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The ataxia telangiectasia mutated (ATM) protein plays
a central role in the cellular response to DNA double-
strand breaks (DSBs). Developmentally programmed
DSBs are restricted to cellular subsets within lym-
phoid tissues and we asked whether ATM expression
is differentially regulated during lymphoid differenti-
ation. We showed that immature B cells in bone mar-
row and immature T cells of the thymic cortex were
negative or weakly ATM-positive. T cells of thymic
medulla and peripheral tissues strongly expressed
ATM. High levels of ATM were present in the B lym-
phocytes of the mantle zone and in plasma cells,
while the majority of germinal center B cells were
negative or weakly labeled. Therefore, ATM expres-
sion appears to be down-regulated at those stages of
lymphoid development where physiological DNA
DSBs occur. In B-chronic lymphocytic leukemia and
mantle cell lymphoma we observed two categories:
ATM-negative tumors, most likely reflecting the pres-
ence of ATM mutation, and tumors with abundant
ATM expression. Most follicular center-cell lympho-
mas and diffuse large B-cell lymphomas, which rarely
show inactivation of the ATM gene, were negative or
weakly ATM-positive. Tumor cells from most cases of
Hodgkin’s disease were ATM-negative. Therefore, un-
less ATM inactivation occurs, ATM expression in lym-
phoid tumors is likely to reflect their cellular origin.
As a result, immunostaining to identify lymphoid
neoplasias with ATM inactivation might only be fea-
sible for tumors derived from the stages where ATM is

constitutively highly expressed. (Am J Pathol 2003,
163:423–432)

Individuals with biallelic inactivation of the ataxia telangi-
ectasia mutated (ATM) gene show a high predisposition
to the development of lymphoid tumors of both B- and
T-cell origin. While T-cell malignancies in A-T patients
show a wide spectrum of phenotypes and include tumors
of mature as well as immature T cells, B-cell tumors are
derived mostly from the later stages of B-cell differentia-
tion.1

ATM is a 370-kd protein belonging to a family of PI-3
protein kinases with a role in DNA processing, regulation
of the cell cycle, and control of telomere length. The
principal function of the ATM protein is the integration of
cellular responses to DNA double-strand breaks
(DSBs).2–4 In lymphoid tissues DNA DSBs can be cre-
ated either during normal lymphoid development by the
processes of V(D)J recombination, somatic hypermuta-
tion, and isotype switching,5 or are caused by extrinsic
factors such as ionizing radiation (IR). ATM-dependent
cellular responses to DNA DSBs include the activation of
DNA repair, cell-cycle checkpoints and apoptosis, and
involve a complex network of protein-protein interactions
that act to prevent propagation of DNA damage and the
transmission of DNA errors that could be potentially tu-
morigenic for the cell.4,6 Direct phosphorylation of p53
protein and activation of the p53 pathway is one of the
crucial ATM-dependent responses and is important for
the ATM-mediated activation of the G1/S checkpoint and
the induction of apoptosis.3

Human cells can process DSBs by either homology-
directed or non-homologous repair pathways. Non-ho-
mologous end-joining (NHEJ) repair is based on error-
prone ligation of broken ends and involves the proteins
Ku, DNA-PKCS, Xrcc4, and DNA ligase IV. This pathway
is also used during V(D)J recombination of the immune
system genes.5 In contrast, a high-fidelity mechanism of
homologous recombination (HR) between sister chroma-
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tids is conducted by the proteins Rad51, Rad52, Rad54,
and BRCA. The Nbs1/hMre11/Rad50 protein complex is
implicated in both HR and NHEJ repair pathways. ATM
directly phosphorylates repair proteins such as Nbs1 and
BRCA1, and was shown to bind directly to the sites of
DNA DSBs7 as well as V(D)J intermediates.8 Further-
more, both NHEJ and HEJ repair pathways are found to
be defective in the absence of ATM.9,10 The precise
mechanism of DNA repair regulation by ATM, however, is
yet to be elucidated.

