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In mantle cell lymphoma (MCL), the translocation t(11;14) is con-
sidered the cytogenetic hallmark of the disease. Recently, how-
ever, deletion of the chromosomal region 11922-q23 has been
identified as a frequent event in this type of cancer, indicating the
existence of a pathogenically relevant tumor suppressor gene in
this region. The deleted segment contains the ATM (ataxia telan-
giectasia mutated) gene. ATM is an interesting candidate as a
tumor suppressor gene because constitutive inactivation of the
gene predisposes ataxia telangiectasia patients to lymphoid ma-
lignancies. To assess the potential involvement of the gene in MCL
lymphomagenesis, we performed mutation analysis of ATM in 12
sporadic cases of MCL, 7 of them with a deletion of one ATM gene
copy, by using single-strand conformation polymorphism analysis
of reverse transcription-PCR-amplified mRNA and subsequent DNA
sequencing. In all seven cases containing a deletion of one ATM
allele, a point mutation in the remaining allele was detected, which
resulted in aberrant transcript splicing, truncation, or alteration of
the protein. In addition, biallelic ATM mutations were identified in
two MCLs that did not contain 11q deletions. Interestingly, in three
cases analyzed, the ATM mutations detected in the tumor cells
were not present in nonmalignant cells, demonstrating their so-
matic rather than germ-line origin. The inactivation of both alleles
of the ATM gene by deletion and deleterious point mutation in the
majority of cases analyzed indicates that ATM plays a role in the
initiation and/or progression of MCL.

M antle cell lymphoma (MCL) is a specific subtype of
non-Hodgkin’s lymphoma derived from naive CD5* B-
cells residing in the primary follicles or in the mantle zones of
secondary follicles (1, 2). In addition to distinctive morpholog-
ical, immunophenotypic, and clinical features, MCL is charac-
terized by the chromosomal translocation t(11;14)(q13;q32),
which is present in the vast majority of cases and is, therefore,
regarded as the cytogenetic hallmark of the disease (3, 4). This
translocation results in the juxtaposition of the cyclin D1
(CCND1I) gene to transcriptional control elements from the Ig
heavy chain locus (5-7). The resulting overexpression of the
CCND1 gene (6, 8, 9) is thought to play a crucial role in the
pathogenesis of MCL, because the gene product is one of the key
proteins regulating the G;-to-S phase transition of the cell cycle
(10). The potential of cyclin D1 to induce lymphomas, however,
is limited: transgenic mice overexpressing cyclin D1 do not
develop spontaneous B-cell lymphomas, and lymphomagenesis
in these animals requires cooperation with other oncogenic
factors such as C-MYC (11, 12). Thus, other mechanisms, in
addition to cyclin D1 overexpression, are necessary for the
development and progression of MCL.

Additional genetic alterations involved in the pathogenesis of
MCL are not yet well characterized. Recent studies indicate that
mutations of TP53 (13, 14) and CDKN2A inactivation (15, 16)
are associated with aggressive variants of MCL. Furthermore,
the involvement of additional tumor suppressor genes is strongly
suggested by the recurrent deletion of distinct chromosomal
regions (17, 18). However, the disease-associated genes residing
in two of the most frequently deleted regions in MCL, namely,
13q14 and 11q22-q23, have not yet been identified (19, 20).

