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DNA replication stress and the subsequent activation of DNA
damage checkpoint (10, 11). The checkpoint functions as. an
inducible barrier against genomic instability and tumor de-
velopment (12, 13). The probable prelymphoma cells may
exhibit the activation of DNA damage checkpoint, or they
may show difference in oncogenic signals because lympho-
mas/leukemias are ‘distinct in-origin’ from carcinomas. In=
deed, some disagreement has been reported in the study of
T cell lymphomas developed in PTEN-deficient mice (14).
In this study, we have characterized the probable prelym-
phoma cells showing clonal growth and changes in signaling,
including DNA damage checkpoint.

METHODS AND MATERIALS

Mice and induction of atrophic thymus and lymphoma
development
BALB/cAlJcl mice (purchased from CLEA Japan; Tokyo, Japan)

Q3 were mated with MSM mice (provided from Dr. Shiroishi, NIG at

Mishima), and their male and female progeny were subjected to
whole-body vy-irradiation 0f 2.5 Gy (*¥'Cs) four times at a weekly in-
terval, starting at the age of 4 weeks. Thymus was isolated at40 days
and 80 days after the start of irradiation. Isolation of thymic lympho-
mas and bone marrow cell transfer were carried out as described pre-
viously (15, 16). Mice used in this study were maintained under
specific pathogen-free conditions in the animal colony of Niigata Uni-

versity. All animal experiments comply with the guidelines of the an-

imal ethics committee for animal experimentation of the University.

Flow cytometry :

Flow. cytometric analysis and 5-bromo-2-deoxyuridine (BrdU) ,
incorporation experiments were performed as previously described

(17). The monoclonal antibodies used were anti-CD4-FITC or -APC
(RM4-5); anti-CD8-APC  (53-6.7), purchased from eBioscience
(San Diego, CA). Anti-Nrp-1 (sc-5541; Santa Cruz Biotechnology,
Santa Cruz, CA) was detected with anti-rabbit IgG-Alexa Fluor 488

Q4 (A11008; Molecular Probes, Eugene, OR). Dead cells and debris
were excluded from the analysis by appropriate gating of FSC and
108 Q5 SSC. Cells were analyzed by a FACScan (Becton-Dickinson, Frank-

lin Lakes, NJ) flow cytometer, and data were analyzed using Flow-
Jo software (Tree-Star, Ashland, OR)

DNA isolation and PCR analysis

Deoxyribonucleic acid was isolated from brain, thymocytes, and
thymic lymphomas using the DNeasy Tissue Kit (Qiagen, Valencia,
CA). To determine D-J rearrangement pattermns in the TCRg locus,
polymerase chain reaction (PCR) was performed as described previ-
ously (16). For allelic loss analysis at Belllb, DI2Mit53 and
DI2Mir279 markers were used for PCR as described previously
(15). The PCR products were analyzed by 8% polyacrylamide gel
electrophoresis, and band intensities were quantitated with a Molec-
ular Imager FX (Bio-Rad Laboratories, Hercules, CA) after ethid-
ium bromide staining to determine the allele ratio of BALB/c and
MSM alleles.

Antibodies for Western blotting

Sample preparation and Western blotting were performed as de-
scribed previously : (18). Antibodies used are listed below. Anti-
H2AX (ab11175) and anti-Chk2 (pT68) (ab38461) were purchased
from Abcam (Cambridge, MA). Anti-p27 Kipl (#2552), anti-Chk2
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Fig. 1. Clonal growth of thymocytes in atrophic thymuses at 40
days and 80 days after y-irradiation. (A) Diagram showing part of
the TCR@ locus and the relative location of polymerase chain reac-
tion (PCR) primers used. (B) Gel electrophoresis of PCR products
with ‘three different ‘sets of primers: F-DB1 and R-JB1.6 (top),
F-DS2 and to-JB2.6 (middle), and F-DB1 and R-Jp2.6 (bottom).
Th = thymus; Ly = lymphomas; Br = barain DNA; L and R = left
and right thymic lobe; T = T type thymus; C = C type thymus;
G = G type thymus.

(#2662), anti-p53 (pSerl5) (#9284), anti-Akt (#9272), and anti-
Akt (pSerd73) (#4058) were purchased from Cell Signaling Technol-
ogy (Danvers, MA).. Anti-cMyc (sc-42), anti-—proliferating cell
nuclear antigen (PCNA) (sc-7907), anti-actin (sc-1615), anti-p53
(sc-1312), anti-Chk1 (sc7898), and horseradish peroxidase (HRP)-
anti-goat IgG (sc-2020) were purchased from Santa Cruz Biotech-
nology. Anti-cyclin D1 (K0062-3) was purchased from MBL
(Nagoya, Japan). Anti-Chk1(pS317) (AF473) was purchased from
R&D Systems (Minneapolis, MN). Horseradish peroxidase-anti-
rabbit IgG (NA934 V) and HRP-anti-mouse IgG (NA931VS) were

purchased from Amersham. Anti-yH2AX (Ser139) (#07- 164) was Q6

purchased from Upstate (Temecula, CA).

RESULTS

Clonal expansion of thymocytes-in y-ray-induced atrophic
thymus _

Clonality of thymocytes was examined in left and right
lobes separately of atrophic thymuses at 40 and 80 days after

FLA 5.0 DTD m ROBI18789_proof M 14 December 2009 W 8:59 pm W ce J

129
130
131
132
133




Prelymphoma cells in y-irradiated mouse atrophic thymus @ T. YAmAMoTO ef al. 3

A Cell number (x107 cells)

0
K S
8

Cch4

2
1
0 |
IR(-
O 40 days
B <
Control 1

3.7%x107 cells

0.4.x107 cells

t cD8

1.3 x107 cells

2 3
0.8 X107 cells

10'7

40 days ¢ >
B
10 =<

101

]

10 rerererrT oy
181010 40 ad

Control 1
3.2 %107 cells

3
0.3 x107 cells

127
4.14

1.7 x107 cells

10 o PR P\ AL Pl o
1810 100 10 10

Fig. 2. Reduced cellularity and minimal changes of thymocyte differentiation in atrophic thymuses. (A) Cell numbers of
thymocytes in unirradiated thymus and the atrophic thymuses at 40 days and 80 days after iradiation, which were divided
intothe T type (T) and C type (C) thymus: Bars indicate averages. (B) Flow cytometric analysis of thymocytes from € type
thymuses using CD4 and CD$ cell-surface markers. Numbers in quadrants indicate percentage of cells.

