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Bcl11b encodes a zinc-finger transcription factor and functions as a
haploinsufficient tumor suppressor gene. Bc/116%%/%° mice exhibit
differentiation arrest of thymocytes during p-selection as has been
observed with other mouse models involving knockouts of genes
in the Wnt/p-catenin signaling pathway. Recurrent chromosomal
rearrangement at the BCL11B locus occurs in human T-cell leuke-
mias, but it is not clear how such rearrangement would contribute
to lymphomagenesis. To address this issue, we studied clonal cell
growth, cell number, and differentiation of thymocytes in
Bcl11b%°”* mice at different time points following y-irradiation.
Analysis of D-J rearrangement at the T cell receptor p-chain (TCRp)
locus and cell surface markers by flow cytometry revealed two dis-
tinct populations of clonally growing thymocytes. In one popula-
tion, thymocytes share a common D-J rearrangement but retain
the capacity to differentiate. In contrast, thymocytes in the second
population have lost their ability to differentiate. Since the capac-
ity to self renew and differentiate into multiple cell lineages are
fundamental properties of adult stem cells, the differentiation
competent population of thymocytes that we have isolated could
potentially function as cancer stem cells. We also demonstrate
increased expression of p-catenin, a well-known oncogenic pro-
tein, in Bcl11b%%/* thymocytes. Collectively, the Bc/116%%/* geno-
type contributes to clonal expansion and differentiation arrest in
part through an increase in the level of g-catenin. (Cancer Sci 2010;
101: 1347-1353)

C ancer development is a complex, multistep process involv-
ing the acquisition of capabilities of cell autonomous pro-
liferation and resistance to apoptosis."’ This could be a
consequence of a sequence of 4—6 mutations that are associated
with different stages of the tumor progression.”” Leukemia and
lymphoma are malignancies of hematopoietic cells, and chronic
myelogenous leukemia (CML) is among the malignancies char-
acterized with frequently having the ber/abl chimeric gene.®> A
two-step process is seen from CML to a subset of acute lympho-
blastic leukemia (ALL) bearing bcr/abl, an aggressive blast
crisis phase.®™ This transition requires an arrest of differentia-
tion. Interestingly, CML already possesses intrinsic self-renewal
capability like adult tissue stem cells and differentiate to mature,
nontumorigenic blood cells.

Bcll1b is a haploinsufficient tumor suppressor gene that was
isolated from analyses of y-ray induced mouse thymic lympho-
mas.”” Bcll16%9”* mice are susceptible to the development of
thymic lymphomas,(g) suggesting that loss or decrease of Bcll1b
function contributes to lymphomagenesis. Recurrent chromo-
somal rearrangement at the human BCLIIB locus has been
reported in T-cell leukemias,'*'? but the effects of the rear-
rangement are not clear. Bcll1b encodes a zinc-finger transcrip-
tion factor that is exl?ressed in thymocytes, neurons and other
tissues."*17 Bel115597%C and Bcll1b''°* mice show differ-
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entiation arrest of thymocytes during B-selection*!'* and posi-

tive selection,(lg) respectively; the arrest in the former seen at
CD4 and CD8 double-negative (DN) and immature CDS single-
positive (ISP) cell stasges before the CD4 and CDS8 double-posi-
tive (DP) cell stage.(1 19 Bel1155%°7* mice exhibit a substantial
impairment of thymocyte differentiation in mouse embryos,
although not as profound as that in Bell16%°7%° animals."”
The arrest during B-selection is seen in many gene-knockout
mice,?” including genes affecting Wnt/p-catenin signaling.*'~>*’
As with oncogenesis, differentiation arrest may be a mechanism
through which Bcll1b deficiency contributes to tumor develop-
ment. However, Bcll1b%°%° mice also show thymocyte apop-
tosis, and this anti-apoptotic property of Bclllb seems to
contradict a predicted proapoptotic function of tumor suppres-
sors. The differentiation arrest and apoptosis are at least in part
due to the decrease of pre-T cell receptor (TCR) signaling.'*'*)

Identical rearrangements of the TCRf} locus are seen in thy-
mic lgimphomas and this establishes clonality of the lympho-
mas.“® Our previous studies demonstrated that such identical
rearrangements were also found in y-ray induced mouse atro-
phic thymuses, indicating the existence of clonally expanded
thymocytes.***> A significant percentage of those thymuses
exhibited allelic loss of Bcll1b. These findings raise the ques-
tion of how and at which stage does the Bcll1b heterozygous
genotype contributes to Qmphoma development. Here we stud-
ied the effect of Bcll1h¥°”* genotype on B-catenin expression
and on clonal cell proliferation of thymocytes in y-irradiated
mice. Our results provide an implication that the genotype
contributes to clonal cell expansion and differentiation arrest,
and the contribution may, in part, occur through an increase in
[-catenin expression.