In an attempt to isolate the putative tumor suppressor gene at
11q22-q23, we recently have characterized 11q deletions in a
series of MCLs by interphase fluorescence in situ hybridization
(FISH). Through these analyses, we have identified a commonly
deleted region smaller than 1 Mbp in size that includes the ATM
(ataxia telangiectasia mutated) gene locus (20). Mutations of the
ATM gene are causative for the inherited recessive disease ataxia
telangiectasia (A-T; MIM 208900). The 66 ATM exons, which
encompass 146 kb of genomic DNA, encode a 370-kDa nuclear
phosphoprotein that shares homology with phosphatidylinosi-
tol-3 (PI-3) kinase (21-25). PI-3 kinase-related proteins are
known to function in DNA repair, DNA recombination, and
cell-cycle control. Concordantly, constitutional inactivation of
ATM in cells of A-T patients causes defective double-strand
break repair, defective cell-cycle checkpoint control, and radi-
ation sensitivity (for review see refs. 26 and 27). ATM recently
has been shown to directly phosphorylate the oncogenic factors
c-Abl and p53 in response to DNA damage (the ATM kinase and
binding domains are schematically illustrated in Fig. 1) (28-31).
ATM is an interesting candidate for a tumor suppressor gene with
pathogenic function in MCL for the following reasons. (i) A-T
patients show an increased predisposition to develop cancer, in
particular, neoplasms of the lymphoid system including both B-
and T-cell tumors (32). The risk of these patients developing
leukemia is approximately 70 times higher than in the normal
population (33). (i) Mutational inactivation of the ATM gene
recently has been demonstrated in T-prolymphocytic leukemia
(T-PLL) and a subset of B-cell chronic lymphocytic leukemias
(B-CLL) in patients without A-T history, indicating a tumor
suppressor function of ATM in both sporadic leukemias (34—41).

Two lines of evidence prompted us to analyze the ATM gene
in MCL: the frequent deletion of one copy of the ATM gene in
MCL and the intriguing properties of ATM that point to a tumor
suppressor function of the gene product. Mutational inactivation
of the gene in tumor cells would provide evidence for a patho-
genic role of ATM in MCL.

Patients and Methods

Patients. The study comprised samples from 12 MCLs that were
diagnosed according to established morphological and immu-
nophenotypical criteria (2). All MCLs were shown to have a
t(11;14)(q13;932). Deletions of chromosome bands 11q22-q23
were detected in seven cases by dual-color interphase FISH (20).
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None of the patients had clinical evidence for A-T or a family
history of A-T. The tumor specimens were derived from periph-
eral blood (n = 11) or tonsil (n = 1). From three patients
(MCL-G, MCL-H, and MCL-K), leukapheresis samples were
obtained in remission, and from one patient (MCL-A), a skin
biopsy was available. These samples were used for analysis of the
ATM germ-line status. Samples were collected and used with the
patient’s consent.

RNA and DNA Preparation. Cells from tonsillectomy samples were
obtained by mechanical disaggregation. In leukemic and normal
control cases, mononuclear cells from peripheral blood samples
were obtained by Ficoll density gradient centrifugation. Total
RNA and genomic DNA from tumor samples and from mono-
nuclear cells of healthy controls were isolated with Trizol reagent
(GIBCO/BRL). Genomic DNA from skin biopsy cells and
leukapheresis cells was prepared by using the QIAamp kit
according to the manufacturer’s instructions (Qiagen, Chats-
worth, CA).

Mutation Analyses. Reverse-transcription-PCR (RT-PCR) and
single-strand conformation polymorphism (SSCP) analyses were
performed as described previously (34, 41, 42). Briefly, first-
strand ¢cDNA was synthesized from total RNA (1 pg) with
murine leukemia virus reverse transcriptase and random hex-
amers (GeneAmp RNA PCR System; Perkin—Elmer). Primer
sets 1A/B, 2A/B, 3A/B, 4A/B, 5A/B, 6A/B, 7A/B, and 8n1A/
8n1B (Table 1) were used to amplify eight overlapping fragments
covering the entire coding region of the ATM transcript. For
SSCP analysis, RT-PCR products were digested with restriction
endonucleases and end-labeled with T4 polynucleotide kinase in
the presence of [y-3*P]ATP. Denatured fragments were analyzed
by electrophoresis both at room temperature and at 4°C on
nondenaturing 6% polyacrylamide gels containing 5% glycerol
(exclusively for runs at room temperature). After electrophoresis
at 8 W for at least 10 hr, the gels were dried and subjected to
autoradiography.