y-irradiation (hereafter these thymic lobes are designated as
40-day and 80-day thymuses, respectively). The earliest
time of appearance of fully malignant thymic lymphomas is
approximately 100 days after irradiation, and 60% of mice
develop lymphomas at 300 days after (5, 16). Clonality
was determined in 111 samples of 40-day thymuses and 45
samples of 80-day thymuses by assaying specific V(D)J rear-
rangements with three primer sets designed for the TCR lo-
cus (16). Figure 1 shows examples, and Supplementary Figs.
E1A and B display others. Unirradiated thymus (lane Th)
gave six different bands corresponding to possible recombi-
nation sites between D and J regions by Df1:-J51, DB2-152,
and DB1-J42 probe sets and one band for germline DNA by
the former two probe sets. On the other hand, thymic Iym-
phoma DNA (Ly) gave one band only by the D32-J32 probe
set used, and brain DNA (Br) gave the germline DNA band
by DB1-J81 and DB2-JB2 probe sets. Half (52 of 111) of
the 40-day thymuses showed rearrangement patterns identi-

¥

cal or similar to that of the control thymus, classified as
T type thymus. Most others (43) exhibited only few bands
or limited numbers of bands. This group of the thymuses in-
dicated the existence of clonally expanded thymocytes
(€ type thymus). Several thymuses were classified as C/T
type thymus. The fourth group comprised 12 thymuses that
exhibited mainly one germline band, probably consisting of
immature thymocytes and/or cells other than thymocytes.
This study excluded analysis of the G type thymus because
of its low incidence. Of the 80-day thymuses, 22 thymuses
belonged to T type thymus, and 20 were C type thymus.
Figure 2A shows the thymocyte numbers of 40-day and
80-day thymuses. The average decreased by approximately
one seventh in 40-day thymuses, and the decrease tended
to be more in C type thymus than in T type thymus. The ten-
dency of decrease was continued in 80-day. thymuses. Flow
cytometry using CD4 and CD8 cell-surface markers revealed
that most thymocytes were DP cells, as normal thymocytes
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Fig. 3. Flow cytometry of Nrp-1 expression on thymocytes. (A) Profiles of FSC analysis and Nrp-1 staining in total, S
phase; and G1 phase cells of unirradiated thymus and thymic lymphoma. Shadowed profiles show control staining without
using anti-Nrp-1 antibody. (B) Nip-1 staining in 40-day atrophic thymuses.

were (Fig. 2B). These findings suggest decrease in the cell
number and no marked change in differentiation in atrophic
thymus. -

Bone marrow cell transfer to itradiated mice 1 week after
the last irradiation suppresses the development of thymic
lymphomas (1). To confirm this, we examined eight thymic
lobes at 60 days after bone marrow cell transfer. As predicted,
the cell number was restored to the normal level (3.1 x 107
cells on average), and'no C type thymuses were found (not
shown). '

Nrp-I expression in atrophic thymu&es

Nrp:-1 proteins are expressed on the cell surface of both
thymocytes and thymic epithelial cells and play a key role
in heterocellular adhesions (19, 20). We examined Nrp-1
on thymocytes in normal thymus, thymic lymphomas, and
16 40-day atrophic thymuses using flow cytometry. Levels
of Nrp-1 expression on normal thymocytes varied in different
phases of the cell cycle, higher in S cells than G1 cells
(Fig. 3A). On the other hand, levels on lymphoma cells
were lower than those on normal thymocytes and did not
much differ between S and G1 cells. Figure 3B shows exam-
ples of 40-day atrophic thymuses. Most of them exhibited ex-
pression levels similar to that of the control. Neither was any
marked difference seen between T type and C type thymus
(not shown). These results suggest persistence of the interac-

tion between thymocytes. and thymic stroma cells even in
atrophic thymuses.

Allelic loss at Belllb in C type and T type thymuses

Clonal expansion of thymocytes may result from genetic
changes. Hence, we examined allelic loss at Belllb tamor
suppressor gene locus, which was detected at a high fre-
quency in thymic lymphomas (15). Bcll1b encodes zinc fin-
ger transcription factors involved in the developmentof a8 T
cells (17). Mice used for this experiment were F; hybrids be-
tween BALB/c and MSM strains, and hence allelic differ-
ences were easily detectable with PCR. Figure 4A shows
examples of 40-day thymuses including D-J rearrangement
patterns (see Fig. E2A for others). We determined the
BALB/c and MSM band ratio in a total of 95 40-day atrophic
thymuses and compared the ratios between each atrophic thy-
mus and normal F; mouse thymus. When the ratio was >2 or
<.50, the thymus was judged as allelic loss-positive (Fig. 4B).
The loss was detected in not only C type but also T type thy-
muses. Nineteen (44%) of the 43 C type thymuses and 17
(33%) of the 52 T type thymuses were allelic loss-positive
(Fig. 4C). The high frequency observed in T type thymuses
was unexpected. This suggests that clonal expansion of this
type proceeds in T type DP thymocytes before B-selection.

Analysis of 80-day thymuses (Fig. E2B) showed that 10
(50%) of the 20 C type thymuses but only 1 (5%) of the 22
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Fig. 4. Allelic losses at the Bell1b locus. (A) Top two panels show

polyacrylamide gel electrophoresis for polymerase chain reaction
products of DI2Mit53 and D12Mit279 primer pairs. Chromosomal
location of DI2Mit53, Belllb, and DI2Mit279 is 108.69 Mb,
109.15-24 Mb, and 109.69 Mb from the centromere, respectively.
Bottom three parels show D-J rearrangement patterns, which iden-
tifies T type or € type thymus. Closed circles show allelic loss and
open circles exhibit allelic imbalance. Thymuses that exhibited alle-
lic loss in at least one of the two loci were decided as allelic Joss pos-
itive, and this decision was based on three independent polymerase
chain reaction experiments: Th = thymus; Ly = lymphomas. (B)
Band ratios of BALB/c vs MSM or MSM vs BALB/c are shown rel-
ative to that of normal F; mouse thymus. Allelic losses are marked
by filled circles and allelic imbalances by open circles: (C) Percent-
age of allelic loss in 40-day and 80-day thymuses that were divided
into T type and C type thymus.

T type thymuses exhibited allelic loss. One reason for this
rareness relative to 40-day T type thymuses (p < 0.001) might
be that those T type thymocytes undergo normal differentia-
tion process and hence are not retained within the thymus.

Characteristics of clonally expanded thymocytes

To characterize clonally expanded thymocytes, we exam-
ined the cell cycle of the 95 40-day and 42 80-day thymocytes
that: were isolated from mice 1 h after injection of BrdU
(Fig. 5A and B, Fig. E3). We defined the gated region on the
FSCvs. SSC dot plot to exclude debris and dead cells. The per-
centage of the gated region markedly decreased, suggesting
enhanced apoptosis. Figure 5B shows BrdU. incorporation
levels at the vertical axis and DNA contents at the horizontal
axis: The DNA content of G1 cells did not differ among unir-

radiated, irradiated thymocytes, and lynmiphoma cells, which is
consistent with the finding that even thymic lymphoma cells
sustain diploidy (21). Figure 5C summarizes the percentage
of S phase cells in T type and C type thymuses. Of the 40-
day thymuses; no marked difference was found between T
and C type thymuses. However, significant increase in the per-
centage was seen in C type thymusrelative to T type thymus in
the 80-day thymuses (p = 0.0034). Of note is that the high per-
centage of S'cells is a hallmark of thymic lymphomas.