Materials and Methods

Mice and induction of atrophic thymus. Bell1b5°7* mice
with a BALB/c background were generated as described."”
MSM mice were kindly supplied from Dr Shiroishi, National
Institute of Genetics (NIG) (Mishima, Japan). Bcll1 b9’ mice
were mated with MSM mice and their progeny were subjected
to y-irradiation of 3 Gy at 8 or 10 weeks of age. Left and right
thymic lobes were separately isolated at 30, 60, or 80 days after
the irradiation and subjected to analyses. Mice used in this study
were maintained under specific pathogen-free conditions in the
animal colony of Niigata University. All animal experiments
complied with the guidelines for animal experimentation from
the University animal ethics committee.
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Flow cytometry. Flow cytometric analysis was performed as
previously described."® In brief, single cell suspensions of thy-
mocytes were prepared from thymus and 1-2 x 10° cells were
incubated with antibodies in phosphate-buffered saline containing
2% fetal calf serum and 0.2% NaNj; for 20 min at 4°C. The mono-
clonal antibodies (mAbs) used were: anti-CD4-PerCP-Cy5.5 or
-APC (RM4-5), anti-CDS8-PE (53-6.7), anti-TCRB-FITC (H57-
597; BioLegend, San Diego, CA, USA), anti-f3-catenin-FITC (14;
BD Biosciences, San Jose, CA, USA), and IL-7Ra-PE (SB/199,
BioLegend, San Diego, CA, USA). They were purchased from
eBioscience. To prevent nonspecific binding of mAbs, we added
CD16/32 (93; eBioscience) before staining with labeled mAbs.
Dead cells and debris were excluded from the analysis by appro-
priate gating of forward scatter (FSC) and side scatter (SSC).
Cells were analyzed by a FACScan (Becton-Dickinson, Franklin
Lakes, NJ, USA) flow cytometer, and data were analyzed using
the Flow-Jo software (Tree-Star, Ashland, OR, USA).

For BrdU incorporation experiments, we injected mice intra-
peritoneally with 100 pL of BrdU solution (10 mg/mL) and thy-
mus was isolated 1 h after. Thymocytes were prepared from the
thymus and analyzed with the use of the BrdU Flow Kit (BD
Pharmingen, San Diego, CA, USA) according to the manufac-
turer’s instructions. In brief, cells were suspended at a concen-
tration of 1-2 x 10° cells/mL, fixed, permeabilized, treated
with DNase to expose incorporated BrdU, and incubated with a
murine anti-BrdU antibody for 20 min at room temperature.
After washing, cells were resuspended in 1 mL of PBS contain-
ing 20 pL. of the 7AAD solution. Cells were resuspended in
staining buffer and analyzed with the FACScan flow cytometer.

DNA isolation and PCR analysis. DNA was isolated from
brain, thymocytes, and thymic lymphomas using the DNeasy
Tissue Kit (Qiagen, Valencia, CA, USA). To determine D-J
rearrangement patterns in the TCRf locus, polymerase chain
reaction (PCR) was performed as described.***> Of allelic loss
analysis at the Bcll1b locus, DI12Mit53 and D12Mit279 markers
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Fig. 1. Cell number in thymuses at various days after y-irradiation.

Bcl11b*/* mice, left; Bcl116X°/* mice, right. Average cell number in
Bcl11b*’* mice was 4.0, 1.7, 5.0, 3.9, and 3.2 x 10 cells for
unirradiated, 14, 30, 60, and 80 days after irradiation, respectively.
Average cell number in Bc/11b°/* mice was 4.7, 2.4, 1.8, 0.97, and
0.89 x 107 cells for unirradiated, 14, 30, 60, and 80 days after
irradiation, respectively.

were used for PCR as described previously.”” The PCR reaction
was processed through 32 cycles of 94°C for 30 s, 55°C for
30 s, and 72°C for 1 min in most cases. The products were ana-
lyzed by 8% polyacrylamide gel electrophoresis. PCR bands
were stained with ethidium bromide and band intensities were
quantitated with a Molecular Imager FX (Bio-Rad Laboratories,
Hercules, CA, USA) to determine the allele ratio of BALB/c
and MSM alleles or of MSM and BALB/c alleles.

