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Diversity of genome profiles in malignant lymphoma
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Characteristic chromosome translocations are associated with
specific disease entities, and are known to play a pivotal role in
lymphoma development. Chromosome translocation alone, how-
ever, is not sufficient to produce tumors. Factors including the
microenvironment and epigenetic and genetic alterations other
than chromosome translocations have been shown to play a role
in lymphoma development. Follicular lymphoma cells proliferate in
close contact with follicular dendritic cells. Mucosa-associated
lymphoid tissue (MALT) lymphoma cells proliferate at the marginal
zone area of reactive follicles which are formed by preceding
chronic inflammation. The importance of genetic alterations other
than chromosome translocation has been recognized since the
introduction of array comparative genomic hybridization (array
CGH). Variations in the genomic profile among patients with the
same disease entity have been found by array CGH analyses. These
variations indicate that multiple genetic pathways leading to the
development of lymphomas may exist and hence result in the
variable clinicopathological features observed. (Cancer Sci 2010;
101: 573–578)

Chromosome translocation for lymphomagenesis

C hromosomal translocations involving immunoglobulin loci
are a hallmark of many types of B-cell lymphoma.(1) How-

ever, transgenic mouse models with various genes associated
with chromosome translocation have revealed that chromosome
translocation alone is not sufficient for lymphoma development.
Transgenic mice with the MYC gene juxtaposed to the El
enhancer of the immunoglobulin heavy chain (IgH) gene devel-
oped lymphomas after a long period of time.(2) Furthermore, all
of the developed lymphomas were monoclonal, indicating that
clonal selection occurred in El-MYC B cells during lymphoma
development. If El-MYC alone is sufficient for lymphoma
development, polyclonal tumors should be expected. El-BCL2
transgenic mice showed polyclonal proliferation of B cells
resulting in expansion of lymphoid follicles, but only 20% of
the mice developed monoclonal diffuse large-cell lymphoma
after the long latency.(3) The long latency, progression from
polyclonal to monoclonal disease, and histological conversion in
the BCL2 transgenic mouse model suggested the influence
of secondary genetic events for lymphoma development. Impor-
tantly, half of the tumors in El-BCL2 transgenic mice were
shown to posses a MYC translocation, indicating that BCL2 and
MYC genes collaborated in lymphoma development. Indeed, the
collaborative work of BCL2 and MYC has been demonstrated
with in vitro experiments using Epstein–Barr virus-transformed
lymphoblastoid cell lines.(4)

Another line of evidence showing the importance of second-
ary genetic events is the presence of B cells with IgH-BCL2
translocation in normal individuals, as demonstrated by
Limpens et al.(5) That study revealed that IgH-BCL2 cells were
found at a frequency of 1 in 105 cells in lymph nodes and ton-
sils with follicular hyperplasia in over 50% of cases. Yasukawa
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et al. reported that IgH-BCL2 positive cells were also found in
10% of Japanese normal individuals when 1–2 · 106 peripheral
blood lymphocytes were used.(6) Given that the annual
incidence of follicular lymphoma in the Japanese population is
<1 in 100 000, it is obvious that these IgH-BCL2 cells do not
directly develop follicular lymphomas. This correlates well
with the transgenic mouse model in that the other events are
necessary for cells to become fully malignant.

Microenvironments for lymphoma development

Secondary follicles represent an important apparatus for B-cell
differentiation and maturation. B cells start differentiation by
gene rearrangement for D-J joining of the IgH gene. The
introduction of the V region to the rearranged DJ results in VDJ
joining, and when the rearrangement is successful it produces
the IgH chain protein. The Ig gene has a hierarchical order of
rearrangement. After the successful IgH gene rearrangement, Ig
light chain (IgL) gene rearrangement follows. The rearrange-
ment for IgL starts from the kappa light chain gene. When both
alleles of the kappa chain gene rearrangement fail, the lambda
chain gene begins rearrangement.(7) When IgH and IgL genes
are productively rearranged, B cells are called naı̈ve B cells
because they are not exposed to external antigens, and reside at
the mantle zone area of the secondary follicles (Fig. 1).(8) When
these cells are stimulated with appropriate antigens, the cells
proliferate rapidly at the dark zone area of the germinal center
in the secondary follicles. Most of these cells die by the mecha-
nism of apoptosis, and B cells producing high-affinity antibody
are selected and move out of the secondary follicles through the
marginal zone area to the peripheral blood circulation. Malig-
nant lymphomas with different entities exist corresponding to
these various differentiation stages. These include mantle cell
lymphoma, follicular lymphoma corresponding to germinal
center cells, and marginal zone lymphoma (MALT lymphoma)
(Fig. 1).

