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Summary. N-methyl-N-nitrosourea (MNU) is an
alkylating agent that can modify the guanine base in
DNA.The mode of mutation induction differs from
that of radiation, which generates large mutations
such as chromosomal deletion and translocation.
Our previous studies showed that Bclllb is a tumor
suppressor gene and that Bclllb+'~ heterozygous mice
are susceptible to 7-ray induced thymic lymphomas.
This study investigates whether or not the Bclllb+'~
genotype also provides susceptibility to MNU-induced
thymic lymphomas. The results showed that loss
of one copy of the Bclllb gene contributed to
lymphomagenesis, indicating that Bclllb can
suppress MNU induction of thymic lymphomas.
Interestingly, loss of the wild-type Bclllb allele was
not detected in those lymphomas, contrasting with
the finding ofa high frequency of the loss in the 7-ray
induced Bclllb+l~ thymic lymphomas. On the other
hand, epigenetic inactivation of Bclllb was observed
in 74% (14/19) of the Bclllb+'- lymphomas. This may
be the main contributor to the loss ofBellib function
and probably affects the elevation of lymphoma
incidence and the shortening of the latency in Bclllb+l
~mice when MNUis administrated.
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INTRODUCTION

Mouse thymic lymphomas are one of the classic models
of radiation-induced malignancies.1'^ Our previous
studies revealed allelic losses at a high frequency
and mutations at Belllb/Ritlgene in y-ray induced

thymic lymphomas,7) suggesting that Bclllb is a
tumor suppressor gene. Bclllb (also called CTIP2)
encodes zinc-finger transcription factors8'9'10) that are
homologous to a proto-oncogene, Bcllla/Evi9.ll>l2">
Bclllb~'~ homozygous mice die soon after birth and
exhibit developmental arrest at immature thymocyte
stages and a decrease in the number of thymocytes
to approximately one tenth of wild-type mice.10) This
decreased cellularity of thymocytes is ascribed in part to
apoptosis in Bdllb~'~ thymocytes.10'13) Since apoptosis
has been considered as a mechanism to eliminate
deleterious cells, the apoptotic phenotype of Bdllb~'~
thymocytes seems to contradict with the possibility
ofBclllb as a tumor suppressor. On the other hand,
Bclllb+l~ heterozygous mice are viable and do not
show phenotypic abnormalities.14) However, when the
heterozygous mice are irradiated at age of one month,
they show a higher susceptibility to thymic lymphomas
than wild-type mice, confirming the tumor suppressive
property ofBclllb.1^

Administration of N-methyl-N-nitrosourea (MNU)
to mice also develops thymyc lymphomas at a high
efficiency.16'17'18'19) MNU is an alkylating agent that
can modify the guanine base in DNA; some of the
modified guanines are changed to an adenine base after
DNAreplication. The mode of action differs from that
of radiation; i.e., the major type of radiation-induced
DNAchanges is large mutations such as deletion and
translocation. It is of interest, therefore, to examine
whether or not the Bclllb+l~ genotype gives susceptibility
to MNU-induced thymic lymphomas as well. The present
study investigated DNA changes in thymic lymphomas
induced by MNUusing Bclllb+l~ heterozygous mice.
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MATERIALS AND METHODS

Mice and lymphoma induction

The Bcl11b knockout mice were originated in embryonic 
stem cell (ES cells) of the C57BL/6(B6) and DBA/2 F1 
genetic background, and the B6 allele of Bcl11b was 
disrupted by the insertion of a neo gene.10) The Bcl11b+/– 
heterozygous mice of BALB/c(C) background were 
backcrossed more than six generations with BALB/c 
strain to obtain Bcl11b+/– mice of BALB/c background 
harboring the B6-derived chromosomal region in the 
vicinity of Bcl11b locus on mouse chromosome 12. The 
Bcl11b+/– mice were mated with BALB/c mice and their 
progeny were given a single intraperitoneal dose, 75 mg/
Kg body weight, of MNU (Nakarai Co., Kyoto), when 
they aged six weeks. Development of thymic lymphoma 
was diagnosed by the inspection of labored breathing up 
to 250 days. Existence of tumors was confirmed upon 
autopsy of the mice.7,16)