Earlier reports suggested that ATM expression re-
mains constant during cell-cycle progression and also
after induction of DNA DSBs by � irradiation.11–13 In these
circumstances ATM function appears to be determined
by regulation of its kinase activity rather than by protein
expression.14 In contrast, a rapid change in protein ex-
pression has been reported under certain conditions.
ATM was found to be up-regulated in the proliferative
myoepithelium of breast ducts compared with the quies-
cent myoepithelial cells.15 In addition, the level of ATM
protein dramatically increases in quiescent lymphocytes
in response to mitogenic agents.16 Finally, both fibro-
blasts and lymphoid cells were found to down-regulate
ATM in response to epidermal growth factor through a
mechanism that involves alteration in DNA binding activ-
ity of the transcription factor Sp1.17 Accordingly, several
Sp1 consensus binding sites were previously identified
within the sequence of the ATM/NPAT/E14 bi-directional
promoter.18

It has not been reported whether regulation of ATM
during normal lymphoid differentiation involves variation
in ATM protein expression. Although variations in expres-
sion of ATM transcripts between different tissues have
been observed, with particularly high-level expression in
tissues that are frequently exposed to DNA DSBs such as
spleen and thymus,19 ATM expression in specific cell
types within lymphoid tissues has not been analyzed. To
address this question, we studied a spectrum of human
lymphoid tissues using an antibody directed against
ATM. Our findings revealed a clear difference in ATM
expression between different stages of lymphoid devel-
opment. ATM was generally absent in both immature B
and T cells of the bone marrow and the thymic cortex,
respectively. In contrast, T lymphocytes of the thymic
medulla and the peripheral tissues generally expressed
high levels of ATM. During B-cell differentiation high-level
expression was observed in pre- and postgerminal cen-
ter B cells, but not in germinal center B cells. These
findings suggest that down-regulation of ATM expression
may be important during developmentally programmed
genomic recombinations. Because of the variations in
ATM expression observed during B-cell differentiation we
extended our study to include an analysis of B-cell tu-
mors derived from these different stages of B-cell devel-
opment. Our results revealed that the majority of tumors
derived from the germinal center stages did not express
ATM. In tumors derived from the stages of B-cell differenti-
ation where we had previously demonstrated high-level
ATM expression we observed two distinct categories: ATM-
negative tumors, presumably the result of the presence of
inactivating ATM mutations, and tumors exhibiting strong

ATM expression. Our results have important implications for
the use of protein detection in the identification of tumors
harboring inactivating ATM mutations.

Materials and Methods

Tissues

ATM expression was studied in paraffin-embedded nor-
mal lymphoid tissues (lymph node, thymus, spleen, bone
marrow) as well as in frozen thymus and tonsil. Paraffin
wax-embedded specimens of a variety of B-lymphoid
tumors, including B-cell chronic lymphocytic leukemia
(B-CLL), mantle cell lymphoma (MCL), follicular center
cell lymphoma (FCCL), diffuse large B-cell lymphoma
(DLBCL), and classic Hodgkin’s disease (cHD) were also
investigated. Five-�m paraffin wax sections were cut to
Vectabond-coated slides and left at 37°C for a minimum
of 2 hours before being dewaxed and transferred to PBS
buffer pH 7.4. Frozen sections were cut at 6 �m to coated
slides, fixed in 10% formal saline for 20 minutes and
washed in PBS. Lymphoblastoid cell lines (LCLs) pre-
pared from A-T patients and from normal donors were
used to confirm the specificity of the ATM antibody and
subsequently as controls for the ATM staining.

Production of 11G12 ATM Monoclonal Antibody

A 474-bp fragment representing amino acids 992-1144 of
the ATM cDNA sequence was cloned in frame with the
hexa-histidine tag of the vector pQE-32 (Qiagen, Craw-
ley, UK) to generate the clone, designated FP8. Bulk
expression in E. coli and purification of the His-tagged
ATM fusion protein was performed using protocols sug-
gested by the manufacturer (Qiagen). Aliquots (50 �g) of
ATM fusion protein in Freund’s adjuvant were injected
into three mice at two-week intervals for a total of eight
weeks, with the fourth and final injection in the absence of
Freund’s adjuvant. Sera from the mice were tested by
Western blotting for good antibody responses to the fu-
sion protein, before proceeding to monoclonal antibody
production. Spleen cells were fused to SP2 mouse my-
eloma cells, plated out in 96-well plates and hybridomas
selected in medium containing HAT (Sigma Ltd., Poole,
Dorset, UK). Supernatants were tested by ELISA to
identify hybridoma clones producing antibodies to ATM
fusion protein. Positive clones were expanded and
supernatants tested by Western blotting of protein cell
extracts from normal and A-T individuals, to identify those
hybridomas producing monoclonal antibodies specific to
the �370-kd ATM protein (hereafter referred to as 11G12
antibody).