These lymphomas have characteristics of their normal
counterparts,(9) and they proliferate at their sites of origins. The
microenvironments for cell proliferations are important. The
dependency of cell growth on the microenvironment was
clearly shown in follicular lymphoma by Kagami et al.(10)

They established a follicular dendritic cell (FDC)-dependent
follicular lymphoma cell line, FLK-1. Although the detailed
mechanisms still remain to be elucidated, it was shown that the
long-term growth of the cell line needs direct contact with
FDCs. It is particularly important to note that proliferating fol-
licular lymphoma cells in follicular lymphoma patients are
found in the FDC area.(11) In this context, it is quite conceiv-
able that mantle cell lymphoma and marginal zone lymphoma
may have similar microenvironments as found in follicular
lymphoma. It is still unclear, however, what kind of cells make
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Fig. 1. Developmental stages of B-cell lymphomas and B-cell differentiation via secondary follicles. The B-cell stem cell starts differentiation
from D-J joining of the immunoglobulin heavy chain (IgH) gene, then V-DJ joining take places. If the IgH gene is successful for productive
rearrangement, the Ig light chain (IgL) gene undergoes rearrangement in the order of Igk to Igl.(6) B cells with successful rearrangement of IgH
and IgL genes come to the mantle zone of the secondary follicles. The B cells at this stage are called naı̈ve B cells because they are not exposed
to antigens.(7) When they are stimulated with appropriate antigens, the cells proliferate rapidly at the dark zone, hypermutation takes place,
and most cells die through the mechanism of apoptosis. The cells producing high-affinity antibody are selected and move out of the germinal
center. These cells are believed to go to the peripheral circulation through the marginal zone. During these B-cell maturation steps, malignant
lymphomas exist corresponding to the mantle zone, germinal center, and marginal zone.(8) These types of lymphomas are mantle cell
lymphoma, follicular lymphoma, and marginal zone (MALT) lymphoma, respectively. Each type has a characteristic chromosome translocation:
IgH-BCL1 ⁄ CCND1, IgH-BCL2, and API2-MALT1, respectively.
suitable microenvironments for proliferation of mantle cell
lymphoma and marginal zone lymphoma. The interaction
between lymphoma and the microenvironment should be
clarified for a better understanding of lymphoma development.

Genetic alterations other than chromosome translocations

Chromosome translocations can be divided into two types: the
fusion gene type and the transcriptional deregulation type.(1) It
is well known that the fusion gene type makes chimeric protein
whose characteristic is different from donor gene products.
The unique characteristic chimeric protein(12,13) is believed to
play a role in oncogenesis. The transcriptional deregulation type
deregulates transcription by the juxtaposed gene. In cases of
BCL1 ⁄ CCND1(cyclin D1) and BCL2 translocations, the juxta-
posed IgH gene renders its target gene expressed where these
genes are normally down-regulated, leading to lymphoma devel-
opment.(1) It is well known that these translocations alone do
not produce tumors, indicating that other factors are required.

Genomic copy number aberrations (CNAs) identified by array
comparative genomic hybridization (array CGH) analyses have
given important insights into understanding the mechanism of
lymphoma development. When a variety of disease entities of
malignant lymphoma were analyzed, non-random genomic alter-
ations became evident (Fig. 2), and it was found that each dis-
ease entity has characteristic genomic alteration patterns that are
different from each other (Figs 3,4).(14–18) The fact that each
disease entity has a unique genomic profile indicates that these
genomic alterations play some role in making each type of
lymphoma of the different entities. Thus, explorations of target
genes for these genomic regions are one of the most important
research areas for an understanding of the molecular mecha-
nisms of lymphoma development. It must be remembered,
however, that even if one can identify the target gene from the
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genetically altered regions, such a target alone is not sufficient
to produce tumors. One of the future directions of this research
field is to understand the interaction or collaboration of multiple
genes identified from genetically altered regions.