Germ-Line Analyses. For analyses of the germ-line status of the ATM
gene, exons 29, 48, and 59 and their flanking intronic regions were
amplified from genomic DNA as described previously by using
primer pairs 29A/B, 48A/B, and 59A/B (Table 1) (43).

DNA Sequence Analyses. Direct sequencing of PCR and RT-PCR
products was performed by cycle sequencing with ABI PRISM
BigDye Terminator chemistry (Perkin—Elmer) followed by elec-
trophoresis on a Perkin—Elmer ABI-377 automated sequencer.

Results

To address the question of whether the nondeleted allele of the
ATM gene is mutated in MCLs with a monoallelic deletion of the
gene, we selected seven MCLs for mutation analysis that were
shown by FISH to exhibit deletions of the ATM region. The
entire 9.2-kb coding region of the ATM transcript was subjected
to SSCP analysis. Aberrant migration of single-stranded DNA
fragments, because of mutation-associated conformation
changes, was observed in six cases. Direct sequencing of the
corresponding RT-PCR fragments identified two small dele-
tions, one single-nucleotide insertion and three single-base
substitutions (Table 2 and Fig. 1). In samples MCL-C (Fig. 24)
and MCL-D, the nucleotide substitutions led to amino acid
changes in the PI-3 kinase domain and near the B-adaptin-
binding domain. The C—T transition in sample MCL-G (Fig.
2C) created a new stop codon that removed the c-Abl and kinase
domain from the translated product. Small insertions and dele-
tions in samples MCL-E, MCL-F, and MCL-H (Fig. 2B) all
caused frameshift changes and termination of translation not
more than 22 codons downstream of the mutation site, thus
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Table 1. Oligonucleotide primers for PCR amplifications and

sequence analyses

Primer

Oligonucleotide sequence (5" — 3’)

1A (exon 36)

1B (exon 43)

2A (exon 29)

2B (exon 36)

3A (exon 42/43)
3B (exon 51)

3A1 (exon 45/46)
3A2 (exon 48)
3B3 (exon 49)

4A (exon 56)

4B (exon 65)

4A2 (exon 64)
4B3 (exon 61)

5A (exon 51)

5B (exon 57)

5A2 (exon 54/55)
5B1 (exon 52)
6A (exon 22)

6B (exon 30)

CTTCAGTGGACCTTCATAATGC
CCATACAAACTATCTGGCTCC
CAGAGATTGTGGTGGAGTTATTG
GCATTATGAAGGTCCACTGAAG
CTGGAATAAGTTTACAGGATCTTC
GATGATTTCATGTAGTTTTCAATTC
CATTGCACTTCCGTCAGC
CTATCATGGCTCTACGCAC
AATACTTGTGCTTCTTCCAG
AAGATGTTGTTGTCCCTACTATG
AAGGCTGAATGAAAGGGTAATTC
CCTTCTATATGATCCACTC
TCTGTACATGTCTATCACC
GATGGAGAAAGTAGTGATGAGC
AGTCACCAGATTTCCATATTCTC
GCTCTCAGCTTGATGAGG
TACCCACATATCATGTTC
CTAGGTCAAAGCAATATGGACTC
CATGCGATGGAAAATGAGGTG

6A2 (exon 28) ACATCTGGTGATTAGAAGTC

7A (exon 36) GAGGTCAAACCTAGAAAGCTCAC
7B (exon 22/23) CCTCTCCTTTGTTAGATGCC

7A1 (exon 13) TGCCTCCAATTCTTCACAG

7B5 (exon 19) ATGGTACTTTGGCTCTCTCC
8n1A (exon 3) AGGCATACATCACAATTTGG
8n1B (exon 12) TTGCTCAGAACTTATACCACG
8A5 (exon 6) CAGCCTCAACACAAGCCTC