The size of G phase cells was measured with flow cytom-
etry (Fig. 5B), because it represents the level of cell cycle pro-
gression and metabolic activity. The FSC values of G1 cells
depicted a sharp peak in normal thymus, indicating a rather
homogeneous: cell-size population. The values were much
smaller than those of S célls showing a broad peak; as pre-
dicted. The FSC analysis of 40-day and 80-day thymuses
tended to show the values larger than normal thymus. The
cell size of G1 cells in some afrophic thymuses exhibited
a broad peak; indicating that those thymuses contained a frac-
tion of larger-sized G1 cells more than normal thymuses did.
We designated the cells in this fraction as middle-sized G1
cells because their size was between that of normal G1 and
S phase cells. The middle-sized cells may be related to pre-
malignancy because the cell-size enlargement was another
characteristic of thymic: lymphomas. The middle-sized G1
thymocytes are probably cells that are growing and progress-
ing toward S phase but pausing at the late G1 stage.

Figure 5D summarizes the percentage of middle-sized G1-
cells within the thymus. The percentage was determined in
each thymus by the criterion whereby the percentage in nor-
mal thymus was set to approximately 3% in FSC analysis.
The percentage showed a significant difference. between
Trand C type thymuses in 40-day thymuses (p = 0.014), and
the difference was more prominent in 80-day thymuses

- (p = 0.0002). Half of the 80-day. C type thymuses exhibited

the percentage more than 40%, whereas only 4 did so in the
21T type thymuses. Notably, +all thymic lymphomas
consisted of middle-sized cells, suggesting that the C type
middle-sized thymocytes are closer to lymphoma cells.
Comparison between 40-day and 80-day thymuses suggests
a process of irradiated thymuses toward thymic lymphoma
in the order of T type thymus, C type thymus with a low
percentage of middle-G1 cells, and C type thymus with
a high percentage of middle-G1 cells.

Figure SE summarizes the percentage of middle-sized G1
cells in Bell1b allelic loss-negative and -positive thymuses.
The two groups of 40-day thymuses showed difference in
the ‘percentage (p = 0.041). The 80-day thymocytes also
showed a difference between the two (p = 0.017). This sug-
gests the contribution of Bell1b-allelic loss to cell cycle pro-
gression. On the other hand, no significant difference in the
percentage of S cells was observed between the two groups
(not shown).

No marked change in DNA damage checkpoint response
Deoxyribonucleic acid damage checkpoints are activated
in premalignant cells and thought to act as barriers against
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Fig. 5. Hindrance in cell cycle. (A) Flow cytometry of thymocytes in ‘control and irradiated atrophic thymuses. The indi-
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the number above the bar indicates the percentage of those thymocytes. (C) Percentages of S-phase thymocytes in unirra-
diated thymus and the atrophic thymuses at 40 days and 80 days after irradiation, which were divided into T type and C type
thymus. (D) Percentages of middle-sized G1 cells in the different groups of thymuses as indicated above. (E) Percentages of
middle-sized G1 cells in unirradiated thymus and the atrophic thymuses at 40 days and 80 days after irradiation (IR); which
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Fig. 6. No marked activation of DNA damage checkpoint genes in C type atrophic thymuses at 40 days and 80 days after
irradiation. Western blot analysis includes unirradiated thymus (Th), thyric lymphomas (Lym), and BW5147 mouse T cell
lymphoma cell line (BW) for comparison. Antibody used is shown I6ft of each panel. Some BWS5147 cell samples were
isolated after y-irradiation. The cell number of the three 40-day thymuses was 4.0, 8.0, and 6.0 x 10°, respectively, and that
of the three 80-day thymuses was 2.4, 2.5, and 1.8 x 107, respectively.

cancer development (10-13). To examine the checkpoint
status in C type atrophic thymuses, we performed Western
blot - analysis for proteins involved in the checkpoint
responses H2AX, Chk1, Chk2, and p53 (Fig. 6). For compai-
ison, thymic lymphomas and BW5147 mouse T cell lym-
phoma cell line were analyzed. No difference in their
activation was observed between normal thymus and either
40-day or 80-day atrophic thymuses. Another nine samples
of 40-day thymuses also showed similar results (not shown).
Only p53 amount showed minimal increases in some of the
atrophic thymuses. These results indicated no activation of
DNA damage checkpoints in C type atrophic thymuses.
Figure 6 includes analysis of Myc, cyclin D1, PCNA, and
p27, which are related to cell cycle progression, and Akt,
which is related to cell size (22). Expression of cyclin D1
and PCNA was decreased in the 40-day C type atrophic thy-
muses, whereas expression of p27 cdk-inhibitor also tended
to ‘decrease. No activation was noted in Akt. Of the 80-day
C type atrophic thymuses, levels of cyclin DI and PCNA
expression increased relative to the 40-day thymuses. On the

other hand, the decrease of p27 was more marked, and phos-
phorylation of Akt was noted in some of the thymuses. These
results indicated changes in signaling pathways of cell cycle
and cell size in some of the 80-day C type atrophic thymuses.

DISCUSSION

Prelymphoma is assumed to exist in the y-ray-induced
atrophic thymus (1, 2). In this study, we characterized thymo-
cytes in the atrophic thymus and changes in signaling path-
ways in those thymocytes. Approximately 40% of 40-day
thymocytes (harvested 40 days after irradiation) at an early
stage during lymphomagenesis showed limited D-J rear-
rangement patterns at the TCRB locus, indicating clonal
expansion of a few parental thymocytes having passed
B-selection. Despite their clonal expansion, the C type thy-
mocytes mainly consisted of CD4*CD8* DP cells, suggesting
retention of the differentiation capability. The percentage of
C type thymus in 80-day thymuses was similar to that in
40-day thymuses. This suggests that the generation of C
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type thymus is mostly completed until 40 days after y-irradi-
ation, C type thymocytes, but not thymic lymphomas,; main-
tained the expression of Nrp-1 cell-surface protein at the same
level of normal thymocytes. This maintenance in interaction
between thymocytes and thymic epithelial cells may affect
the cellular fate of those thymocytes. It might also contribute
to lymphoma development when thymocytes in- irradiated
mice are transplanted (1). This speculation is based on the
fact that thymocytes formed lymphoma only when' trans-
planted in the thymus, whereas lymphomas could generate
Iymphoma irrespective of the transplantation sites (2;.5).
Among the 95 40-day atrophic thymuses, 17 were allelic
loss-positive T type thymuses. This detection of allelic losses
reflects clonal expansion of a given thymocyte before S-se-
lection because D-J rearrangement patterns at the TCR locus
were the same as that of normal thymocytes. It also suggests
that the allelic loss of Bell1b contributes to clonal expansion,
This is supported by the finding that the Bcll1b allelic loss:
positive thymocytes were enriched in middle-G1"&h thymo-
cytes more than the allelic loss-negative thymocytes, because
this suggests the elevated stimulation of cell cycle at the G1
phase. However, it is unclear how a Bcll 1b-allelic loss con-
tributes to. clonal expansion. Downregulation of Bclllb in
Jurkat cells by siRNA results in decrease of p27 cell cycle in-
hibitor (18), and this may support that hypothesis. It is also
not known what genetic changes contribute to the formation
of C type thymus. The candidate may include karos, Myc,
Notchl, and Pten (23-25) other than Bclllb, genetic alfer-
ations of which were found in thymic lymphomas at high fre-
quencies (15). Taken together, we observed two groups of

