










invasion and metastasis in tumor cells. There was no difference
in IL-4 expression between wild-type and transgenic mice, which
might be due to dysregulation of normal T-cell differentiation in
c-Maf transgenic mice.
Overexpression of c-Maf is also identified in a type of human

T-cell lymphoma. The evaluation of c-Maf transgenic mice has
thus shown that overexpression of c-Maf is able to induce T-cell
lymphoma in mice. To examine whether c-Maf overexpression
might contribute to the development of human lymphomas, we
analyzed c-Maf expression in samples of human lymphoma by
immunohistochemical and RT-PCR analyses. We tested 7 cases
of unspecified PTL, 7 cases of ATL, and 18 cases of AITL using
an anti-c-Maf antibody. Immunostaining analysis (Fig. 6A-D)
revealed that 60% of AITL (11 of 18 cases) samples were positive
for nuclear staining by anti-c-Maf, whereas only 29% of PTL or
ATL (2 of 7 cases) expressed c-Maf. We have found variable levels

of c-Maf expression levels in AITL (Fig. 6A and B). We also
stained multiple myeloma samples as a positive control (Fig. 6C).
For a nonlymphoma control, we analyzed reactive lymphoaden-
opathy samples. We found that not many but some lymph node
cells, including lymphocytes and macrophages expressed c-Maf
(Fig. 6D).
To confirm c-Maf overexpression in AITL, c-maf gene expression

was analyzed by RT-PCR (Fig. 7). RT-PCR analysis showed that
c-Maf was overexpressed in AITL but not in other lymphoma cases.
Moreover, ARK5 was also expressed at a high level in AITL. In
addition, we did RT-PCR on RNA isolated from two additional
cases of AITL. The results showed that these two cases also
overexpressed both c-Maf and ARK5 (data not shown). We thus
confirmed that c-Maf and ARK5 were both overexpressed in 4 of 4
cases of AITL. These results suggest that overexpression of c-Maf
and ARK5 may contribute to the development of AITL.

Figure 6. Analyses of c-Maf expression in
human T-cell lymphoma cases. A, histology
of AITL. H&E stain. B, immunostaining
analysis of the same case of (A) with
anti-c-Maf antibody. C, anti-c-Maf
immunostaining of a human multiple
myeloma case. D, anti-c-Maf
immunostaining of a human reactive
lymphadenopathy case.

c-Maf and T-Cell Lymphoma

www.aacrjournals.org 817 Cancer Res 2006; 66: (2). January 15, 2006

Research. 
on October 15, 2021. © 2006 American Association for Cancercancerres.aacrjournals.org Downloaded from 



Discussion

It is important to emphasize that v-maf is a classic oncogene
identified in an avian transforming virus (1). Furthermore, Kataoka
et al. have shown that overexpression of wild type c-maf is capable
of contributing to transformation of fibroblasts (26). Recently, it
has been reported that c-maf translocation and/or overexpression
are frequently identified in human multiple myeloma (10, 13).
However, neither a direct oncogenic function of c-Maf in vivo nor a
role for c-Maf in other cancers has yet been reported. In this study,
we have shown that c-Maf contributes to T-cell lymphoma in vivo
in c-Maf transgenic mouse models.
The c-Maf transgenic mouse model shows several interesting

features. First, c-Maf transgenic mice develop T-cell lymphoma or
plasmacytoma at older ages. The mean age at diagnosis was f80
weeks. The advanced age at which the disease appeared in the
transgenic mice is reminiscent of the fact that both multiple
myeloma and AITL develop predominantly in elderly human
patients. These findings suggest a link between the mechanism of
c-Maf oncogenesis in humans and our mouse model. Interestingly,
lymphoma cells from the c-Maf transgenic mice exhibited a rare
CD3/B220 double-positive phenotype, suggesting a potential
target population for c-Maf action. RBTN-2 has been shown to
induce human T-cell acute leukemia in childhood. Interestingly,
overexpression of Rbtn-2 in mice under control of the CD2
regulatory elements also leads to the development of T-cell
lymphoma. Lymphoma cells isolated from these mice also
exhibited a range of phenotypes, the most notable being CD3/
B220 double-positive cells (27). Interestingly, a subset of B220+

thymocytes, which are thought to be T-cell progenitor cells (20),
are particularly susceptible to malignant transformation by
Philadelphia chromosome–dependent BCR-ABL fusion proteins
(28). Thus, CD3/B220 cells might be particularly sensitive to
malignant transformation. Rbtn-2 transgenic mice develop acute
thymic lymphomas (27), whereas c-Maf transgenic mice develop
peripheral, long-latency cell tumors probably by transformation of
the same CD3+/B220+ precursor thymocyte. This is a significant
feature of c-maf , because most proto-oncogenes activated in the
thymus [rbtn-2 (27), HMG-I (29), Rgr (30), etc.] cause T-cell acute
lymphoblastic leukemia and not peripheral T-cell cancers. We do
not know the reason behind the difference between c-maf and
other genes in promoting tumor formation, but one possible
explanation is that c-maf is only weakly oncogenic and that