8B4 (exon 8) GCATCCTTTGGTAACAGCAT

AGATTGTGGTGGAGTTATTGA
TTAAAAAGAGTGATGTCTATAA
CTCTTGCTTACATGAACTCTA
AAGAGGTAAGATGACATAGTT
AGGTCAACGGATCATCAAAT
TTAATTTTGGGTGTCACTC

29A (intron 28)
29B (intron 29)
48A (intron 47)
48B (intron 48)
59A (intron 58)
59B (intron 59)

Primersets 1A/B, 2A/B, 3A/B, 4A/B,5A/B, 6A/B, and 7A /B and primer pairs
29A/B, 48A/B, and 59A/B have been described previously (42, 43).8n1A, 8n1B,
3A1, 3A2, 3B3, 4A2, 4B3, 5A2, 5B1, 6A2, 7A1, 7B5, 8A5, and 8B4 were derived
from c¢cDNA sequence data from the ATM gene (GenBank accession no.
U33841) (44).

resulting in truncated ATM protein lacking the PI-3 kinase
domain.

In the seventh case with a monoallelic deletion analyzed
(MCL-A), sequence analysis of the RT-PCR fragment encom-
passing exons 56-65 of ATM revealed the absence of exon 59
from the ATM transcript. A nucleotide substitution at the donor
splice junction of exon 59/intron 59 (IVS59+1G—A) was
detected by genomic DNA sequencing. This alteration led to
aberrant transcript splicing, resulting in the in-frame loss of 50
aa from the kinase domain (41).

To determine whether ATM is also involved in MCLs without
11q deletion, five lymphomas without microscopically detectable
deletion of the ATM locus were analyzed for mutations by using
SSCP and sequence analyses. In two cases, both alleles of the
gene were found to contain point mutations (Table 2 and Fig. 1).
In sample MCL-J, we detected a heterozygous 5-bp insertion
that expanded a TA-rich region containing two tandem repeats
by a third one: TTA[TATTA][TATTA][TATTA]. As this alter-
ation was confirmed in multiple independent PCR amplifica-
tions, the insertion is likely because of DNA polymerase slipping
during replication. The insertion caused a frameshift and pre-
mature termination of translation, giving rise to a mutated ATM
protein lacking the entire kinase domain. A second heterozygous
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Table 2. Alterations affecting both ATM alleles in mantle cell lymphomas of non-A-T individuals*

Mantle

First allele Second allele
cell
lymphoma DNAT™* Gene product DNA* Gene product
MCL-AST del(11922-923) — IVS59 — T (intron 59) Exon 59 skipped: Val2757-Met2806del
MCL-C del(11922-g23) — 9022C — T (exon 65) Arg3008Cys
MCL-D del(11922-g23) — 2250C — G (exon 16) Asn750Lys
MCL-E del(11922-923) — 6709-6710delAA (exon 48) Frameshift after Glu2236 + truncation
MCL-F del(11922-g23) — 7349-7350insT (exon 52) Frameshift after Glu2449 + truncation
MCL-GS del(11922-g23) — 4081C — T (exon 29) GIn1361ter
MCL-HS del(11922-923) — 6638delA (exon 48) Frameshift after Leu2212 + truncation
MCL-BT 7268A — G (exon 51) Glu2423Gly 7253-7254insGAA (exon 51) Lys2418-2419ins
MCL-J 487C — T (exon 7) GIn163ter 7890-7891insTATTA (exon 55) Frameshift after Leu2630 + truncation

Exon 7 skipped: Arg111Lys +
Ala112-Lys166del

*The polymorphic change Asp1853Asn detected in cases with (MCL-G) and without (MCL-K) monoallelic ATM deletion is not listed.

The deletion mapping by interphase FISH is described in ref. 20; del(11g22-g23) indicates loss of one copy of the chromosomal region 11g22-g23 containing ATM.

*The exon numbering is according to refs. 22 and 23 (GenBank accession no. U82828). The nucleotide positions refer to the sequence of the ATM transcript
(GenBank accession no. U33841); the first codon of the ORF was designated + 1. The nomenclature of the mutations was used as suggested by Antonarakis and
Group (45).