Immunohistochemistry

The 11G12 ATM antibody was used at a dilution of 1:10 in
immunohistochemical assays and was detected by the
standard peroxidase-based Avidin Biotin Duet system
(catalog number K492; Dako Corp., Ely, UK) or the
Chemicon IHC Select (Chemicon, Temecula, CA) fol-
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lowed by the demonstration of peroxidase activity using
the DAB reaction. Tissue sections were microwaved in
0.01 mol/L-citrate buffer (pH 6.0) for a minimum of 45
minutes. In the case of the lymphoma specimens tumors
were classed as ATM-negative if fewer than 10% of tumor
cells were labeled. Tissues were also analyzed by se-
quential double-labeling to demonstrate ATM and a
range of hematopoietic differentiation markers, including
CD3 (for T cells), CD20, CD21, and CD22 (for B cells),
CD34 (for early hematopoietic cells), CD45 (leukocyte
progenitors in bone marrow), CD42b (for megakaryo-
cytes), CD68 (for macrophages), CD79a (for mature B
cells), CD138 (for post-GC B cells, including plasma
cells), CD235a (glycophorin A, for cells of the erythroid
series), and myeloperoxidase (for cells of the myeloid
series).

Bound antibodies were detected using Chemicon IHC
Select kit and a combination of DAB (brown) with either
Vector VIP (purple) (Vector Laboratories, Burlingame,
CA) or Vector SG (gray/black). DAB was generally but not
always used in the first labeling reaction. The antigen
which required the shorter retrieval time was labeled in
the first reaction. Controls were used to ensure non-
cross-reactivity between first and second labeling steps
and these consisted of a series of consecutive sections in
which individual antibody steps were omitted. Immuno-
phenotyping of FCCL, DLBCL, and cHD was performed
using antibodies to CD10 and CD138. ATM expression in
HRS cells of cHD was assessed by dual-labeling with

anti-CD30 antibodies. The presence of DSBs was dem-
onstrated using antibodies against phosphorylated his-
tone H2AX (�-H2AX).20

Results

ATM Antibody 11G12

The specificity of the monoclonal 11G12 antibody for
ATM was confirmed by Western blotting and by immuno-
histochemistry using LCLs derived from three classical
A-T patients (A-TLCL118–3, A-TLCL77–3, A-TLCL142),
each carrying two ATM truncating mutations, and from
three normal donors. Figure 1A shows the detection of a
370-kd band corresponding to the ATM protein in the
LCLs from normal donors but not in the LCLs from the A-T
patients. In cytospins and paraffin-embedded cell pel-
lets, strong labeling of nuclei was observed in normal
donor LCLs, whereas LCLs from A-T patients were not
labeled with the ATM antibody (Figure 1B).

Figure 1. Specificity of ATM monoclonal antibody 11G12. Western blotting (A)
shows expression of a 370-kd band in 3 LCLs from normal donors and absence
of the same band in the LCLs from three A-T donors with truncating ATM
mutations of both alleles. Immunohistochemistry using the 11G12 antibody
produced strong nuclear staining in cytospin preparations of the normal donor
LCLs, whereas the LCLs from the A-T donors were negative (B).

Figure 2. ATM expression in bone marrow. ATM-positive cells of the bone
marrow were small and comprised 5% to 10% of the total cellular compartment.
Dual-labeling was performed for ATM (brown) and a range of hematopoietic
differentiation markers (dark gray/black). a: Dual-labeling with an antibody
specific for CD34; the majority of CD34-expressing cells were ATM-negative.
ATM expression was apparent in more mature lymphoid cells, including those
that expressed CD45 and CD20 (b and c, respectively). However, a proportion
of ATM-positive cells were not labeled with either CD20 or CD45. Triple-labeling
with ATM, CD20, and either CD138, CD68, or CD3 revealed that these cells were
mostly either plasma cells, macrophages, or T-lymphocytes. Inset of c shows
triple-labeling for ATM (brown), CD20 (purple), and CD138 (gray/black). Cells
of the erythroid series (shown in d by staining with antibodies to glycophorin A)
and those of the myeloid series (e, by staining with antibodies to myeloperox-
idase) were consistently ATM-negative. Megakaryocytes (f, stained for CD42b)
showed weak to moderate staining with the ATM antibody.
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ATM Protein Expression in Normal Lymphoid
Tissues