overexpression of c-Maf may not be sufficient for full transfor-
mation of lymphocytes.
In addition, the number of double-negative T cells was

significantly increased in Tg 50 lines, which also developed tumors.
However, we found that the CD4/CD8 distribution in the lower
copy number Tg lines (Tg 17 and 78), which developed tumors at a
very low frequency, was similar to that observed in wild type mice.
These results suggest there may be a similar threshold level of
c-Maf expression for both arrest of T-cell development and tumor
development in c-Maf transgenic mice.
Because c-Maf is a transcription factor, it is of interest to

identify downstream target genes of its action that might
contribute to malignant transformation of T cells. We used RT-
PCR analysis to show that cyclin D2, integrin h7, and ARK5 were
up-regulated in c-Maf transgenic thymocytes and T lymphoma
cells. The transcriptional activation of cyclin D2 by c-Maf
provides a potential mechanism for the promotion of cell cycle
progression in myeloma cells (13). It is not surprising that c-Maf
induces cyclin D2 expression in T-cell lymphoma, because this
effect has been already shown in multiple myeloma cells. We
also observed overexpression of integrin h7 in T-cell lymphoma.
c-Maf-driven expression of integrin h7 enhances myeloma adhe-
sion to the bone marrow stroma and increases the production of
VEGF, which enhances cellular proliferation and adhesion (13).
Although the interaction of the bone marrow stroma with
multiple myeloma cells is an important component of the
pathophysiology of this malignancy (31, 32), there have been few
reports describing the involvement of adhesion molecules, such
as integrin h7, in the development of T-cell lymphoma. A more
detailed analysis of the role of integrin h7 in T-cell function is
necessary to understand the contribution of this molecule to
T-cell malignancy. Interestingly, we found that ARK5 mRNA is
up-regulated in c-Maf transgenic thymocytes and lymphoma.
ARK5 is also known as the cellular stress response factor
(22–24). Previously, it has been shown that overexpression of
ARK5 mRNA is associated with tumor progression in colon
cancer and that metastatic foci of colon cancer in the liver show
markedly increased expression of ARK5 mRNA (33). Furthermore,
studies in vitro and in nude mice have revealed accelerated
invasion and metastasis in ARK5-expressing tumor cells (25).
ARK5 is transcriptionally regulated by members of the large
Maf family through the MARE sequence in its promoter (21).
Therefore, ARK5 gene transcription is tightly regulated by
c-Maf and overexpression of ARK5 might be one of the causes
of malignant transformation in c-Maf transgenic mice. c-Maf is a
Th2-specific transcription factor that activates the IL-4 promoter
(6). However, we did not observe an increase in IL-4 expression
in our c-Maf transgenic mice. Flow cytometric analysis of
thymocytes and lymphoma cells revealed an increase in levels of
immature CD4�CD8� T cells in the c-Maf transgenic mice. This
result suggests that c-Maf alone is insufficient to transactivate
the endogenous IL-4 promoter in this immature T cell in vivo .
Our results in mice suggested that c-Maf overexpression might

contribute to the development of some cases of human lymphoma.
On examination of human lymphoma cases, we found one type of
T-cell lymphoma, classified as AITL, frequently expressed high
levels of c-Maf. AITL is an uncommon T-cell lymphoma
characterized by clear cell accumulation and vascular proliferation.
AITL show the most prominent vascular component among
lymphomas and their prognosis is difficult to predict. VEGF gene
was overexpressed in both AITL lymphoma and endothelial cells.

Figure 7. RT-PCR analysis of human lymphomas. c-Maf and ARK5 were
overexpressed in AITL patients (lanes 2 and 5). Lane 1, extranodal natural killer/
T-cell lymphoma, nasal type; lane 2, AITL; lane 3, anaplastic large T-cell
lymphoma; lane 4, PTL; lane 5, AITL.
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The vascular component, a critical pathologic characteristic in
AITL, also contributes to lymphoma progression (34). Mentioned
above, c-maf-driven expression of integrin h7 enhanced myeloma
adhesion to bone marrow stroma and increased production of
VEGF (13). c-Maf might contribute to hypervascularity and
prognosis in AITL. The results presented in this article suggest
that overexpression of c-Maf might contribute to the development
of this lymphoma. Although we have yet to examine the trans-
location of the c-maf gene to the TCR locus in AITL cells, such a
translocation may yet be identified in these cells as has been
already shown in some cases of multiple myeloma. In this study, we
have shown that c-Maf transgenic mice develop T-cell lymphoma.
Further studies will be needed to define the role of c-Maf in the

development of both human and mouse lymphomas. Clarification
of the mechanism by which c-Maf contributes to oncogenesis may
ultimately facilitate the discovery of more specific therapies to
prevent the progression of the diseases.
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