway14.
Thus, frequent inactivation of A20 in Hodgkin’s lymphoma and
MALT and other lymphomas provides a novel insight into the
molecular pathogenesis of these subtypes of B-lineage lymphomas
through deregulated NF-kB activation. Because A20 provides a

Table 1 | Inactivation of A20 in B-lineage lymphomas

Histology Tissue Sample Allele Uniparental disomy Exon Mutation Biallelic inactivation

DLBCL 5 out of 64 (7.8%)
Lymph node DLBCL008 2/2 No 2 2

Lymph node DLBCL016 1/2 No Ex2 329insA
Lymph node DLBCL022 2/2 No 2 2

Lymph node DLBCL028 2/2 Yes 2 2

Lymph node MCL008* 2/2 Yes 2 2

Follicular lymphoma 1 out of 52 (1.9%)
Lymph node FL024 2/2 No 2 2

MCL 0 out of 35 (0%)
MALT 18 out of 87 (21.8%)
Stomach 3 out of 23 (13.0%)

Gastric mucosa MALT013 1/1 Yes Ex5 705insG
Gastric mucosa MALT014 1/1 Yes Ex3 Ex3 donor site.A
Gastric mucosa MALT036 1/2 No Ex7 delintron6–Ex7{

Eye 13 out of 43 (30.2%)
Ocular adnexa MALT008 2/2 No 2 2

Ocular adnexa MALT017 2/2 No 2 2

Ocular adnexa MALT051 1/2 No Ex7 1943delTG
Ocular adnexa MALT053 1/1 Yes Ex6 1016G.A(stop)
Ocular adnexa MALT054 1/2 No Ex3 502delTC
Ocular adnexa MALT055 2/2 No 2 2

Ocular adnexa MALT066 1/2 No Ex7 1581insA
Ocular adnexa MALT067 2/2 No 2 2

Ocular adnexa MALT082 2/2 Yes 2 2

Ocular adnexa MALT084 2/2 Yes 2 2

Ocular adnexa MALT085 1/1 Yes Ex7 1435insG
Ocular adnexa MALT086 1/1 Yes Ex6 878C.T(stop)
Ocular adnexa MALT087 1/1 Yes Ex9 2304delGG

Lung 2 out of 12 (16.7%)
Lung MALT042 2/2 No 2 2

Lung MALT047 1/1 Yes Ex9 2281insT
Other{ 0 out of 9 (0%)
Hodgkin’s lymphoma 7 out of 27 (26.0%)
NSHL Lymph node HL10 ND ND Ex7 1777G.A(V571I)
NSHL Lymph node HL12 ND ND Ex7 1156A.G(R364G)
NSHL Lymph node HL21 ND ND Ex4 569G.A(stop)
NSHL Lymph node HL24 ND ND Ex3 1487C.A(T474N)
NSHL Lymph node HL23 ND ND 2 Intron 31

Cell line KM-H2 2/2 No 2

Cell line HDLM2 1/2 No Ex4 616ins29bp | |

Total 31 out of 265

(11.7%)

DLBCL, diffuse large B-cell lymphoma; MALT, MALT lymphoma; MCL, mantle cell lymphoma; ND, not determined because SNP array analysis was not performed; NSHL, nodular sclerosis classical
Hodgkin’s lymphoma.
*Diagnosis was changed based on the genomic data, which was confirmed by re-examination of pathology.
{Deletion including the boundary of intron 6 and exon 7 (see also Supplementary Fig. 5b).
{ Including 1 parotid gland, 1 salivary gland, 2 colon and 5 thyroid cases.
1 Insertion of CTC at 219 bases from the beginning of exon 3.
| | Insertion of TGGCTTCCACAGACACACCCATGGCCCGA.
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negative feedback mechanism in the regulation of NF-kB signalling
pathways upon a variety of stimuli, aberrant activation of NF-kB will
be a logical consequence of A20 inactivation. However, there is also
the possibility that the aberrant NF-kB activity of A20-inactivated
lymphoma cells is derived from upstream stimuli, which may be from
the cellular environment. In this context, it is intriguing that MALT
lymphoma usually arises at the site of chronic inflammation caused
by infection or autoimmune disorders and may show spontaneous
regression after eradication of infectious organisms28; furthermore,
Hodgkin’s lymphoma frequently shows deregulated cytokine pro-
duction from Reed–Sternberg cells and/or surrounding reactive
cells29. Detailed characterization of the NF-kB pathway regulated
by A20 in both normal and neoplastic B lymphocytes will promote
our understanding of the precise roles of A20 inactivation in the
pathogenesis of these lymphoma types. Our finding underscores
the importance of genome-wide approaches in the identification of
genetic targets in human cancers.