SFor those patients, the analysis of the germ-line status of ATM was possible.

IMCL-A and MCL-B were included in a previous study (41).

mutation in this case was identified in exon 7: the nucleotide
substitution 487C—T (near the exon 7/intron 7 splice junction)
led to the skipping of exon 7 from most of the transcripts, which
resulted in the deletion of 55 aa from the p53-binding domain.
In the low levels of correctly spliced transcripts produced from
this allele, the mutation created a new stop codon, causing
premature termination of translation in the amino-terminal
region of the protein. As estimated from the SSCP gels and the
DNA sequence profiles, the correctly spliced transcripts
amounted to some 10%. In a second sample (MCL-B), both
alleles of ATM were altered by two independent mutations
affecting the same region of the protein: a nucleotide substitu-
tion caused an amino acid change (Glu2423Gly), and a trinu-
cleotide insertion induced the in-frame insertion of an additional
lysine (Lys2419-2419ins) (41).

Cell samples for the analyses of the ATM germ-line status were
available from three patients who had ATM mutations in their
tumor cells. Sequence analyses of genomic DNA from skin cells
(MCL-A) and from leukapheresis cells obtained from patients in
remission (Fig. 2 C, MCL-G, and B, MCL-H) showed that the
nucleotide changes in ATM detected in tumor cells were not

Al12-K166del

present in nonmalignant cells. Thus, the mutations were of
somatic rather than germ-line origin in all three cases.

Discussion

Deletion of the chromosomal region 11q22-q23 is one of the
most frequent genetic alterations in MCL. In two recent studies
using FISH analyses, loss of chromosome 11 material was
observed in 46% and 49% of the MCLs analyzed (20, 52). These
data emphasize the pivotal role of a putative tumor suppressor
gene localized in this region. In the present study, a series of 12
MCLs, 7 of them with deletions of one copy of the chromosomal
region 11q22-q23, were analyzed for mutations of the ATM gene.
In all seven cases with monoallelic deletions, the nondeleted
ATM allele was found to contain a sequence alteration. Fur-
thermore, two MCLs without 11q deletion were found to contain
mutations in both ATM alleles. Therefore, the involvement of
genetic aberrations affecting the ATM gene in the pathogenesis
of MCL is higher than originally anticipated based on deletion
analyses. The frequent inactivation of both alleles of the gene by
deletion and/or deleterious mutation is in accordance with the
two-hit model of tumor suppressor gene inactivation (53) and,

| K241 8-2419ins|

E2423G

R3008C
V2757-M2806del

P53 binding

beta-adaptin binding | | c-Abl binding |

I PI3-kinase domain

Fig. 1.

Schematic representation of the ATM protein including the location of mutations detected in different MCLs with respect to the domains that are

responsible for the kinase function (21, 44) and the binding of p53 (46), B-adaptin (47), and c-Abl (28, 29). The positions of the mutations are indicated by arrows.
Dark-gray boxes represent truncating mutations (X, new stop codon; FS, frameshift leading to truncation). Mutations that correspond to A-T alleles and/or
mutations associated with T-PLL are displayed in light gray: R3008C has been described as an A-T allele (48) and as a mutation in two T-PLL cases (34, 37); the
splice-site mutations in MCL-J and MCL-A both resemble A-T mutations, which cause skipping of exons 7 and 59 from the transcript, respectively (42, 49-51). Note
that the nucleotide change causative for exon 7 skipping and the deletion of 55 aa (A112-L166del) created a new stop codon (Q163X) in the low level of correctly
spliced transcripts produced from this allele. Mutations in unshaded boxes are amino acid changes, the functional consequences of which are not yet known.
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Fig. 2.