- thymocytes possessing infrinsic self-renewal capability that

occurred at different developmental stages before and after
@B-selection. Both the Bclllb allelic loss-positive T type
and the C type thymocytes retain the capability to differenti-
ate. Because the T type thymocytes were similar to normal
thymocytes in cell size, they might be a precursor of C type
thymocytes, but their relationship remains to be clarified.
The percentage of middle-sized G1 cells was increased in
C type thymuses more than in T type thymuses. Those thy-
mocytes may be cells that tend to pause at a late G1 stage be-
fore the cell-grown stage entering into S phase. The increase
in the fraction of such middle G1 cells may reflect stimulation

Volume I, Number M,2010

and/or hindrance of cell cycle progression of thymocytes.
This implication is consistent with the decreased expression
of both cell cycle activators (¢yclin D1) and the inhibitor
(p27). Of the 80-day C type thymocytes, on the other hand,
approximately half showed increases in not only the percent-
age of middle G1 cells but also the percentage of S cells.
Those thymocytes may be cells: that have overcome hin-
drance(s) giving the pause at a late G1 stage but still failed
to increase in the cell number at the lével of thymic lympho-
mas, possibly owing to apoptosis, This is consistent with the
finding that the expression level of cyclin D1 and PCNA in-
creased and the level of p27 decreased in the 80-day thy-
muses relative to the 40-day thymuses.

A feature of the premalignant lesions such as dysplasia is
the activation of DNA damage checkpoints, such as Chkl,
Chk2, YH2AX, and pS3 (10, 11). This: DNA damage re-
sponse is one of the barriers to constrain tumorigenesis,
though it is uncertain whether the DNA damage response
represents the predominant mode for preventing cancer de-
velopment at the early stage (14). Analysis of the C type thy-
mocytes revealed no matked activation’ in- Chkl, Chk2,
YH2AX, or p53. The observed minimal increases of p53
might be ascribed to increased levels of reactive oxygen spe-
cies that stabilize p53 mRNA (26). Therefore, the result sug-
gests that the probable prelymphoma cells in atrophic thymus
are an exceptional case that does not undergo aberrant stim-
ulation of cell proliferation or DNA replication stress. If this
is the case, the C type thymocytes do not undergo selective
pressure for inactivation of DNA damage checkpoint genes.
Indeed, p53 mutations were infrequent in y-ray=induced thy-
mic lymphomas (16).

To summarize, this study characterizes clonally expanding

thymocytes in y-ray~induced atrophic thymus that occurs at

two distinct developmental stages before and after §-selection.
The thymocytes resemble CML in possessing self-renewal

- and lineage capacity. Therefore, they can be a candidate of

the lymphoma-initiating cells; and the importance of leuke-
miaflymphoma-initiating cells is pointed out in relapsed acute
lymphoblastic leukemia in humans (9). The mouse lymphoma
model, including Bell16-KO and Belllb-floxed mice, will
provide new insights into leukemia/lymphoma-initiating
cells, a target of radiation and chemical therapy.
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The association between obesity and the risk of colorectal cancer
(CRC) cannot be easily evaluated because CRC itself is associated
with a gradual loss of bodyweight. Aberrant crypt foci (ACF) can be
classified: as: dysplastic ACF or non-dysplastic ACF by magnifying
colonoscopy; and dysplastic ACF are thought to be a biomarker of
CRC.: Ninety-four participants who underwent colonoscopy: at
Yokohama City University Hospital, Japan, were enrolled in the
current study. We detected 557 ACF, including 67 dysplastic ACF
(12.0%). Univariate regression analysis was conducted to determine
correlations between the number of dysplastic ACF and various
potential risk factors, including patient age, waist circumference;
body mass index, visceral fat area (VFA), and plasma adiponectin
level. The results of multiple regression analysis revealed that the
number of dysplastic ACF correlated with age (correlation coefficient
r=0.212, P=0.0383) and plasma adiponectin level (r=-0.201;
P =0.0371), even after adjustments for sex, waist circumference,
body mass index, and VFA. Our univariate correlation analysis data
showed a significant correlation with the number of dysplastic ACF
with VFA (r=0.238, P = 0.0209), no correlation with subcutaneous
fat ‘area, ‘and an inverse correlation with the plasma level of
adiponectin (r =-0.258, P = 0.0118). Thus, our results suggest that
aging and visceral fat accumulation could correlate moderately with
colorectal carcinogenesis. The novelty of our study lies in the finding
that visceral fat accumulation and a low plasma adiponectin level
may promote colorectal carcinogenesis; therefore, these obesity-
related parameters may serve as novel targets for CRC prevention.
(Cancer Sci 2009; 100: 29-32)

Obesity and its associated visceral fat accumulation have
been reported to be linked to an elevated risk of cardio-
vascular disease, diabetes mellitus, and mortality, and these
complications are rapidly becoming significant problems.!"?
Visceral adipose tissue is not only fat storage tissue, but also a
metabolically active organ secreting many adipocytokines, such
as adiponectin.¥? Obesity is reportedly an important risk factor
for CRC.Y? CRC has high mortality and morbidity rates, and its
prevalence has been increasing.®® The precise risk factors for
CRC remain unclear, although a family history and several
dietary and lifestyle factors have been proposed to be involved.?”

The association between obesity and the risk. of CRC cannot
be easily evaluated because of the confounding effect of
bodyweight loss with CRC. Therefore, we sought to identify a
biomarker for risk assessment and monitoring of CRC. ACF,
which were first discovered in mice treated with azoxymeth-
ane,® have been clearly shown to be precursor lesions of CRC,
and are now established as a biomarker of the risk of CRC in
azoxymethane-treated mice and rats.? In humans, ACF can be

doi: 10.1111/j.1349-7006.2008.00994.x
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classified as: dysplastic: or non-dysplastic. through the use: of
magnifying: colonoscopy.!? ACE have not been firmly. estab-
lished to be precursors of CRC; however, dysplastic ACF could
possibly serve as a biomarker of the risk of CRC. Previous stud-
ies have reported that individuals with. CRC have more ACE
than those without CRC, therefore dysplastic ‘ACF represent
potential clinical precursors of CRC and colorectal adenoma.@*-')
Recently, an association was suggested to exist between obesity
and the risk of CRC.Y>'% However; the relationship between
obesity and ACF remains unclear. Therefore, the current study
in a clinical population aimed to investigate. the relationship
between various obesity-associated parameters .and: rectal
dysplastic ACE. :

Patients and Methods

Study population. We prospectively. evaluated 94 subjects
recruited from the population of healthy individuals who
underwent colonoscopy at Yokohama City University Hospital,
Japan. The exclusion criteria included: presence of contrain-
dications to colonoscopy; current or past non-steroidal anti-
inflammatory drug use including aspirin; family history of CRC;
or history of adenoma, carcinoma, familial adenomatous polyposis,
inflammatory bowel disease, or radiation colitis. Subjects with a
history of colectomy, gastrectomy, or colorectal polypectomy,
and those treated with daily insulin self-injection or sulfonylurea
for diabetes mellitus, were also excluded. In order to investigate
the influence of obesity on colorectal carcinogenesis, patients
with colorectal adenoma or carcinoma at the time of colonoscopy
were also excluded from the study. Written informed consent
was_obtained from all subjects prior to their participation. The
study protocol was approved by. the -Yokohama City University
Hospital Ethics Committee.