Genetic analysis

Isolation of genomic DNA from the brain and thymic 
lymphomas was carried out by standard protocols. 
Genotyping of Bcl 11b was carried out with PCR 
as described previously.7,12,13) Allelic loss at Bcl 11b 
was analyzed by using D12 Mit122 and D12 Mit132 
markers. The position of D12 Mit122, Bcl11b, and D12 
Mit132 was 102672267, 103384906, and 108207423, 
respectively, on chromosome 12 (from Ansambl data 
base). Analysis of Bcl 11b mutations at the two zinc 
finger domain (zfd) regions was carried out with SSCP 
(single-stranded DNA conformational polymorphism) 
and subsequent direct sequencing (Fig.3). Sequences of 
the primers used are 
5'-ACACCTCACCTGGGTGGTC-3’(zfd4F), 
5'-CATTAGTCAGCAAGTGTTCACC-3’(zfd4R),
5'-TTTCCAGCTCTCTTCCCACGC-3’(zfd5F), and  
5'-CCGAATTCTCTCTCAGCCTGCTCGATTTT-3’
(zfd5R).
Analysis of K-ras mutations at the codons 12 and 13 was 
carried out with SSCP and subsequent direct sequencing. 
Sequences of the primers used are 
5'-GCCTGCTGAAAATGACTGAG-3’ and 5'-TCAAAG
CGCACGCAACTGTG-3'.

Statistical analysis

χ2 and P values for the difference between Bcl11b+/+ and 
Bcl 11b+/– genotypes with the development of MNU-
induced thymic lymphoma were obtained by the χ2 test 
and Mantel-Cox test with StatView-J 5.0 software on a 
Machintosh personal computer.

Western blotting

Western blot t ing was performed as  previously 
described.10) Thymic lymphomas were suspended in 
PBS and mixed with an equal volume of lysis buffer, 
0.125 M TrisHCl (pH 6.8), 10% Sucrose, 10% SDS 10% 
2-ME and 0.004% bromophenol blue. The extract was 
electrophoresed in 8% SDS-PAGE gels and blotted onto 
Hybond membranes (Amersham Pharmacia Biotech, 
Piscataway, NJ, USA). Protein bands of Bcl11bα and 
Bcl 11bß were visualized using chemiluminescent 
detection (ECL plus, Amersham Pharmacia Biotech).

RESULTS

Bcl11b+/– genotype provides susceptibility to MNU-
induced mouse thymic lymphomas

Bcl 11b+/– BALB/c were mated with BALB/c mice 
and a total of 50 progeny were subjected to MNU 
administration. They were followed up for 250 days. 
Thirty-six of the mice developed tumors, 34 of which 
were thymic lymphomas. Genotyping of the Bcl11b locus 
revealed that 30 mice were of Bcl11b+/– and 27 thymic 
lymphomas had developed in them. Fig.1 displays the 
cumulative lymphoma incidence of mice of Bcl11b+/–and 
Bcl11b+/+ genotypes. Bcl11b+/– mice developed tumors 
at a higher incidence and a shorter latency than those of 
Bcl11b+/+ (P < 0.0001 in Mantel-Cox test). This indicates 
that the Bcl11b+/– genotype provided susceptibility to 
MNU-induced thymic lymphomas, consistent with the 
fact that Bcl11b is a tumor suppressor gene.

Loss of Bcl11b expression in MNU-induced thymic 
lymphomas

Loss of the wild-type allele was examined using 
D12Mit122 and D12Mit132 markers in the 27 thymic 
lymphomas developed in Bcl11b+/– mice. These markers 
were able to distinguish BALB/c DNA from B6 DNA. 
Fig.2 shows examples of this analysis. D12Mit122 
and D12Mit132 loci are centromeric and telomeric to 
the Bcl11b locus, respectively, and the C57BL/6 (B6) 
chromosomal region carries the Bcl11b-knockout allele 
whereas the BALB/c chromosome carries the wild-type 
allele. Only three of the 27 thymic lymphomas showed 
DNA alterations in the vicinity of Bcl11b, and none of 
the three lost the wild-type BALB/c allele. These result 
contrasted with the finding that loss of the wild-type 
allele were detected at a high frequency (54%) in γ-ray 
induced thymic lymphomas in Bcl11b+/– mice.15)

  Bcl11b mutations were examined at the two regions 
encoding zinc finger domains(zfd) in the 27 thymic 
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Fig. 1. Kaplan-Meier analysis of N-methyl-N-nitrosourea (MNU)-induced thymic lymphomas 
in Bcl11b+/– (Gray line) and Bcl11b+/+ (Black line) mice. The x axis indicates time after MNU 
administration (days) and the y axis displays the fraction of mice free from lymphomas.

Fig. 2. Analysis of the loss of heterozygosity at the Bcl11b locus. The position of the Bcl11b 
locus is located between D12Mit122 and D12Mit132 on mouse chromosome 12. C and B6 
represent alleles of BALB/c and C57BL/6, respectively. The number of lymphomas is arbitrary. 
PCR products from one allele comprise two bands due to the nature of microsatellites. None of 
the lymphomas from Bcl11b+/– mice (including lanes 21 and 45) showed loss of the wild-type 
Bcl11b allele.
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lymphomas (Fig.3). However, no DNA changes were 
detected (data not shown). Thus, we examined alterations 
of Bcl11b in the lymphomas at the protein expression 
level by Western blotting (Fig.4). Of the nineteenth 
lymphomas examined, only five expressed Bcl 11b 
proteins. Furthermore, the levels of expression in the 
five were lower than that in the normal thymus. This 
high frequency in the loss of expression suggests the 
epigenetic inactivation of Bcl 11b during lymphoma 
developments.