Results

Decrease in the thymocyte number in y-irradiated Bc/77b%°7*
mice. We subjected 8-week-old BcllIb*®* and Belllb™™
mice to 3 Gy of y-radiation and examined both left and right

Fig. 2. Clonal growth of thymocytes in thymuses
after vy-irradiation of 8-week-old Bc/1716%%/* mice.
(A) D-J rearrangement patterns at the T «cell
receptor B-chain (TCRp) locus in thymuses at 30 and
80 days after irradiation. The upper diagram shows
part of the TCRp locus and the relative location of
PCR primers used. The lower panel shows gel
electrophoresis of PCR products with three
different sets of primers, F-DB1 and R-JB1.6 (top),
F-DB2 and to-JB2.6 (middle), and F-DB1 and R-JB2.6
(bottom). T below the panel indicates T-type
thymus that shows identical or similar
rearrangement patterns to the control thymus, and
C indicates C-type thymus that shows a few bands
more prominent than the other bands or limited
numbers of bands. C/T indicates C/T-type thymus
between the T-type and C-type patterns. Size
markers are shown at right. (B) Incidences of C-
(black box), C/T- (gray box) and T-type (white box)
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thymuses in 30, 60, and 80 days after vy-irradiation
in Bcl116%°7* mice. (C) Allelic losses at the Bcl11b
locus in irradiated thymuses. Two panels show
polyacrylamide gel electrophoresis for PCR products
of D12Mit53 and DI12Mit279 primer pairs.
Chromosomal location of D712Mit53, Bcl11b, and
D12Mit279 is 108.69, 109.15-24, 109.69 Mb from
the centromere, respectively. We determined the
allele ratio of BALB/c and MSM bands and judged
the thymus as allelic loss-positive when the allele
ratio was more than 2 or less than 0.5.
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lobes of the thymus separately at 14, 30, 60, and 80 days after
irradiation (the respective thymic lobes are designated as 14-,
30-, 60-, and 80-day thymuses). The earliest time at which fully
malignant thymic lymphomas were observed was approximately
100 days after irradiation.”~ Figure 1 shows the cell number
in the thymuses. In Bcll1b*"* mice, the number at 14 days post
radiation was not restored to the level in unirradiated mice but
restored to the level or more at 30 days after. The cell number
was maintained until 80 days after. On the other hand,
Bcll16%°”* mice showed impairment in the recovery of cellu-
larity. The cell number at 30 days after was not restored to the
normal level in most thymuses and the average was 1.8 X 107 in
Bell11bX°7* thymuses which was lower than 5.0 x 107 in
Bell1b*"* thymuses (P < 0.0001). Also, the cell number was
not well maintained at 60 or 80 days after. These results suggest
an impairment in the maintenance of thymocyte number in
Bell11b%°”* mice after y-irradiation.

Clonal cell expansion. Clonality was determined by assaying
specific V(D)J rearrangements with three primer sets designed
for the TCRf locus.?% Figure 2(A) shows PCR patterns of
30- and 80-day thymuses. Unirradiated thymus (lane Th) gave
six different bands corresponding to possible recombination
sites between D and J regions by DB1-JB1, DB2-JB2, and Df1-
JB2 probe sets and one band for germ-line DNA by the former
two probe sets. On the other hand, thymic lymphoma DNA (Ly)
gave one band only by the DB2-JB2 probe set used, indicating
an identical rearrangement, and brain DNA (Br) gave the germ-
line DNA band by DB1-JB1 and DB2-JB2 probe sets. Two of the
20 30-day thymuses in Bell1b%°’* mice exhibited only a few
bands or limited numbers of bands different from the normal
thymus pattern, indicating the existence of clonally expanded
thymocytes (C-type thymus). Most others showed rearrange-
ment patterns identical or similar to the control thymus (classi-
fied as T-type thymus). There was one thymus that was
classified as C/T-type thymus due to the difficulty of distinction
between C- and T-type thymus. An additional experiment
showed a consistent result, one C/T-type thymus detected in 12
30-day thymuses examined (data not shown). All 20 Bell1b*'*
mouse thymuses were T-type thymus (data not shown). On the
other hand, the 60-day BcllIH*°’* thymuses showed two
C-type and four C/T-type thymuses in 10 thymuses examined,
whereas the 80-day Bcll1h¥°’* thymuses showed six C-type
and two C/T-type thymuses in 10 thymuses examined (Fig. 2B).
These indicate increase in the incidence of C-type thymus with
the time after irradiation. Those results suggest that Bell16%°7*
genotype promotes the development of clonally expanding
thymocytes in y-irradiated mice.