Collection and analysis of blood samples for adiponectin level.
Blood samples were obtained in the morning on the day of
colonoscopy after overnight fasting. Plasma adiponectin levels
were measured by enzyme-linked immunosorbent assay of the
total forms. of human adiponectin (SRL Co.; Tokyo, Japan).

Magnifying colonoscopy for identification of ACF. Participants’
bowel preparation for the colonoscopy was carried out using

5To. whom correspondence should be addressed.
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Abbreviations; ACF, aberrant crypt foci; BMI, body mass index; (RC, colorectal can-
cer; CT, computed tomography, SFA, subcutaneous. fat area; TFA, total fat area;
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Non-dysplastic ACF

Dysplastic ACE

polyethylene glycol solution. A Fujinon EC-490ZW5/M colono-
scope ‘was used for the magnifying colonoscopy (Fujinon
Toshiba ES  Systems, Tokyo, Japan). Total colonoscopy was
carried out before imaging of rectal ACF. Subsequently, 0.25%
methylene blue was applied to the mucosa with a spray catheter.
Aberrant crypts were distinguished from normal crypts by their
. deeper staining and larger diameter, and the number of ACFE in
the rectum was counted. This counting was conducted in the
lower rectal region, extending from the middle Houston valve
to the dentate line, based on the results of a previous study.!®
All ACF were recorded photographically and evaluated by two
independent observers who were unaware of the subjects

clinical histories:

Criteria used for endoscopic diagnosis. ACF. were defined as
lesions in which the crypts were more darkly stained with
methylene blue than normal crypts and had larger diameters,
often with oval or slit-like lumens and a thicker epithelial
lining 2% Dysplastic ACE were defined as crypts in which
each lumen was compressed or not distinct, with an epithelial
lining that was much thicker than that of normal surrounding
crypts. Non-dysplastic ACE were classxﬁed as hyperplastic or
non-hyperplastic. i

Measurement of VFA and SFA. BMI was calculated using the
following equation: bodyweight (kg)/(height [m]?). Intra-
abdominal adipose tissue was assessed, as described previously
by measuring the VFA, SFA, TFA, and waist circumference
from CT images at the level of the umbilicus. !9 All CT scans
were carried out with the subjects in the supine position. The
borders of the intra-abdominal cavity were outlined on the CT
images, and the VFA was quantified using Fat Scan software
(N2 System Corporation, Kobe, Japan).

Statistical analysis. We examined the associations between the
risk factors for CRC and the number of dysplastic ACE All data
were expressed as mean £ SD, unless otherwise indicated. The
relationships between the number of dysplastic ACF and
relevant covariates were examined by univariate regression
analysis, and standardized correlation coefficients were determined
using Stat View software (SAS Institute, Cary, NC, USA). Multiple
regression analysis was carried out to assess the relationship
between the number of  dysplastic ACFE . and potentially
associated  variables, and' to determine the standardized
correlation - coefficients. ' The  dependent variable was  the
number of dysplastic ACF, and the independent variables
were age, sex, VFA, and plasma adiponectin level. Waist circumf-
erence and BMI were excluded from this analysis because these
factors have a high correlation with VFA. P-values < 0.05
were considered to denote statistical significance;

Fig. 1. Typical: features  of non-dysplastic. and
dysplastic - aberrant - crypt  foci . (ACF) " on
magnifying colonoscopy. after methylene  blue
staining.

Results

Colonoscopic features of ACF. ‘A total of 557 ACF, including 67
dysplastic ACFE, were counted by magnifying colonoscopy in the
94 patients. The aberrant crypts were larger, thicker, and more
darkly stained than the normal crypts. Dysplastic: ACF and
non-dysplastic ACFE accounted for:12.0% (67 of 557) and 88.0%
(490 of 557) of the total, respectively. The number of subjects
with dysplastic ACF was 34, and the number with non-dysplastic
ACE was 76. In the lesions detected by magnifying colonoscopy,
the size (i.e. median number of crypts £ SD) per ACE was
15.1 £ 10:4 and per dysplastic ACF was 8.5 1 11.8. The average
number of composition crypts per ACE was 93.2 £124.3 and
per dysplastic ACE was 16.3 £26.2. In the 94 patients, the mean
total number of ACF (non-dysplastic and dysplastic) per patient
was 5.92 + 6.50, and the mean number of dysplastic ACFE per
patient was 0.71 4 1.16. The typical colonoscopic features of
dysplastic and non-dysplastic ACF are shown in:Figure 1.

Patient characteristics. The clinical characteristics of the
study. participants are shown in Table 1. The mean age was
65.1 + 10.8 years, and there were 48 men and 46 women. The
mean waist circumference, BMI, TFA, VFA, SFA, and plasma
adiponectin level were 86.3+10.0 cm, 23.3+3.1kg/m?
200.8£91.4 cm? 83.9+50.1cm? 1167+604 cm? and
11.0 £5.6 pg/mL, respectively.

Univariate regression analysis: Correlations between risk factors
for CRC and the number of dysplastic ACE. Age correlated signi-
ficantly with the number of dysplastic ACF, as shown in Table 2
(r=0232, P=0.0242). Sex showed no correlation with the
number of dysplastic ACF. All of the obesity parameters; except
SFA (r=-0.001, P = 0.9979), correlated significantly with the
number of dysplastic ACF, as follows: waist circumference
(r=0.225, P=0.0293), BMI (r=0.307, P = 0.0325), and VFA
(r=0.238, P = 0.0209). The plasma level of adiponectin showed
a significant inverse correlation with the number of dysplastic
ACEF (r=-0.258, P = 0.0118). Age was the only parameter that
correlated significantly with the number of non-dysplastic ACE
(r=0218, P =0.0336), which were much more abundant than
dysplastic ACF in the study subjects.