Our studies revealed that ATM-positivity in the bone mar-
row was restricted to a minor subpopulation of mostly
small cells, comprising 5% to 10% of the total cellular
compartment (Figure 2). CD34-positive cells (stem cells/
pro-B cells) were mostly ATM-negative, although occa-
sional cells were labeled. More mature B cells, as evi-
denced by their expression of CD45 (early pro-B cells,
mature B cells), CD20, CD21, or CD79a (all mature B
cells), were more frequently ATM-positive (mean num-
bers of ATM-positive cells across 3 separate normal
bone-marrow specimens that co-expressed B-cell mark-
ers were for CD45, 72.8%; CD20, 65.3%; CD21, 35.6%;
CD79a, 49.4%). Triple-labeling experiments revealed
that the majority of ATM-positive cells not expressing
B-cell markers (CD20, CD21, CD79a) included plasma
cells (Figure 2c, inset), macrophages, and T-lympho-
cytes. Occasional CD20-, CD79a-, and CD21-expressing
cells appeared to lack ATM expression although these
were generally rare. Remarkably, developing cells of the

erythroid (as detected by expression of CD235a) and
myeloid lineages (by expression of myeloperoxidase)
were almost exclusively ATM-negative. Cells of the plate-
let series, including megakaryocytes, expressed moder-
ate levels of ATM.

In the thymic cortex �5% of cells expressed detect-
able ATM; however, these larger cells were mostly either
macrophages or epithelial cells as evidenced by dual
expression with cytokeratin and only occasional small
cells showed dual-positivity for ATM and CD3. In the
medulla, however, �75% of cells were stained positively
for ATM (Figure 3); most of these were T cells as detected
by dual-staining (Figure 3). Epithelial cells of the thymic
medulla were also labeled with the ATM antibody (Figure
3). In contrast to the clear differences in T-lymphocyte
expression of ATM at the medulla and cortex, there were
no differences in the level of ATM expression in epithelial
cells at these locations.

We observed a marked variation of ATM expression in
lymph nodes and tonsils. In the case of B-lymphocytes,
the level of expression varied dramatically with the stage
of B-cell development. Mantle-zone B cells were all

Figure 3. ATM expression in thymus. a: Immunostaining of thymus revealed strong expression of ATM in cells of the thymic medulla, but not the cortex. b: Higher
magnification of thymic medulla showing that the majority of cells with typical lymphocyte morphology are ATM-positive, whereas in cortex (c) such cells were
rarely ATM-positive. Double-labeling of ATM (brown) and CD3 (gray/black; d) confirms the majority of ATM-positive cells in the medulla are T-lymphocytes.
Epithelial cells of the thymic medulla were also ATM-positive as evidenced by their co-expression of ATM (brown) and cytokeratin (gray/black; e). f: Epithelial
cells of the cortex were also ATM-positive.
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strongly labeled, while germinal center B cells were only
weakly stained or negative, and post-GC CD138-positive
B cells, including plasma cells, were strongly ATM-posi-
tive (Figure 4). Thus, in B-lymphocytes ATM appears to
be down-regulated at those sites where DNA DSBs oc-
cur. The presence of DSBs in ATM-low germinal-center B
lymphocytes was confirmed in consecutive sections us-
ing antibodies against �-H2AX, which is associated with
this type of DNA damage (Figure 4). Cells in interfollicular
areas were strongly labeled mainly because of the gen-
erally strong expression of ATM by T cells in these areas
(Figure 4). In contrast to germinal-center B lymphocytes,
macrophages at this location were strongly ATM-positive
(Figure 5). Moderate staining of basal and parabasal
cells of the tonsillar squamous epithelium was also noted,
whereas the more superficial cells were negative.