METHODS SUMMARY

Genomic DNA from 238 patients with non-Hodgkin’s lymphoma and three

Hodgkin’s-lymphoma-derived cell lines was analysed using GeneChip SNP

genotyping microarrays (Affymetrix). This study was approved by the ethics

boards of the University of Tokyo, National Cancer Institute Hospital,

Okayama University, and the Cancer Institute of the Japanese Foundation of

Cancer Research. After appropriate normalization of mean array intensities,

signal ratios between tumours and anonymous normal references were calcu-

lated in an allele-specific manner, and allele-specific copy numbers were inferred

from the observed signal ratios based on the hidden Markov model using CNAG/

AsCNAR software (http://www.genome.umin.jp). A20 mutations were exam-

ined by directly sequencing genomic DNA using a set of primers (Supplementary

Table 6). Full-length cDNAs of wild-type and mutant A20 were introduced into a
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lentivirus vector, pLenti4/TO/V5-DEST (Invitrogen), with a Tet-inducible pro-

moter. Viral stocks were prepared by transfecting the vector plasmids into 293FT

cells (Invitrogen) using the calcium phosphate method and then infected to the

KM-H2 cell line. Proliferation of KM-H2 cells was measured using a Cell

Counting Kit (Dojindo). Western blot analyses and luciferase assays were per-

formed as previously described. NF-kB activity was measured by luciferase assays

in KM-H2 cells stably transduced with a reporter plasmid having an NF-kB

response element, pGL4.32 (Promega). Apoptosis of KM-H2 upon A20 induc-

tion was evaluated by counting Annexin-V-positive cells by flow cytometry. For

in vivo tumorigenicity assays, 7 3 106 KM-H2 cells were transduced with the Tet-

inducible A20 gene and those with a mock vector were inoculated on the contra-

lateral sides in eight NOG mice19 and examined for their tumour formation with

(n 5 4) or without (n 5 4) tetracycline administration. Full copy number data of

the 238 lymphoma samples will be accessible from the Gene Expression Omnibus

(GEO, http://ncbi.nlm.nih.gov/geo/) with the accession number GSE12906.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Specimens. Primary tumour specimens were obtained from patients who were

diagnosed with DLBCL, follicular lymphoma, MCL, MALT lymphoma, or classical

Hodgkin’s lymphoma. In total, 238 primary lymphoma specimens listed in

Supplementary Table 1 were subjected to SNP array analysis. Three Hodgkin’s-

lymphoma-derived cell lines (KM-H2, HDLM2, L540) were obtained from

Hayashibara Biochemical Laboratories, Inc., Fujisaki Cell Center and were also

analysed by SNP array analysis.

Microarray analysis. High-molecular-mass DNA was isolated from tumour

specimens and subjected to SNP array analysis using GeneChip Mapping 50K
and/or 250K arrays (Affymetrix). The scanned array images were processed with

Gene Chip Operation software (GCOS), followed by SNP calls using GTYPE.

Genome-wide copy number measurements and LOH detection were performed

using CNAG/AsCNAR software12,13.

Mutation analysis. Mutations in the A20 gene were examined in 265 samples of

B-lineage lymphoma, including 62 DLBCLs, 52 follicular lymphomas, 87

MALTs, 37 MCLs and 3 Hodgkin’s-lymphoma-derived cell lines and 24 primary

Hodgkin’s lymphoma samples, by direct sequencing using an ABI PRISM 3130xl

Genetic Analyser (Applied Biosystems). To analyse primary Hodgkin’s lym-

phoma samples in which CD30-positive tumour cells (Reed–Sternberg cells)

account for only a fraction of the specimen, 150 Reed–Sternberg cells were

collected for each 10 mm slice of a formalin-fixed block immunostained for

CD30 by laser-capture microdissection (ASLMD6000, Leica), followed by geno-

mic DNA extraction using QIAamp DNA Micro kit (Qiagen). The primer sets

used in this study are listed in Supplementary Table 6.

Functional analysis of wild-type and mutant A20. Full-length cDNA for wild-

type A20 was isolated from total RNA extracted from an acute myeloid

leukaemia-derived cell line, CTS, and subcloned into a lentivirus vector
(pLenti4/TO/V5-DEST, Invitrogen). cDNAs for mutant A20 were generated

by PCR amplification using mutagenic primers (Supplementary Table 6), and

introduced into the same lentivirus vector. Forty-eight hours after transfection

of each plasmid into 293FT cells using the calcium phosphate method, lentivirus

stocks were obtained from ultrafiltration using Amicon Ultra (Millipore), and

used to infect KM-H2 cells to generate stable transfectants of mock, wild-type

and mutant A20. Each KM-H2 derivative cell line was further transduced stably

with a reporter plasmid (pGL4.32, Promega) containing a luciferase gene under

an NF-kB-responsive element by electroporation using Nucleofector reagents

(Amaxa).

Assays for cell proliferation and NF-kB activity. Proliferation of the KM-H2

derivative cell lines was assayed in triplicate using a Cell Counting Kit (Dojindo).