Multiple regression analysis: Correlations between risk factors for
CRC and the number of dysplastic ACE. The results of the multiple
regression analysis are shown in Table 3. After adjustments for
sex, waist circumference, BMI, and VFA, the parameters of age
and plasma adiponectin level still: correlated ‘significantly with
the number of dysplastic. ACE (P =0.0383 and P =0.0371,
respectively).
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Table 1. Clinical characteristics of study participants

Characteristic Overall Subjects with non-dysplastic ACF Subjects with dysplastic ACF
Number 94 76 34

Age (years) 65.1+£10.8 66.3 + 10.1 66.2 £8.1

Sex (male : female) 48:46 43:33 21:13

Waist circumference (cm) 86.3 % 10.0 86.0+10.5 884+ 11.2

Body mass index (kg/m?) 23.3+3.1 23.3+3.2 242%3.0

Total fat area. (cm?) 20081914 199.5+95.7 222.04£96.0
Visceral fat area (cm?) 83.9+50.1 86.3+51.6 1036 +52.6
Ssubcutaneous fat area (cm?) 116.7£60.4 112.9460.8 117.8+58.4

Plasma adiponectin (jig/mL) 11.0£5.6 11.3+5.8 94+43

Data are expressed as mean * SD:. ACF, aberrant crypt foci.

Table 2. Univariate : correlation - analysis:: Correlations between the
number: of non-dysplastic or dysplastic aberrant crypt foci (ACF) and
the risk factors for colorectal cancer

Table 3. . Multiple - regression - analysis:  Correlations ‘between the
number of 'dysplastic aberrant crypt foci and' the risk’ factors for
colorectal cancer :

dik s Non:dysplastic ACF Dysplastic ACF Risk factor Correlation coefficient P
isk factor -

r P r P Age 0.212 0.0383*

Sex 0.038 0.7141
%, ¥

?g(e 8?;3 82;32 gggi gg;g; Waist circumfererice 0,152 0.4508
Waist circumference 0076 04651 0225  0.0203* 5?5‘2’ r;';afsast’“fex g's‘ég g';g:;
Body mass index 0.165  0.1011 0307  00325% o S NeR 6561 00571
Total fat area 0.126  0.2257 0.135 01941 P : '
Visceral fat area 0.137 0.1868 0.238 0.0209* R? for the entire model = 0.368:
Subcutaneous fat area 0.078 0.4560 ~0.001 0.9979 After adjustments for sex, waist circumference, body mass index, and
Plasma adiponectin 20.019 0.8538 20.258 1 0.0118* . visceral fat area, the parameters of age and plasma adiponectin level

Age, waist circumference, body mass:index, visceral fat area; and
plasma adiponectin level correlated with the number of dysplastic ACF.
*P.<0.05.

Discussion

In the present study a total of 557 ACF were counted in the 94
patients, and we demonstrated a significant correlation between
the number of dysplastic ACE and the VFA, and a significant
mverse correlation between the number of dysplastic ACF and
the plasma adiponectin level. Age was also associated with the
number of ACE, that is, the number of dysplastic and non-
dysplastic ACF increased with age. CRC is thought to progress
through' several morphological stages, from the formation of
polyps to the onset of malignant change.?? Genetic alterations,
including mutations in the K-ras, p53, and APC genes, have
been reported to be associated with: the disease progression.??
The K-ras mutation has also been reported in human ACE®
Therefore, the increased risk of ACE formation with age may be
influenced mainly by these genetic alterations. Sex showed no
correlation: with the number: of dysplastic ACFE in the present
study; however, the incidence of CRC is lower in women
than in men.%*? Tt has been suggested that the initidtion of
dysplastic ACF is comparable in men and women, but thereafter
tumor progression differs because visceral fat accumulation is
higher in men than woman. This visceral fat accumulation may
affect tumor progression.
- Waist circamference has often been suggested to be associ-
ated with VFA. Consistent with this suggestion; our data showed
that both waist circumference and VFA were associated with the
number of dysplastic: ACF. Recent reports have suggested that
obesity may be associated: with a high risk of CRC.# Several
studies: have shown: that increased BMI is associated with. an
increased risk of CRC.%% The importance of the size of ACF has
been reported,?” and the correlation between size, measured as

Takahashietal.

still correlated with the number of dysplastic aberrant crypt foci.
*P<0.05.

the median number of crypts per both non-dysplastic ACE and
dysplastic ACF, and risk factors was analyzed. The correlation
between the median number of crypts per ACF and any risk factors
had almost the same result as the number of ACF (data not
shown). Our data showed a direct correlation between the VFA
and the number of dysplastic ACF, and an inverse correlation
between the plasma adiponectin level and the number of dysplastic
ACE (Table 2). A previous study showed that the K-ras gene
was mutated in 50-60% of patients with dysplastic ACE"%
thus genetic alterations: were already underway. Visceral fat
correlated with dysplastic ACF in the current study, and another
study showed that increased visceral adiposity was a significant
predictor of lower rates of disease-free survival in patients with
resectable colorectal cancer,?® suggesting that visceral fat plays
an important role in colorectal carcinogenesis and progression.
Visceral fat tissue is known to be an endocrine organ that
secretes adiponectin, which has an inverse relationship with
obesity and visceral fat.?” We carried out multiple regression
analysis to assess Whether plasma adiponectin may be a risk factor
for dysplastic ACF growth, independent of the effects of obesity.
If dysplastic ACF are a biomarker of the risk of colorectal ade-
noma and CRC, then some factors associated with: the risk of
CRC may also influence the number of dysplastic ACE. Very little
is known about the factors that initiate or promote the growth of
dysplastic ‘ACFE in-humans. Our results suggest that plasma
adiponectin levels are inversely associated with the number of
ACEF, and that visceral fat may be associated directly with ACF
and thus could be a risk factor for the early stage of colorectal
carcinogenesis:

There ‘are many reports on the ‘existence of . relationships
between the risk of CRC and: exercise, energy use, glycemic
index, and food choices and dietary constituents.®**2" These
factors. affect each other, therefore it is difficult to evaluate the
relationship between any one factor and the risk of CRC. Obesity
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is thought to result from many of these factors. It is also thought
that aging; visceral fat, and adiponectin are important in. CRC
carcinogenesis. Further investigation is needed to elucidate the
mechanisms that affect these relationships and the impact on the
development of CRC.

The novelty of our study lies in our use of dysplastic ACF as
a biomarker for risk of CRC to show that visceral fat accumulation
and low plasma adiponectin level may affect colorectal carcino-
genesis. Further studies should be conducted to clarify the role
that visceral fat accumulation and reduced plasma adiponectin
play in dysplastic ACF growth and whether these obesity-related
parameters may serve as novel targets for CRC prevention.
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Bcl11b encodes a zinc-finger transcription factor and functions as a
haploinsufficient tumor suppressor gene. Bc/716%/° 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%97* mice at different time points following y-irradiation.
H Analysis of D-J rearrangement at the TCRp locus and cell surface
markers by flow cytometry revealed two distinct populations of
clonally growing thymocytes. in one population, thymacytes share
a common D-J rearrangement but retain the capacity to differenti-
ate. In contrast, thymocytes in the second population have lost
their ability to differentiate. Since the capacity 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
B-catenin, a well-known oncogenic protein, in Bl 16597 thymo-
cytes. Collectively, the Bc/1165°7* genotype contributes to clonal
expansion and differentiation arrest in part through an increase in
the level of p-catenin, (Cancer Sci 2010)

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.m A
two-step process is seen from CML to a subset of acute lympho-
blastic leukemia (ALL) bearing ber/abl, an aggressive blast
Crisis phase.(3'5) 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.’