A similar pattern of staining was observed in spleen
with strong ATM staining in periarteriolar T lymphocytes
and in B cells of primary follicles but not in germinal
centers where the pattern was identical to that seen in
lymph nodes and tonsil. Macrophages of the red pulp
and germinal centers of spleen also strongly expressed
ATM (Figure 5).

ATM Protein Expression in B-Lymphoid Tumors
(Table 1)

The majority of B-cell tumors derived from the germinal-
center stages of B-cell differentiation where ATM is nor-

mally down-regulated (ie, DLBCL, FCCL), and in which
prior studies have not generally identified inactivating
ATM mutations, were either negative or weakly labeled
with the ATM antibody (Figure 6). However, some DLBCL
and FCCL strongly expressed ATM and interestingly, in
the case of FCCL but not DLBCL we observed pheno-
typic differences between the ATM-positive and ATM-
negative variants. Thus, the majority of ATM-negative
FCCLs displayed a typical GC phenotype characterized
by expression of CD10, whereas the rarer ATM-positive
tumors were mostly CD10-negative.

In tumors derived from the B-cell stages where we
demonstrated high levels of ATM expression, and in
which ATM mutations have been frequently detected (ie,
MCL, B-CLL), we observed two distinct patterns (Figure
6): 1) ATM-negative tumors, most likely the result of the
presence of inactivating ATM mutations, and 2) tumors
showing abundant ATM expression. In each of the two
B-CLL cases with a loss of ATM expression we previously
identified two ATM mutations. In B-CLL1 we identified a
truncating mutation 1058delGT and the missense muta-
tion 5464G-�A, predicted to lead to the substitution of
glutamic acid by glutamine at position 1822. In B-CLL 2
we identified two missense mutations: 1048G-�T pre-
dicted to lead to the substitution of alanine by threonine at
position 350, and 1055T-�C predicted to cause the sub-
stitution of isoleucine by threonine at position 352.21 Both
tumors showed a defect in damage-induced activation of
the p53 pathway,21 suggesting the pathogenic nature of

Figure 4. Variation in ATM expression among different cellular subsets in secondary lymphoid organs. In tonsils and lymph nodes ATM expression was
remarkably variable between different cellular subsets. a: Mantle zone (MZ) but not germinal center (GC) B-lymphocytes were strongly labeled, suggesting that
ATM is down-regulated at those sites undergoing DSBs. We confirmed the presence of DSBs in ATM-low cells in the germinal centers by staining consecutive
sections for �-H2AX (b). c: Plasma cells expressing CD138 (brown membrane staining) were also strongly ATM-positive (shown here as purple nuclear reactivity).
d: In interfollicular areas, CD3-positive T cells (brown membrane staining) were mostly also ATM-positive (shown here as purple).
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the identified mutations. All CLL cases with wild-type
ATM showed high-level expression of ATM. Notably, the
majority of multiple myelomas was strongly ATM-positive.
In the majority of the B-cell lymphomas examined, irre-
spective of ATM status, we could identify small, scattered
ATM-positive non-tumor cells. Double-labeling revealed
that these were mostly T lymphocytes (data not shown).

The majority of cases of cHD showed no detectable
ATM expression in the malignant Hodgkin/Reed-Stern-
berg (HRS) cells despite strong staining of surrounding
reactive cells (Figure 7). However, there was no relation-
ship between ATM expression and histological subtype,
EBV status and whether the tumors were from adults or
children. In contrast to HD cases harboring ATM-nega-

tive HRS cells, which were with one exception either
negative or showed only rare expression of CD138 (�5%
HRS cells stained), in all ATM-positive tumors HRS cells
strongly expressed CD138, suggesting that the majority
of tumor cells in these cases had the phenotype of
post-GC B-cells.

Discussion

In this study we have demonstrated significant variations
in ATM expression within different B- and T-cell subpopu-
lations in human lymphoid organs that are likely to reflect
differences in the requirement for ATM at different stages
of B- and T-cell development.