We examined loss of the wild-type Bcll1b allele in C- and
T-type thymuses using Massachusetts Institute of Technology
(MIT) microsatellite markers flanking the Bclllb locus
(Fig. 2C). Of the 40 Bcll15*°”* thymuses examined, four exhib-
ited loss of the wild-type allele. All of these were C—tyg)e thymus.
Their average cell number was as low as 0.20 x 10’, and this
decrease may be due to a loss of Bclllb function because
Bel116%°7%9 thymocytes exhibit profound apoptosis.'*

Cell cycle and cell size. We examined the cell cycle distribu-
tion of irradiated thymocytes that were isolated from mice at 1 h
after intraperitoneal injection of BrdU. We determined the per-
centage of S-phase cells, size of G1-phase cells, and percentage
of a fraction containing large thymocytes in the G1 phase. Fig-
ure 3(A) shows examples of flow cytometric analysis. The large
cells in the G1 phase (indicated by a horizontal bar) were desig-
nated as middle-sized cells because their size was between the
size of normal Gl cells (small size) and the size of S phase cells
(large size). Figure 3(B) summarizes the percentage of S-phase
cells at the vertical axis and the percentage of the middle-sized
Gl cells at the horizontal axis in the two groups of 30-day thy-
muses and 60- plus 80-day thymuses. As for the 30-day thy-
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Fig. 3. Cell proliferation and cell size. (A) Flow cytometry of cell cycle
in unirradiated and irradiated thymuses. (upper) The vertical axis
shows BrdU incorporation levels and the horizontal axis displays
7-AAD staining for DNA contents. A square marks a fraction of
thymocytes in the S-phase, and the number gives the percentage of
S-phase cells. (lower) The vertical axis shows the cell number and the
horizontal axis displays forward scatter (FSC) values reflecting the cell
size in G1-phase thymocytes. The bar shows a fraction of thymocytes
in large size (middle-sized G1 cells) and the number above the bar
indicates the percent of those thymocytes. The percentage was
determined in each thymus by the criterion where the percentage in
normal thymus was set to approximately 5% of the FSC value. (B) The
vertical axis shows the percentage of S-phase cells and the horizontal
axis displays the percentage of middle-sized G1 cells. Thirty-day
thymuses, upper; groups of 60- and 80-day thymuses, lower; Bc/11b*"*
thymuses, left; Bc/116%°/* thymuses, right.

muses, the percentage of S-phase cells or middle-sized G1 cells
did not much differ between Bcll1b¥°’* and Bcll1b™* thy-
muses except for one thymus. On the other hand, there were
eight Bcll1b%°”* thymuses possessing more than 20% middle-
sized G1 cells among the 60/80-day Bclll1b°’* thymuses,
which were all C type. They showed a considerable variation in
the percentage of the S phase. The middle-sized thymocytes
may be related with premalignancy because cell-size enlarge-
ment is a characteristic of thymic 1ymphomas.(24) Those thymo-
cytes are probably cells pausing at the Gl stage, and growing
and progressing toward the S phase.

Differentiation arrest. Thymocytes from Bclll mice
show differentiation arrest at DN and ISP stages to lack DP
cells,"*'* and hence C-type thymocytes or possibly T-type thy-
mocytes may exhibit differentiation arrest. We examined 12 30-
day and 10 80-day thymuses with flow cytometry using CD4,
CD8, and TCRJ cell surface markers (Fig. 4A,B). We defined

bKO/KO

Cancer Sci | June 2010 | vol. 101 | no.6 | 1349
© 2010 Japanese Cancer Association