Bell1b is a haploinsufficient tumor suppressor gene that was
isolated from analyses of y-ray induced mouse thymic lympho-
mas. =2 Bel 119" mice are susceptible to the development of
thymic lymphomas,(g) suggesting that loss or decrease of Belllb
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 expressed in thymocytes, neurons: and other
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tissues. 9317 Ber1 15597¥0 and Bell16'°* mice show differ-
entiation arrest of thymocytes during B-selection<13"4) and posi-
tive selection,'® respectively; the arrest in the former seen at
CD4 and CD8 double-negative (DN) and immature CD8 single-
positive (ISP) cell stages before the CD4 and CD8 double-posi-
tive (DP) cell stage.‘l 14 B 715597 mice exhibit a substantial
impairment of ‘thymocyte differentiation in mouse embryos,
although not as. profound as that in Bell 1559750 animals.'?
The arrest during P-selection is seen in many gene-knockout
mice,?” including genes affecting Wnt/B-catenin signaling.m“m
As with oncogenesis, differentiation arrest may be a mechanism
through which Bcll1b deficiency contributes to fumor develop-
ment. However, Bclll HRO7K0 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-TCR si gnaling."! !

Identical rearrangements of the TCRp locus are seen in thy-
mi lgrmphomas and this establishes clonality of the lympho-
mas. Y 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‘(z“‘zs) A significant percentage of those thymuses
exhibited allelic loss of Belllb. These findings raise the ques-
tion of how and at which stage does: the Bcll b heterozygous
genotype contributes to Qmphoma development. Here we stud-
ied the effect of Bell16%97* 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
B-catenin expression.

Materials and Methods

Mice and induction of atrophic thymus. Bell 16597 mice
with a BALB/c background were generated as described !
MSM mice were kindly supplied from  Dr Shiroishi, NIG
(Mishima, Japan). Bell1659/F mice were mated with MSM H
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 sepa-
rately isolated at 30, 60, or 80 days after the irradiation and sub-
jected 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 commiittee.
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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 contain-
ing 2% fetal calf serum and 0.2% NaNj3 for 20 min at 4°C. The
monoclonal antibodies (mAbs) used were: anti-CD4-PerCP-
Cy5.5 or. -APC (RM4-5), anti-CD8-PE (53-6.7), anti-TCR-
B FITC (H57-597; BioLegend), anti-B-catenin-FITC (14; BD

Biosciences,: San Jose; CA, USA), and IL-7Ro-PE (SB/199,
H BioLegend). They were purchased from eBioscience. To prevent
nonspecific binding of mAbs, we added CD16/32 (93; eBio-
science) before staining with labeled mAbs. Dead cells and deb-
ris: were excluded from the analysis by appropriate gating of
[d FSC and SSC. Cells were analyzed by a FACScan (Becton-
M Dickinson) flow cytometer, and data were analyzed using the
H Flow-Jo software (Tree-Star).

For BrdU incorporation experiments, we injected mice intra-
peritoneally with 100 L 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

El Pharmingen) according to the manufacturer’s instructions.
In brief, cells were suspended at a concentration of I-
2 % 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 containing 20 pL of the
TAAD 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 Iymphomas using the DNeasy
Tissue Kit (Qiagen). To determine D-J rearrangement patterns
in the TCRf locus; %olgmerase chain reaction (PCR) was per-
formed as described.?**> Of allelic loss analysis at the Belllb
locus, DI2Mit53 and D12Mit279 markers were used for PCR as
described previously.”” The PCR reaction was processed
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Fig. 1. Cell number. in thymuses at various days’ after y-irradiation.
Bcl11b*/* mice; left; Bc11b59/* mice, right. Average cell number.in
Bcl11b*/* “mice 'was. 4.0, 1.7, 5.0, 3.9, and" 3.2 x 107 cells: for
unirradiated,” 14,30, 60, and 80 days after irradiation, respectively.
Average cell number in. Bc/1165%/* mice was 4.7, 2.4, 1.8; 0.97, and
0.89 %107 cells: for unirradiated, : 14, :30,: 60, and - 80 days: rafter
irradiation, respectively.

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 analyzed by 8% poly-

“actylamide 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/716%97*
mice. We subjected 8-week-old BcllIb®%/* and Bclllb*’*
mice to 3 Gy of y-radiation and examined both left and right

' "' Boll 1bK0/+ Fig. 2. Clonal growth "of thymocytes in. thymuses

after y-irradiation of 8-week-old' Bc/1155%/* mice.
¥ (A) D-J rearrangement patterns at the TCRf 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 E-DB1
and R-182.6 (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

TTTTTTITCTIT T T o, TTCCTTECCTCC numbers of bands. C/T indicates C/T-type thymus

(B8) ©)

between the T-type and C-type patterns. Size
markers are shown at right. (B) Incidences of C-

Bcl116K9/+ thymuses after. IR “ (black box), C/T- (gray box) and T-type (white box)

D12MIT53

C/Ttype  DizMmIT279

Ctype

3060 - 80 days after IR Loss of wt allele

locus in irradiated  thymuses. Two  panels: show
polyacrylamide gel electrophoresis for PCR products
of . DI2Mit53  and = DI2Mit279  primer. pairs.
Chromosomal: [ocation of ' D12Mit53, 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.

: thymuses: in 30, 60, and 80 days after y-irradiation
Ttype (= in Bl116597 mice. (C) Allelic losses at the Beli1b
B
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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 Bcll 16%/* 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,
Bel116%°7* mice showed impairment in the recovery of cellu-
larity. The cell number at 30 days. after was not restored to the
normal Jevel in most thymuses-and the average was 1.8 X 107 in
Bel116%97% thymuses: which was. lower’ than: 5.0 X 107 in
BellIb™F 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
Bel L1659/ * mice after y-irradiation,

Clonal: cell expansion. Clonality was determined by assaying
specific. V(D)J rearrangements with three primer sets designed
for the TCRp 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 DBI1-JB1, DB2-IB2, and DB1-
JP2 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 Df2-JB2 probe sets. Two of the
20 30-day thymuses in Bcll16%%”* 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 Bcl116™*
mouse thymuses were T-type thymus (data not shown). On the
other hand, the 60-day Bclll bR97* thymuses showed two
C-type and four C/T-type tlll(ymuses in 10 thymuses examined,
whereas the 80-day BcllIb*°/* 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 Bell 15597*
genotype promotes the development of clonally expanding
thymocytes in y-irradiated mice.