B- and T-lymphocyte development is characterized by
progressive differentiation within distinct tissue compart-

Figure 6. Variation of ATM expression in subsets of B-cell neoplasias. B-cell
tumors derived from the different stages of B-cell differentiation showed
variation in ATM expression. a: A B-CLL tumor where previous analysis had
revealed wild-type ATM status, showing strong ATM expression. In contrast,
B-CLL1 tumor (b) carrying an inactivating mutation in the ATM gene did not
express detectable levels of ATM protein. The other tumor where ATM
mutations are frequent is mantle cell lymphoma (MCL) and two subgroups of
tumor were recognizable in our study; a group showing strong ATM expres-
sion, an example of which is shown in c, and a group of ATM-negative
tumors where we presume ATM is mutant (d). In diffuse large B-cell lym-
phomas (DLBCL) both ATM-positive (e) and ATM-negative tumors (f) were
observed. Likewise, ATM-positive and ATM-negative groups of FCCL tumors
were seen (g and h, respectively). In DLBCL and FCCL tumors variation in
ATM expression is most likely due to variations in the differentiation status of
the malignant B cells.

Figure 5. Strong expression of ATM by macrophages. a: In contrast to the
weak labeling of GC B lymphocytes, macrophages in the GC were strongly
labeled for ATM (brown) as identified by typical morphology, and by dual-
labeling with CD68 (b; ATM brown, CD68 purple). Macrophages of the red
pulp of spleen were also ATM-positive, shown here in c by dual-labeling for
ATM (brown) and CD68 (purple).
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ments. In the case of B lymphocytes, early antigen-inde-
pendent development occurs in the bone marrow and is
characterized by stepwise gene rearrangement, involv-
ing first the heavy chain D-J segments (pro-B cell stage),
followed by heavy chain and then light chain V(D)J re-
combination. Mature B cells exported to the periphery
then undergo a second round of proliferation if they en-
counter antigen. This occurs in the germinal center and
leads to the production of high-affinity antibody produc-
ing plasma cells and memory B cells. Class switching
and somatic hypermutation also occur in the activated B
cells of the germinal center. In contrast, T-cell develop-
ment occurs in the thymus. Pre-T cells of the thymic
cortex rearrange their TCR genes and undergo positive
selection for self-MHC restriction. T cells that survive this
process migrate to the medulla from where they travel to
the peripheral tissues and localize to T-cell areas (inter-
follicular regions of lymph nodes and periarteriolar cuffs
in spleen). Unlike B cells there is no formation of an
equivalent to the germinal center during T-cell differenti-
ation. Our results show that ATM is expressed at low
levels at sites where physiological DNA DSBs are re-
quired and where cells are undergoing rapid prolifera-
tion, ie, in germinal center B cells, in immature B cells and
T cells of the bone marrow and thymic cortex, respec-
tively. Interestingly, we observed high-level ATM expres-
sion at both pre-germinal and postgerminal stages of
B-cell differentiation, as well as in the thymic medulla at
the locations of terminal T-cell differentiation.

One possible explanation for the variations in ATM
expression we have observed in lymphoid cells might be
the requirement for developmentally regulated cellular
responses to DNA DSBs. The alteration in ATM expres-
sion might be required to prevent apoptosis in immature

lymphocytes undergoing immune system gene rear-
rangements. Indeed, Bhandoola and colleagues22 re-
cently reported that immature thymocytes are able to
tolerate DNA DSBs induced by DNA intercalating agents,
whereas mature T cells are signaled to die by an ATM-
dependent death mechanism. Here, we demonstrate a
clear decrease in ATM expression at the locations of
immune system gene rearrangements in lymphoid or-
gans. We suggest that reduced ATM expression may
represent a mechanism for the down-regulation of re-
sponses to DNA DSBs. Indeed, we have previously
shown that decreased levels of ATM expression can
result in significantly reduced ATM function and impaired
responses to DNA DSBs.23 Furthermore, it has been re-
ported that during lymphoid development, activation of
the p53 pathway plays an important role in induction of
apoptosis and elimination of lymphocytes with the accu-
mulation of V(D)J intermediates.24 Down-regulation of
ATM in immature human B and T lymphocytes observed
in this study would therefore be consistent with protection
from excessive apoptosis during lymphoid development.
In contrast, high-level expression of ATM in pre- as well
as in postgerminal B cells and in mature T lymphocytes
may ensure that cells with disadvantageous V(D)J re-
combinations, or potentially tumorigenic DNA damage
are eliminated by apoptosis.