@ 30d fter IR ®) 80d fter IR ©
ays after ays after )
@, Ch4_ _ CDs8 e .., . CD4 cDs % of TCRB"
800 9.8 8500 CD4 860 CDS8 74 800 3. 9.7 Bf 120 87 2 2 CD8SP
600 s asipgle ] |*° 600 e O 2 100 [
- ;-‘ 60: 10- - i 60 15
400 ;i 10 ) 400 . 10 90
200 200
4.4 1.2% 4.4 17 : 75.3
0 200 400 600 8001000 100 101 102 103 104100 10! 102 103 104100 10! 102 10% 10% 0 200400 600 8001000 10% 10" 102 10% 10* 100 10! 102 103 10* 100 10 102 10% 10* 80 8
70 -
(b) .
1000- 10 100
8.9 87 2 14 6.1 e L
m \ 87k, w 24 37 60
500 g R R 881 56 e 60 i
[ 00 102 10 il P 20 50 -
: 1o 5 42 § 20. 10 3.5
4 85| lo3 14, 75 [53 401
© 200 400 600 8001000 100 10! 102 108 10%10° 10! 102 103 104100 10! 102 103 10% 0 200 400 600 8001000 100 10' 102 10° 10% 100 101 102 103 104 100 10! 102 105 10* 30 °
(c) 1000; 10 250: 201 g
7.5 87}, 36
£0o Lo R 90| @ 41 36 200 —23) 10l
600 1 e oo . 150.
= 400 1o 40 100- 0
=86 " las | 147 : = Wt KO/+
0 200400500300100(‘1“”100 10" 102 10% 10*10% 10" 10% 10% 10%100 10" 10% 103 10* 101107 10% 1ot 10 rol 102 0% 0
(d) 1000 10* 1 53> 20.
800 103 : & | 38‘5 23 .A 15 67
600 , [ i;igf"-., 60 10
= 400 i 1o el 2 40; o 100. 1o
¥ 0 1 ."'FP 5 ok .""\' 5
200 | 771, od® . 28 |25 "
0 200400500500100&”0100 10! 102 103-10“\00 10" 102 108 10410 10! 102 103 104 0200 400 600 2001000 10° 10" 102 10° 10% 10 10T 162 100 10! 10° T’ 10? fo° tot
TCRB (@ .
— 1000 1o 9.9 84| 120 25
—~ 90 90| 2 9
Y 15
ﬂ_: 400 & 10
200 30 5
’ 5143 17
0 200 400 600 8001000 100 10' 102 10° 104 100 101 102 103 104 100 107 102 103 10*
TCRB
Fig. 4. Flow cytometry of CD4, CD8, and T cell receptor B-chain (TCRf) expression on thymocytes. Thymocytes at 30 days (A) and 80 days (B) after

irradiation. (from left to right) The vertical axis shows side scatter (SSC) values and the horizontal axis displays forward scatter (FSC) values (the
gated region marked by a circle); the vertical axis shows CD4 expression and the horizontal axis displays CD8 expression; the vertical axis shows cell
number and the horizontal axis displays TCRB expression of thymocytes in the CD4 quadrant; the vertical axis shows cell number and the horizontal
axis displays TCRp expression of thymocytes in the CD8 quadrant. (a) in (A) is a thymus in irradiated Bc/77b*/* mice and (b-d) are thymuses in
irradiated Bc/11b*°”* mice. All four thymuses are T type. (e-h) in (B) are irradiated Bc/77b%®”* mice and (i) is an unirradiated Bc/116°”* mice. (e) is
T-type and (f-h) are C-type thymuses. (C) The percentage of TCRB"9" CD8SP thymocytes in Bc/11b* * (75.3%) and Bcl11bX°7* (43.5%) mice.

the gated region on the FSC versus SSC dot plot to exclude deb-
ris and dead cells. Although the cell percentage in the gated
region did not much differ in the 30-day thymuses, it markedly
differed among 80-day thymuses. The fraction of debris and
dead cells increased in C- but not in T-type thymuses (data not
shown). Analysis of CD4 and CDS8 markers revealed that almost
all T-type thymocytes of 30-day Bell1b°”* (also Belllb*'™)
mice except for one (d) showed a pattern similar to unirradiated
normal thymus, mainly consisting of DP cells. However, analy-
sis of TCRB showed lower percentages of TCRP™E" mature
CD8" cells in Bell1H¥°”* thymocytes than Belllb** thymo-
cytes (Fig. 4C). These tolgoether indicated a small impairment of
differentiation in Bcll1b™°%/* thymocytes. On the other hand, all
eight C- and C/T-type thymuses of 80-day BcllIb®®* mice
showed marked differentiation impairment. For instance, (f) in
Figure 4(B) shows thymocytes at the DN fraction by CD4 and
CD8 expression, and (g) and (h) show thymocytes mainly at the
DN/ISP and CD4 fractions, respectively. CD4* SP cells in (h)
mostly showed low expression of the TCRp protein, different
from normal CD4" SP cells. These results suggest that the
Bell1b¥°* genotype confers differentiation impairment of
thymocytes in y-irradiated mice.