tumor mRNA

patient germline DNA

Point mutations in the ATM gene in MCLs containing a deletion of one ATM copy. Arrowheads indicate the positions of the mutations. (A) MCL-C. SSCP

analysis of a 196-bp restriction fragment of the RT-PCR product containing exons 56-65 and DNA sequence analysis of the corresponding RT-PCR products
identified the missense mutation Arg3008Cys. This mutation has been described in two T-PLL cases (34, 37) and is known as an A-T-causing ATM alteration (48).
(B) MCL-H. Using SSCP analysis, an aberrantly migrating restriction fragment of the RT-PCR product harboring exons 42-51 was detected. Sequence analysis of
the respective RT-PCR fragments identified a single-nucleotide deletion (6638delA) that caused a frameshift and truncation. Note that the amount of cells with
an 11qg deletion was only 79% in the tumor sample, which is responsible for the unusually high signal intensity of the normal allele. The patient’s germ-line DNA
did not contain the mutation. (C) MCL-G. SSCP and subsequent DNA sequence analysis of RT-PCR products encompassing exons 22-30 identified the truncating
mutation GIn1361ter. This mutation was not present in the patient’s germ-line DNA.

thus, supports a pathogenic function of ATM inactivation in
MCL development.

The high proportion of MCLs with ATM inactivation is at
variance with the data of another B-cell lymphoma, for which ATM
mutations were described recently, namely, B-CLL (39-41): (i) the
frequency of deleterious mutations of the A7M gene is considerably
higher in MCL, whereas in B-CLL missense mutations are pre-
dominant; (i) in all MCLs containing a monoallelic deletion of
ATM, the remaining allele was subject to inactivation, whereas in a
fraction of B-CLLs with monoallelic A7TM deletion no mutation
could be detected within the coding region (41). These data suggest
a second gene located within 11g22.3-q23.1 that may have a
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pathogenic role in B-CLL, although it cannot be excluded that a
mutation remained undetected. Hence, ATM inactivation is highly
characteristic for MCL. According to our data, there is no evidence
for a second gene within 11q22.3-q23.1 being associated with MCL.
However, in a recent 11q deletion mapping study by Monni et al.
(52), large deletions including the ATM gene were reported in all
but one MCL, which had a small deletion 2-3 Mbp distal to the
ATM gene locus.

Heterozygous germ-line mutations of ATM currently are
discussed as predisposing factors for tumor development, be-
cause the frequency of heterozygotes amounts to 1% (54). In two
recent studies, heterozygous ATM germ-line mutations were
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reported in patients with B-CLL (39, 40). In this study, the
analysis of the ATM germ-line status was possible for three
patients who contained ATM point mutations in their tumor
cells. In all three cases, the ATM mutations were not present in
the nonmalignant cells, indicating that they arose de novo during
tumor development. Thus, by analogy to our previous study of
B-CLL (41), the present data do not provide evidence for a
genetic predisposition to MCL that would be based on heterozy-
gous germ-line inactivation of the ATM gene.

The ATM mutations identified in this study were of deleterious
character: the majority of the 11 mutations resulted either in
premature termination of translation, resulting in a truncated
protein lacking the PI-3 kinase domain (five cases, Fig. 1), or
corresponded to disease mutations associated with T-PLL or
causative for A-T (three cases, Fig. 1). All mutations directly
affected either the p53 binding or the kinase domain of the
protein, which is crucial for the phosphorylation of ATM
substrates (30, 31), and therefore are predicted to cause sub-
stantial functional impairment. With respect to known aspects of
the biological function of ATM there are several conceivable
mechanisms by which ATM inactivation may act as a tumori-
genic promoter in MCL lymphomagenesis.

(i) Recent studies indicate that ATM is a key regulator of the
cellular response to DNA double-strand breaks induced by
irradiation or physiological processes, such as V(D)J recombi-
nation (reviewed in refs. 27 and 55). One therefore may spec-
ulate that ATM inactivation may be involved in the rearrange-
ment of the Ig gene locus with the cyclin D1 gene characteristic
for MCL. In support of this hypothesis, lymphocytes and lym-
phoid tumor cells of A-T patients (32, 56) and Afm-deficient
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