During the processing of developmentally pro-
grammed DSBs, ATM co-operates with other repair pro-
teins. Expression of the DSB repair protein, Nbs1, which
is involved in V(D)J recombination, is also low at the sites
of developmentally programmed DNA DSBs, both in the
spleen and thymus.25 However, DNA PKcs and Ku 80
show low expression in mantle zone and high expression
in germinal centers, the opposite of that observed for

Table 1. ATM Expression in B-Lymphoid Tumors

Tumor No. ATM-positive cases

Diffuse large B-cell lymphoma 11/47
Follicular lymphoma 19/59

CD10-positive 7/41*
CD10-negative 11/14

Mantle cell lymphoma 7/15
Chronic lymphocytic leukemia† 32/42

Wild-type ATM 15/15
Mutant ATM 0/2 B-CLL1 1058delGT; 5464G3A(E1822Q)

B-CLL2 G1048T(A350T); T1055C(I352T)
29/31

Hodgkin’s disease (classic) 5/25
CD138-positive 5/6
CD138-negative 0/19

EBV status‡

(�) 1/10
(�) 3/14

Subtype
MC 2/12
NS 2/11
Lymphocyte-rich classic HD 1/2

Age
�15 years 1/6
15 and over 4/19

*CD10 status not determinable in four cases.
†ATM status had previously been determined for these CLL tumors.
‡EBV status not available for one ATM-positive case.
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ATM.26 The differences in expression of various repair
proteins throughout lymphoid development may reflect
their different roles in response to developmentally regu-
lated DNA damage.

The mechanism by which differential ATM expression
is regulated throughout lymphoid development is cur-
rently unknown. The separation of lymphoid subsets from
different stages of B- and T-cell differentiation and quan-
titation at both the protein and transcriptional level could
potentially provide such an answer but these separation
procedures are difficult to perform. Interestingly, our pre-
vious studies conducted on a spectrum of T- and B-cell
lines of different maturity revealed no correlation between
endogenous ATM protein levels and ATM promoter ac-
tivity determined by analysis of transfected luciferase
reporter gene constructs (unpublished data). There is a
possibility, therefore, that throughout lymphoid develop-
ment ATM protein expression is regulated at a posttran-
scriptional level.

Our results revealed a striking difference in ATM ex-
pression between different B-cell malignancies. Differ-
ences in ATM expression could be the result of variation
in the frequency of ATM inactivation within B-cell tumors.
Alternatively, patterns of ATM expression might reflect
the different stages of B-cell differentiation from which
individual tumors are derived.

The ATM gene is inactivated in sporadic lymphoid
tumors of both mature B- and T-cell phenotype.27 The
frequency of ATM inactivation varies between the differ-
ent histological subentities. Vorechovsky and col-
leagues28 reported the presence of ATM mutations in 17
of 37 analyzed sporadic T-PLLs. The majority of these 17
tumors had lost the second ATM allele, suggesting a
complete inactivation of the ATM gene. Similar results
were reported in two other studies where the remaining
ATM allele was found to be mutated in up to 70% of
sporadic T-prolymphocytic leukemia (T-PLL) with loss of
heterozygosity (LOH) across the ATM gene.29,30 Forty
percent of MCL with LOH across 11q22–23 also show
mutation of the second allele.31,32 In addition, we and
others have reported inactivation of the ATM gene in
some 20% of B-CLL.21,33–36 In contrast, ATM is rarely
mutated in FCCL, DLBCL, or T-NHL.37

MCL is a tumor of resting B lymphocytes lacking VH
somatic hypermutation and derived from the mantle
zone. Judging by the variable heavy (VH) somatic muta-
tion status, B-CLL tumors could be of either pre-germinal
or postgerminal origin.38,39 Interestingly, we previously
observed that ATM mutant B-CLL tumors uniformly lack
VH somatic hypermutation, suggesting their common
pre-germinal origin.21 Therefore, both sporadic B-cell
tumors with frequent inactivation of the ATM gene, B-CLL
and MCL, are derived from cells that normally display
high-level expression of ATM protein. Absence of ATM in
either MCL or B-CLL is likely to represent the presence of
inactivating ATM mutations. Indeed, we were able to
demonstrate that in the case of B-CLL, tumors that were
wild-type for ATM uniformly expressed high levels of ATM
protein, whereas two B-CLL tumors carrying ATM muta-
tions did not. Despite the fact that the region against
which our ATM antibody was raised (encompassing
amino acids 992 to 1144) did not coincide with the sites
of amino acid substitutions of the mutant alleles, we could
not identify these mutant proteins by immunostaining.
This is not surprising bearing in mind that the missense
mutant ATM alleles tend to show variable expression at
the protein level, regardless of the position of mutation.
Failure to detect expression of the mutant missense
alleles might also reflect the impact of the amino acid
substitution on the conformation of the mutant protein and
its ability to bind the ATM antibody. Furthermore, truncat-
ing ATM mutant alleles are not expressed at the protein
level due to their instability27 and therefore the lack of the
expression of the truncating 1058delGT allele was also
predictable.27