K-ras mutations

K-ras is much more frequently mutated in mouse thymic 
lymphomas than the other H-ras and N-ras genes, 
and the activation is attributed mostly to single point 
mutations localized to codon 12 or codon 13. Therefore, 
mutations of the codons 12 and 13 of K-ras gene were 
examined by single strand conformation (SSCP) and 
subsequent sequence analysis. The G to A substitution 
leading to the missense mutation from Glutamate to 
Aspartate was identified in eight of the MNU induced 
lymphomas, six being in the Bcl11b+/– lymphomas and 
two in the Bcl11b+/+ lymphomas. The frequency (22%) of 
K-ras mutation in the Bcl11b+/– lymphomas was similar 
to that (approximately one fifth) in previous reports7,6,19) 

and higher than that (approximately 5%) in γ-ray-induced 
lymphomas.16,17,18,19)

DISCUSSION

The present study examined whether or not the Bcl11b+/– 
genotype provides susceptibility to MNU-induced thymic 
lymphomas. The results showed that loss of one copy of 
the Bcl11b gene contributes to lymphomagenesis. This 
indicates that Bcl11b functions as a tumor suppressor 
gene even in MNU induction of thymic lymphomas. 
Interestingly, loss of the wild-type Bcl 11b allele was 
not detected in those lymphomas, contrasting with the 
finding in γ-ray induced thymic lymphomas in Bcl11b+/–

mice that exhibited allelic losses at a high frequency 
(54%).15)

  Mutation analysis was performed for the zfd regions 
of Bcl 11b and the codons 12 and 13 of K-ras gene. 
Although K-ras mutations were detected in the Bcl11b+/– 
lymphomas at similar frequencies to that in the Bcl11b+/+ 
lymphomas (in this study, and references16,17,18,19)), 
DNA changes were not detected in the zfd regions of 
Bcl11b. These might be due to differences in the mode 
of contribution to lymphomagenesis between K-ras and 
Bcl11b.

Fig. 3. Genomic structure of the Bcl11b gene. Four exons are shown as boxes on a bar. Arrows above the bar indicate 
the positions of PCR primers used for two zinc finger domain (zfd) regions (zfd4 and zfd5).

Fig. 4. Western blotting for the expression of Bcl11b proteins in of MNU-induced thymic lymphomas in Bcl11b+/–

mice. α and β indicate the position of two isoforms, Bcl11bα and Bcl11bß, respectively. Five lymphomas (marked by +) 
showed expressions, but the expression levels were lower than those in normal thymuses (indicated by thymus-1 and 
-2).
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  Epigenetic inactivation of Bcl 11b was observed in 
74% (14/19) of the Bcl 11b+/– lymphomas, though its 
mechanism is unclear. This inactivation is probably the 
main contribution to the loss of Bcl11b function in the 
MNU-induced thymic lymphomas. When the inactivation 
occurred during the lymphoma development, the 
inactivation probably affects the elevation of lymphoma 
incidence and the shortening of the latency in Bcl11b+/– 
mice.
  As described in the introduction, loss of the Bcl11b 
function in thymocytes leads to apoptosis at the 
developmental stage of CD4–CD8–CD44–CD25– (the 
DN4 stage). At this stage thymocytes proliferate at a 
high rate. Therefore, the apoptosis given by the lack of 
the Bcl11b function eliminates proliferating cells from 
the thymus and hence seems to contradict the notion of 
Bcl11b as a tumor suppressor. However, the apoptosis 
might be a reflection of an elevated rate of proliferation, 
since hyperplastic or dysplastic cells in precancerous 
lesions often exhibit apoptosis and an accompanying high 
mitotic index.20,21) Our previous study demonstrated that 
thymocytes in Bcl11b+/– mice exhibited loss of the wild-
type allele and clonal growth at a certain precancerous 
stage after γ-irradiation.15) The result suggests that those 
thymocytes well undergo cell proliferation and apoptosis 
at the same time through a balancing mechanism between 
cell division and cell death that is probably controlled 
by surrounding normal tissues.22) Hence, it is possible 
that the epigenetic inactivation of Bcl 11b provide a 
proliferative capability to thymocytes at a prelymphoma 
stage contributing to lymphomagenesis.
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