The mean absorption of five independent assays was plotted with s.d. for each

derivative line. Two independent KM-H2-derived cell lines were used for each

experiment. The NF-kB activity in KM-H2 derivatives for A20 mutants was

evaluated by luciferase assays using a PiccaGene Luciferase Assay Kit (TOYO

B-Net Co.). Each assay was performed in triplicate and the mean absorption of

five independent experiments was plotted with s.d.
Western blot analyses. Polyclonal anti-sera against N-terminal (anti-A20N) and

C-terminal (anti-A20C) A20 peptides were generated by immunizing rabbits with

these peptides (LSNMRKAVKIRERTPEDIC for anti-A20N and CFQFKQMYG

for anti-A20C, respectively). Total cell lysates from KM-H2 cells were separated on

7.5% polyacrylamide gel and subjected to western blot analysis using antibodies to

A20 (anti-A20N and anti-A20C), IkBa (sc-847), IkBb (sc-945), IkBc (sc-7155)

and actin (sc-8432) (Santa Cruz Biotechnology).

Functional analyses of wild-type and mutant A20. Each KM-H2 derivative cell

line stably transduced with various Tet-inducible A20 constructs was cultured in

serum-free medium in the presence or absence of A20 induction using 1mg ml21

of tetracycline, and cell number was counted every day. 1 3 106 cells of each KM-

H2 derivative cell line were analysed for their intracellular levels of IkBb and IkBe
and for NF-kB activities by western blot analyses and luciferase assays, respectively,

12 h after the beginning of cell culture. Effects of human recombinant TNF-a and

lymphotoxin-a (210-TA and 211-TB, respectively, R&D Systems) on the NF-kB

pathway and cell proliferation were evaluated by adding both cytokines into 10 ml

of serum-free cell culture at a concentration of 200 pg ml21. For cell proliferation

assays, culture medium was half replaced every 12 h to minimize the side-effects of

autocrine cytokines. Intracellular levels of IkBb, IkBe and NF-kB were examined

12 h after the beginning of the cell culture. To evaluate the effect of neutralizing

TNF-a and lymphotoxin-a, 1 3 106 of KM-H2 cells transduced with both Tet-

inducible A20 and the NF-kB-luciferase reporter were pre-cultured in serum-free

media for 36 h, and thereafter neutralizing antibodies against TNF-a (MAB210,

R&D Systems) and/or lymphotoxin-a (AF-211-NA, R&D Systems) were added to

the media at a concentration of 200 pg ml21. After the extended culture during

12 h with or without 1mg ml21 tetracycline, the intracellular levels of IkBb and

IkBe and NF-kB activities were examined by western blot analysis and luciferase

assays, respectively. To examine the effects of A20 re-expression on apoptosis,

1 3 106 KM-H2 cells were cultured for 4 days in 10 ml medium with or without

Tet induction. After staining with phycoerythrin-conjugated anti-Annexin-V

(ID556422, Becton Dickinson), Annexin-V-positive cells were counted by flow

cytometry at the indicated times.

In vivo tumorigenicity assays. KM-H2 cells transduced with a mock or Tet-

inducible wild-type A20 gene were inoculated into NOG mice and their tumor-

igenicity was examined for 5 weeks with or without tetracycline administration.

Injections of 7 3 106 cells of each KM-H2 cell line were administered to two

opposite sites in four mice. Tetracycline was administered in drinking water at a

concentration of 200mg ml21.

ELISA. Concentrations of TNF-a, lymphotoxin-a, IL-1, IL-2, IL-4, IL-6, IL-12,

IL-18 and TGF-b in the culture medium were measured after 48 h using ELISA.

For those cytokines detectable after 48-h culture (TNFa, LTa, and IL-6), their

time course was examined further using the Quantikine ELISA kit (R&D

Systems).

Statistical analysis. Significance of the difference in NF-kB activity between two

given groups was evaluated using a paired t-test, in which the data from each

independent luciferase assay were paired to calculate test statistics. To evaluate

the effect of A20 re-expression in KM-H2 cells on apoptosis, the difference in the

fractions of Annexin-V-positive cells between Tet (1) and Tet (2) groups was

also tested by a paired t-test for assays, in which the data from the assays per-

formed on the same day were paired.

doi:10.1038/nature07969

 Macmillan Publishers Limited. All rights reserved©2009

www.nature.com/doifinder/10.1038/nature07969
www.nature.com/nature
www.nature.com/nature

	Title
	Authors
	Abstract
	Methods Summary
	References
	Methods
	Specimens
	Microarray analysis
	Mutation analysis
	Functional analysis of wild-type and mutant A20
	Assays for cell proliferation and NF-&kgr;B activity
	Western blot analyses
	Functional analyses of wild-type and mutant A20
	In vivo tumorigenicity assays
	ELISA
	Statistical analysis

	Figure 1 Genomic signatures of different B-cell lymphomas and common genetic lesions at 2p16-15 and 6q23.3 involving NF-&kgr;B pathway genes. 
	Figure 2 Effects of wild-type and mutant A20 re-expressed in a lymphoma cell line that lacks the normal A20 gene.
	Figure 3 Tumour suppressor role of A20 under external stimuli.
	Table 1 Inactivation of A20 in B-lineage lymphomas