Genome-wide array CGH analysis provided an important find-
ing regarding T-cell malignancies. Adult T-cell leukemia ⁄ lym-
phoma (ATLL) is caused by human T-lymphotrophic virus
(HTLV)-1 viral integration, but 95% of HTLV-1 virus carriers
do not develop tumors, indicating that HTLV-1 alone cannot
make cells malignant.(19) Oshiro et al. demonstrated that geno-
mic profiles differ between acute and lymphoma types, and they
showed the importance of genomic alterations after HTLV-1
integrations.(17) It was recently revealed by Nakagawa et al. that
peripheral T-cell lymphoma-unspecified (PTCL-U) may be
divided into two groups, one with genomic alterations and one
without.(18) Importantly, PTCL-U with genomic alterations has
clinicopathological features similar to those of the ATLL
lymphoma type. Furthermore, it was also shown that both have
similar histology and surface markers such as CCR4. In other
words, PTCL-U with a genomic alteration subtype is difficult to
differentiate from the ATLL lymphoma type if HTLV-1 infor-
mation is not available. These findings suggest the following
important facts. First, HTLV-1 integration is important for
lymphoma development, but other genetic events are necessary.
Second, PTCL-U with genomic alteration is not distinguishable
from the ATLL lymphoma type without HTLV-1 information.
In this regard, HTLV-1 negative ATLL(20) may belong to the
same disease entity. Our findings might reflect the genetic bases
for this entity.

In clinical practice, diagnosis of ATLL has been restricted to
cases with HTLV-1 integration, indicating that HTLV-1-nega-
tive ATLL cases are omitted from ATLL cases irrespective of
the similarity of the clinical manifestation. The clinical subtyp-
ing of ATLL by Shimoyama is quite useful and important from
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Fig. 2. Recurrent genomic aberrations in mantle cell lymphoma patients. Mantle cell lymphoma (MCL) has t(11;14)(q13;q32) resulting in a
BCL1 ⁄ CCND1 translocation with the immunoglobulin heavy chain (IgH) gene (IgH-BCL1 ⁄ CCND1).(11) Array comparative genomic hybridization
(CGH) analysis revealed that non-random copy number aberrations also occurred in MCL patients.(14)

Fig. 3. Genome profiles of mantle cell lymphoma and diffuse large B-cell lymphoma (DLBCL). Frequency of genomic aberrations is summarized
for 29 cases of mantle cell lymphoma (MCL) and DLBCL of ABC (28 cases) and GCB (18 cases) subtypes.(14,15) The genome profiles of each entity
are different, suggesting that these differences play important roles in establishing clinicopathological features of these types of lymphoma.
a practical aspect,(21) but one needs to keep in mind that the
molecular bases for ATLL development also work for the devel-
opment of HTLV-1-negative ATLL or PTCL-U with genomic
Seto et al.
alterations. The recognition of such a disease entity might be
more important for an understanding of peripheral T-cell malig-
nancies.
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Fig. 5. Multiple pathways to establish the same lymphoma type. (a) The initial genetic hit for mantle cell lymphoma is likely to be a BCL1
translocation. The pattern of genomic alteration differs from patient to patient, although there are shared regions as shown in Figure 2,
suggesting that there are multiple genetic pathways that form mantle cell lymphoma. (b) In cases of adult T-cell leukemia ⁄ lymphoma (ATLL)
lymphoma type and peripheral T-cell lymphoma-unspecified (PTCL-U) with genomic alterations, the initial genetic hit for the former involves
human T-lymphotrophic virus (HTLV)-1 integration. A genetic hit yet to be found may replace the HTLV-1 integration for the latter. The genetic
pathways other than the first hit may be quite similar to each other.

Fig. 4. Genome profiles of T-cell malignancies. Adult T-cell leukemia ⁄ lymphoma (ATLL) is caused by human T-lymphotrophic virus (HTLV)-1
integration after a long latency of about 40–50 years.(19) It was shown that acute and lymphoma types have distinct genome profiles.(17)

Peripheral T-cell lymphoma-unspecified (PTCL-U) with genomic aberrations has genome profiles similar to those of lymphoma type ATLL.(18) It
should be noted that the histology and surface markers are also very similar to each other.
Genetic variations and disease spectrum

Each disease entity has a characteristic genome profile and it is
quite conceivable that such characteristic genomic aberrations
play important roles in lymphoma development. Mantle cell
lymphoma possesses a characteristic chromosome translocation
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of t(11;14)(q13;q32), resulting in the common presence of
IgH-BCL1 ⁄ CCND1.(22) Regarding CNAs, as shown in Figure 3,
the genome profile of mantle cell lymphoma in 29 cases
revealed that non-random genomic alterations are involved in
mantle cell lymphoma development.(14) However, the genome
alteration pattern in each patient is quite variable, although
doi: 10.1111/j.1349-7006.2009.01452.x
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Fig. 6. Shared function driving lymphomagenesis of variable genetic
alterations. An indication of variable genetic alterations in the same
disease entity was revealed by a series of studies on mucosa-
associated lymphoid tissue (MALT) lymphoma. Three kinds of
chromosome translocations, t(11;18)(q21;q21), t(14;18)(q32;q21) and
t(1;14)(p22;q32) were revealed as ALI2-MALT1, IgH-MALT1, and
IgH-BCL10, respectively. All of these translocations were found to
deregulate signal transduction pathways to activate nuclear factor-
kappa B (NF-jB). We have found that 6q23.3 loss is frequent in ocular
adnexal MALT lymphoma and identified that the target gene is
TNFAIP3 ⁄ A20, which has a suppressor function on NF-jB activity.(34,35)