In tumors previously shown to only infrequently harbor
an ATM mutation, such as FCCL and DLBCL, the most
likely explanation for the lack of ATM expression is their
origin from germinal center cells where ATM is not nor-
mally highly expressed. Intriguingly, however, ATM was
highly expressed in a subset of both FCCL and DLBCL
(30 of 106 analyzed tumors), which might suggest their
origin from another point in the B-cell differentiation path-
way. This interpretation was supported, at least in the
case of FCCL, by our immunophenotypic analysis where
ATM-positive tumors were more frequently CD10-nega-
tive, while ATM-negative tumors were more frequently

Figure 7. Expression of ATM in the malignant cells of Hodgkin’s disease.
HRS cells from the majority of cases lacked detectable ATM expression. a: A
representative ATM-negative HD tumor. b: Dual-labeling of ATM (purple)
with CD30 (brown), confirming the absence of ATM expression in the
malignant population in this case. d: Strong expression of ATM in the HRS
cell of a tumor classified as ATM-positive. e: Expression of ATM (purple) in
CD30-positive (brown) malignant cells from this case. We also observed
differences in the phenotype of the malignant cells between ATM-positive
and ATM-negative HD cases; thus with one exception, ATM-negative tumors
either did not express CD138 or only expressed this marker at low levels in
malignant cells (c), whereas ATM-positive HRS cells strongly expressed
CD138 (f).
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CD10-positive, although the significance of CD10 ex-
pression by FCCL in relation to cell of origin has yet to be
established. Surprisingly we found no relationship be-
tween ATM and CD10 expression in DLBCL where CD10
has been useful in making the distinction between the
GC-derived and activated forms of DLBCL. An alternative
explanation is that DLBCL and FCCL with high ATM
expression might have involvement of genetic factors that
deregulate ATM. We conclude that unless there is evi-
dence of ATM inactivation, ATM expression in sporadic
lymphoid tumors broadly reflects their cellular origin.

In Hodgkin’s disease, where a role for ATM inactivation
is suggested by the increased incidence of this tumor in
AT patients, low levels of ATM protein expression might
indicate the presence of inactivating mutations in the
ATM gene. Alternatively, it might merely reflect the origin
of HRS cells from a germinal center stage of B-cell dif-
ferentiation. Carbone et al40 recently described variation
in the extent to which tumor cells from individual cHD
cases express a post-GC phenotype as assessed by
their expression of CD138. We used immunohistochem-
istry to examine CD138 expression in tumor cells from our
series. Our finding that all of the ATM-positive tumors
strongly expressed CD138, whereas almost all of the
ATM-negative tumors were either negative or showed
only low CD138 expression favors the stage of differen-
tiation as a determinant of ATM expression in HRS cells.
However, we did find a single tumor that strongly ex-
pressed CD138 but lacked ATM expression; this might
represent a post-GC subgroup that carry inactivating
ATM mutations. Further studies are required to confirm
this possibility.

The observations from our study have practical impli-
cations for the analysis of ATM in different sporadic lym-
phoid tumors. We have demonstrated remarkable varia-
tions in ATM expression among the lymphoid subsets of
different maturity, indicating that not only the presence of
ATM mutations, but also the stage of differentiation, can
influence ATM expression in lymphoid cells. Conse-
quently, it may be difficult to detect a decrease in ATM
expression caused by ATM inactivation in tumors derived
from cells with constitutively low levels of ATM expres-
sion. In neoplasias derived from stages with high ATM
expression, however, immunocytochemistry could pro-
vide an ideal screening procedure for the detection of
tumors harboring mutant ATM.
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