In order to further study the relationship between clonal
expansion and differentiation arrest, we subjected 10-week-old
Bell1b%°”* mice to 3-Gy y-radiation and examined thymuses
at 30 days after. This experimental condition was chosen based
on the higher incidence (6/8, 75%) of C-type thymus observed

1350

in mice irradiated at this age and the decrease to 10% (2/20)
when mice were irradiated at 4 weeks of age (data not shown).
D-J rearrangement assay revealed C-type thymus in six of the
12 thymuses and T-type thymuses in the remaining six
(Fig. 5A). The decrease in cell number was observed in
Bell1b%°7* mice as predicted, the average number being
1.25 x 10”. On the other hand, the average of S-phase cells was
as low as 4.0% in Bcll1b%°”* mice, and there was one C-type
thymus possessing more than 20% middle-sized thymocytes.
Figure 5(B) shows examples of flow cytometric analysis using
CD4, CD8, and TCRP markers. Of the six C-type thymuses,
only two showed differentiation arrest (see b and c), and the
remaining four C-type thymuses showed a normal differentia-
tion pattern but lower expression of TCRf (d and e). This indi-
cated that thymocytes in the four C-type thymuses were
capable of differentiating into mature cell types. This contrasts
with the results of 80-day thymuses irradiated at 8 weeks of
age: all C- and C/T-type thymuses showed impairment in the
development of mature thymocytes. These results suggest a
process from normally differentiating C-type thymocytes to
differentiation-arrested C-type thymocytes in irradiated
Bcll 165 mice.

Elevation of p-catenin expression in Bcl11b°’* thymo-
cytes. During the flow cytometric analysis using CD4, CDS,
and TCRp markers, we noted a higher percentage of TCRB™
CD8* immature ISP cells and a lower percentage of DN cells in
Bell1h%°”* thymocytes (data not shown). The high ISP and low

doi: 10.1111/j.1349-7006.2010.01546.x
© 2010 Japanese Cancer Association



Bcl11b

(A)
et Bcl11bK0*

ThYg,

9
F-Qp1

R-JB1.6
o
F-Dp2
&
R-JB2.6
:’_Dm BuE ii a'l_-"::
2 EEE-Es. B0E-sE.
R-JB2.6 -ce =Seoesds - 8 =
Class-- TTTCTTCCTTTCCTC
CD4 CD8
300 iz
200 3| 2
M e 100 fs
4.6 42| , o
00 101 102 103 104 100 10! 102 103 104 100 10! 102 103 104
10 [13 ® 3°°
60
ot |, 16 1.7

g | 100
X

0 1 o
0 2004006008001000 100 107 102 103 10% 100 10! 102 103 10% 100 10! 102 103 10

20

(©) 1000
4
00 101441 1.7] &0 12
; RS 600 9
ol B i 4.6 11
C o]k 102 400 — — L
200 10! £ 200 3
0 100402 0.9 0 0
0 2004006008001000 100 101 102 103 104 100 10" 102 103 104 100 10! 102 103 104
(d) 1000 100 300
800 ; 30
10 200
600 3 1] 2 2
C 4001, 10 D 100 o
200 101 % e o
3.6

ol ook . o o
0 2004006008001000 100 107 102 103 104 100 10! 102 108 104 100 10! 102 103 104

(e) 100 200 w©
800
150 30 &
8001 100 4 3
20
C
2009 . 50 10

0 100 0 0
0 200400 6008001000 ~ 100 107 102 103 104 100 101 102 103 104 100 10! 102 103 104

TCRpB

Fig. 5. Analyses of thymuses at 30 days after irradiation of
Bcl116%°”* mice at 10 weeks of age. (A) D-J rearrangement patterns
at the TCRp locus, as described in the legend for Figure 3(A). (B) Flow
cytometry of CD4, CD8, and T cell receptor B-chain (TCRf) expression
in thymocytes, as described in the legend for Figure 4. T- or C-type
thymus is shown at left.