The loss of TNFAIP3, therefore, would result in NF-jB activation,
indicating that the NF-jB activation is essential for MALT lymphoma
development. In this regard, 18 trisomy and chronic inflammation
may work to activate NF-jB.
there are some tendencies in genome alteration regions (Fig. 2),
indicating that variable combinations of genomic alterations
may work for the development of mantle cell lymphoma.
Taking this genomic variation into account, it is quite likely
that there are multiple genetic pathways from the initial chro-
mosome translocation to the final manifestation of lymphoma
(Fig. 5). These genetic variations in a single disease entity are
likely to be the cause of clinicopathological heterogeneity; in
other words, the so-called spectrum of the disease. In this
regard, it is necessary to identify the number of genes involved
in a single disease entity.

Recently, Takeuchi et al. reported bioinformatic analyzes to
differentially diagnose lymphoma subtypes using array CGH
data with 2304 BAC clones.(23) They reported an 88% accuracy
of differential diagnosis between mantle cell lymphoma and dif-
fuse large B-cell lymphoma (DLBCL) when 50 genomic regions
were selected by a computer program. The same is true for dif-
ferential diagnosis between ABC and GCB types of DLBCL,
which yielded an accuracy of 83%. These genomic regions are
suspected of being regions that are involved in lymphoma devel-
opment. The next step to further advance these findings would
be the identification of target genes by which functional conse-
quences may be clarified.

Indication of genetic variations in a single disease entity

Insights into the meaning of genetic variations in a single
disease entity are suggested by the series of mucosa-associ-
ated lymphoid tissue (MALT) lymphoma studies. It is known
Seto et al.
that MALT lymphoma has variable chromosome transloca-
tions. These include t(11;18)(q21;q21), t(14;18)(q32;q21), and
t(1;14)(p22q32) (Fig. 6). After t(11;18)(q21;q21) was revealed
as the API2-MALT1 translocation by us and others,(24–26)

t(14;18)(q32;q21) and t(1;14)(p22;q32) were identified as
IgH-MALT1(27) and IgH-BCL10,(28) respectively. MALT1 and
BCL10 were found to form a complex that activates nuclear
factor-kappa B (NF-jB).(29) Interestingly, in knockout mouse
systems, these molecules were found to be involved in the
signal transduction pathway from T- and B-cell receptors to
the nucleus resulting in NF-jB activation.(30–32) Hosokawa
et al. reported that API2-MALT1 chimeric protein bypasses
signals from TCR ⁄ BCR and activates NF-jB.(33) The three
different chromosome translocations therefore have a common
outcome, NF-jB activation, suggesting that deregulated
NF-jB activation plays a pivotal role in MALT lymphoma
development.

Recently, we reported that 6q23.3 loss is characteristic to ocu-
lar adnexal MALT lymphoma(34) and that TNFAIP3 ⁄ A20 is the
target gene for this region.(35) Since TNFAIP3 is known to sup-
press NF-jB activity, its loss would lead to NF-jB activation,
indicating that the loss of 6q23.3, a distinct genomic alteration
from the chromosome translocations found in MALT lym-
phoma, shares the common function. These findings indicated
the importance of NF-jB activation in MALT lymphoma devel-
opment. In this context, trisomy 18, which is found in MALT
lymphoma, may serve to activate NF-jB as a result of a gene
dosage effect of MALT1.(36) Chronic inflammations associated
with MALT lymphoma may also be associated with NF-jB
activation.(1) The indication of genetic variations in MALT
lymphoma genetics is a typical example of genetic variations
that possess a common function leading to lymphoma develop-
ment. Therefore, the discovery of functional grouping of genetic
variations associated with a specific type of lymphoma is an
important step for an understanding of the molecular mecha-
nisms of lymphomagenesis.

The association of TNFAIP3 ⁄ A20 loss with lymphomas was
reported by us and others,(37–40) especially with ABC-type
DLBCL and mantle cell lymphoma,(38) indicating that
TNFAIP3 ⁄ A20 is not only associated with MALT lymphoma,
but also with other types of lymphomas. These findings high-
light an important role of NF-jB activation in the development
of several lymphoma types. Genetic variations and their associa-
tion with specific types of lymphoma development, and elucida-
tion of the variable genetic pathways leading to lymphoma
development, are important directions for future cancer
research.
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