DN percentages, indicative of some differentiation arrest before
the DP cell stage, suggested the possibility of an abnormal
increase in Wnt/B-catenin signaling.?'* Therefore, we exam-
ined the expression levels of B-catenin and interleukin-7 recep-
tor (IL—7R2, a cell surface receptor downstream from [-catenin
signaling.“®*” Figure 6(A) shows examples of flow cytometric
analysis of Bell1b™* and Bell1b%°/* thymocytes, as well as
thymocytes from Apc™™ " mice as a control. The Apc protein is
a component of the degradation comsp))lex that modifies and regu-
lates the B-catenin protein level.*® Consistent with previous
reports,?”?® B-catenin was expressed at higher levels in DN
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Fig. 6. Flow cytometry of B-catenin and interleukin-7 receptor (IL-7R)

expression. (A) p-catenin expression in double-negative (DN) and
double-postive (DP) cells of Bc/11b*/* (gray region), Bc/116%°”* (bold
black line), and Apc™"/* (thin black line) mouse thymocytes. DN cells,
left; DP cells, right. Isotype-matched staining control for Bc/11b*/*
thymocytes is shown for comparison (gray line). The vertical axis
shows relative cell number and the horizontal axis displays B-catenin
expression. (B) The mean fluorescence intensity of p-catenin is
compared between thymocytes of the three different genotypes.
P-values in DN and DP cells between Bc/11b*'* and Bc/11b¥°"* mice
were 0.0034 and 0.019, respectively. The P-value in DP cells between
wild-type and Apc™"’* mice was 0.017. Comparison of the percent of
B-catenin-positive cells showed similar results (not shown). (C) Mean
fluorescence intensity of B-catenin in thymocytes compared between
wild-type (gray circles) and Bc/11b%°/* (closed black circles) mice at
30 days after irradiation. (D) IL-7R expression in DN and DP cells of
wild-type (gray region) and Bc/11b%°/* (black line) mouse thymocytes.
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cells than DP cells in wild-type mice, indicating a down-regula-
tion of B-catenin in DP cells. Figure 6(A,B) shows a comparison
of B-catenin levels in DN and DP cells between thymocytes in
the three different genotypes. B-Catenin expression was higher
in Bell1b¥°’* thymocytes in both DN and DP cells and the
differences were statistically significant (P = 0.0034 and
P =0.019, respectively). Elevated B-catenin expression was also
observed in the DP cells of Apc™™* mice. DN thymocytes of
Bell1b™* and Bell1b%°7* mice at 30 days after irradiation also
showed a difference in B-catenin expression (Fig. 6C), suggest-
ing that B-catenin expression was not affected by irradiation.
Figure 6(D) shows IL-7R expression at the horizontal axis.
Expression of IL-7R in DN cells and its down-regulation in DP
cells were also seen, as described Opreviously.(%’ D The IL-7R
expression was higher in Bcll1b%°”* DN cells than wild-type
DN cells, suggesting that IL-7R activation is a reflection of
increased PB-catenin signaling. These results suggest that eleva-
tion of P-catenin activity in Bell1b%°”* thymocytes may affect
the proliferation and survival of thymocytes.

Discussion

In this Jpaper we examined y-ray-induced atrophic thymuses in
Bell1b%°"* mice at stages prior to the time of thymic lym-
phoma development. Clonal expansion of thymocytes, a char-
acteristic of lymphoma cells, was frequently detected in
thymuses at 60 or 80 days after 3-Gy vy-irradiation, but at a
lower frequency at 30 days after irradiation of 8-week-old
mice. On the other hand, it was detected at a high frequency as
early as 30 days after irradiation of 10-week-old mice. This
age effect on clonal expansion remains to be addressed. Clonal
expansion at these early time points was not observed in irradi-
ated mice of the wild-type genotype, but could only be detected
when these mice were subjected to 4-times fractionated whole-
body y-irradiation.*> These results suggest that Bcll b hetero-
zygosity enhances the development of clonally expanding
thymocytes and contributes to lymphomagenesis by conferring
an effect at an early stage before the start of or during clonal
cell proliferation.

Several consequences of Bclllb deficiency have been
reported by us and other groups,"*'® including a loss or
decrease of pre-TCR signaling in thymocytes.""*'? This impair-
ment results in differentiation arrest of thymocytes during
B-selection, which may be contributing to lymphomagenesis.
The effects of pre-TCR signaling include the stabilization or
increased expression of B-catenin via Erk activation that targets
several nuclear factors such as early growth response protein
(EGRR, nuclear factor of activated T-cells (NFAT), and E pro-
teins.?272°32 Because of the decreased pre-TCR signaling in
Bcll 1p%7* mice, a decrease in the B-catenin expression was
predicted. However, this study demonstrated that B-catenin
expression was in fact increased in BcllIb°’* mice. This
increase is another consequence of the BcllIb®®* genotype,
probably independent of the pre-TCR signaling. The expression
level of B-catenin is mainly regulated through the modification
by a degradation complex consisting of axin, Apc, glycogen
synthase kinase 3 (GSK3B), and CDK inhibitor (CKI).***%
Although the mechanism is not known, Bell1b might affect the
expression of some of those proteins. We infer that the increase
of B-catenin plays a key role in lymphomagenesis, because -
catenin is a well-known oncogenic transcription factor and its
stabilization predisposes thymocytes to malignant transforma-
tion.** B-Catenin targets promoters of c-myc and cyclin D1 in a
complex with Tcfl or Lefl, which positively regulate cell cycle
progression.#>3%

Differentiation arrest of thymocytes at the DN or ISP stages
was observed in most thymuses that showed clonal expansion.
This arrest was not seen in clonally expanded thymocytes
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induced in Bclllb wild-type mice by fractionated y-irradia-
tion.™ Therefore, differentiation arrest may be due to a
decrease of Bcll1b function in atrophic thymus. It may be in
parallel how the arrest of thymoc(v)tes at the DN and ISP stages
is a characteristic of Bcll16*°"%° mice."® ISP thymocytes in
normal thymus are known to be highly proliferative,®> showing
a high percentage of S-phase cells (45% in our experiment; data
not shown). However, the ISP cells observed in y-irradiated thy-
muses showed low percentages (approximately 5%), suggesting
that the thymocytes are phenotypically similar to ISP cells but
lack the property of being able to highly proliferate in the thy-
mus. Another finding observed in irradiated Bell16%°* mouse
thymuses was the decrease in cell number. This may be also
ascribed to the decrease of the preTCR signaling that plays a
role in survival of thymocytes.""” On the other hand, there was
a group of C-type thymuses with a low cellularity and of a high
percentage of middle-sized G1 cells. Those thymocytes of
enlarged cell-size might be the prelymphoma cells that have
started to form overt thymic lymphomas.

We observed not only thymocytes of clonal origin showing
differentiation arrest but also those showing normal differentia-
tion in Bcll1b%°”* mice irradiated at 10 weeks of age. The lat-
ter thymocytes are a selected clone that already possesses the
capacity to self-renew and differentiate into CD4" and CD8" SP
cells that highly express TCRf on the cell surface. This kind of
thymocyte, possessing the self-renewal and lineage capacity,
was also observed in y-irradiated Bell1b wild-type mice.® Tt
may be noteworthy that CML is regarded as a cancer stem cell
because of its self-renewal and lineage capacity, fundamental
properties for adult tissue stem cells.” Though the pathogenesis
is distinct between CML and the clonally expanding thymo-
cytes, their similarity in terms of stem cell-like properties may
be of interest.” It is probable that some of the thymocytes with
lineage capacity undergo a change into thymocytes unable to
differentiate during lymphoma development. Taken together,
the thymocytes possessing self-renewal and differentiation
capacities demonstrated in this paper might be related with can-
cer stem cells or lymphoma-initiating cells. The importance of
leukemia-initiating cells is suggested in relapsed ALL in
humans because cells responsible for relapse are ancestral to the
primary leukemia cells.®® Of note is that Bcll1b may play a
role in the formation of lymphoma stem cells in irradiated mice.
It remains open, however, what role the stem cell-like aberrant
thymocytes play in the development and completion of y-ray-
induced thymic lymphomas and also whether or not such stem
cell-like aberrant cells may exist in human BCLIb-disrupted
T-cell leukemias.'*~'%

In summary, we detected two distinct populations of clonally
growing thymocytes in y-irradiated Bell1b%°’* mouse thy-
muses. In one population, thymocytes share a common D-J rear-
rangement but retain the capacity to differentiate. In contrast,
thymocytes in the second population have lost their ability to
differentiate. Those thymocytes are not fully malignant because
of the low cell number, and therefore, the establishment of
thymic lymphomas requires an additional change for prolifera-
tion to reach completion. The Bcll1b¥°* genotype probably
influences the clonal expansion and differentiation arrest of
thymocytes in y-irradiated mice and this may be ascribed in part
to an increase in the level of B-catenin.
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