We examined loss of the wild-type Bclllb allele in C- and

T-type thymuses using MIT microsatellite markers flanking the

Bcl11b locus (Fig. 2C). Of the 40 Bcll16¥97* thymuses exam-
ined, four exhibited loss of the wild-type allele. All of these
were C—ty_;)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 Bclllb O 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 Gl-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 G1 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
G1 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 FSC values reflecting the cell size in G1-phase [19]

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; Bcl11b*'* thymuses, left;
Bcl11b597* thymuses, right. v

muses, the percentage of S-phase cells or middle-sized G cells
did not much differ between Bcl116%°/* and BellIb** thy-
muses except for one thymus. On the other hand, there were
eight Bcll1b%97* thymuses possessing more than 20% middle-
sized G1 cells among the 60/80-day BcllI1bX’* 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 lymphomas.*® Those thymo-
cytes are probably cells pausing at the GI stage, and growing
and progressing toward the S phase.

Differentiation arrest. Thymocytes from Bell16%%/ KO 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 cytomelry using CD4,
CD8, and TCRB cell surface markers (Fig. 4A B). We ‘defined
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expression: of thymocytes in the (D4 quadrant; the vertical axis shows cell number and the horizontal axis displays TCRB expression of
thymocytes in the CD8 quadrant. (a) in (A) is a thymus in irradiated Bc/T115*/* mice and (b-d) are tha/muses in irradiated Bc/17b%%%* mice. All

four thymuses are T type. (e=h) in (B) are irradiated Bc/11b597* mice and (i) is an unirradiated Bc/176%

/+

mice. (e) is T-type and (f~h) are C-type

thymuses. (C) The percentage of TCRBYS" CD8SP thymocytes in Bcl115*/* (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 incréased in C- but not in T-type thymuses (data not
shown). Analysis of CD4 and CD8 markers revealed that almost
all T-type thymocytes of 30-day BcllIPE97F (also Bclllp*')
mice except for one (d) showed a pattern similar to unirradiated
normal thymus, mainly consisting of DP cells. However, analy-
sis of TCRP showed lower percentages of TCRBME® mature
CD8" cells in Bell1b¥97* thymocytes than Bcll11b*/* thymo-
cytes (Fig. 4C). These tc;ggther indicated a small impairment of
differéntiation in Bell1p5°7* thymocytes. On the other hand, all
eight C- and C/T-type thymuses of 80-day BcllIb®97* 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
BelI1b897% genotype confers differentiation impairment of thy-
mocytes in y-irradiated mice.

In order to further study the relationship between clonal
expansion and differentiation arrest; we subjected 10-week-old
Bcll1b*97* 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

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
Bcll1b%°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 Bcl115%97" 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 TCRp (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
Bel116%°7* mice.

Elevation of  fi-catenin expression in Bc/116X97* thymo-
cytes. During the flow cytometric analysis using CD4, CDg,
and: TCRP markers, we noted a higher percentage of TCRB™
CD8’ immature ISP cells and a lower percentage of DN cells in
Bell 16597 thymocytes (data not shown). The high ISP and low
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Fig. 5. Analyses of thymuses at 30days after irradiation of
Bcl116X97* 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, (D8, and TCRB 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.m’m Therefore, we exam-
ined the expression levels of P-catenin and interleukin-7 recep-
tor (IL-7R), a cell surface receptor downstream from P-catenin
signaling.('s'm Figure 6(A) shows examples of flow cytometric
analysis of Bell16*"* and Bcll1165%7* thymocytes, as well as
thymocytes from Apc™"/* mice as a control. The Apc protein is
a component of the degradation complex that modifies and regu-
Jates the P-catenin protein level.*” Consistent with previous
reports,?7?® B-catenin was expressed at higher levels in DN
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Fig. 6. Flow cytometry of p-catenin and interleukin-7 receptor (IL-7R)
expression. (A) B-catenin expression in double-negative (DN) and
double-postive (DP) cells of Bel11b*/* (gray region), Bcl11b5°7* (bold
black line), and Apc™/* (thin black line) mouse thymocytes. DN cells,
left: DP cells, right. Isotype-matched: staining control. for Bel11b**
thymocytes is shown for comparison (gray line). The vertical axis
shows relative cell number and the horizontal axis displays f-catenin
expression. - (B). The mean fluorescence. intensity of B-catenin is
compared  between thymocytes of the three different genotypes.
Pivalues in DN and DP. cells between Bc/116*/* and Bcl116%97* 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/116¥97* (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/176%%/* (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. -Catenin expression was higher
in Bell1b®°7* 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 inthe DP cells of Apc™™* mice. DN thymocytes of
Bel11b** and Bcll16%°/* mice at 30 days after irradiation also
showed a difference in P-catenin expression (Fig: 6C), suggest-
ing that B-catenin expression was not affected by ‘itradiation.
Figure 6(D) shows IL-7R expression: at the horizontal- axis.
Expression of IL-7TR in DN cells and its down-regulation in DP
cells were also seen, as deséribed 0pre:viously.(zs’ ") The: IL-TR
expression was higher in’ BelLIb*®”* DN cells than wild-type
DN cells, suggesting that IL-7R -activation is a reflection. of
increased: B-catenin signaling. These results suggest that eleva-
tion of B-catenin activity in Bcll16*%7* thymocytes may affect
the proliferation and survival of thymocytes.

Discussion

In this Jpaper we examined y-ray-induced atrophic thymuses in
BellIb597* 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 y-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 Bcll1b hetero-
zygosity enhances.the development of clonally expanding thy-
mocytes 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.(m’;lg) 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

M several nuclear factors such as EGR, NFAT, and E pro-

teins.?527:2%-3D) Because of the decreased pre-TCR signaling in
Bcll116%°7* mice, a decrease in the B-catenin expression was
predicted. However, this study demonstrated that B-catenin
expression was in fact increased in BellIbX9/* mice. This
increase is another consequence of the Bcll1pX97* 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, GSK3pB, and
3 Although the mechanism is not known, Bell1b might
affect the expression of some of those proteins. We infer that the
increase of P-catenin plays a key role in lymphomagenesis,
because B-catenin is a well-known oncogenic transcription fac-
tor and its stabilization predisposes thymocytes to malignant
transformation.®* B-Catenin targets promoters of c-myc and
cyclin D1 in a complex with Tcfl or Lefl, which positively reg-
ulate cell cycle progression, >
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
induced in Bclllb wild-type mice by fractionated y-irradia-

tion.®” Therefore, differentiation arrest may be due to a
decrease of Bclllb function in atrophic thymus. It may be in
parallel how the atrest of thx{moc&tes at the DN and ISP stages
is a characteristic of BclIIB*%/%® 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 Bcll16%°”* mouse
thymuses was the decrease in c¢ell 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 Bcl11b*97* 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. TCRp on the cell surface. This kind of
thymocyte, possessing the self-renewal and lineage cap%city,
was also observed in y-irradiated Bclllb 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.S % Of note is that Bclllb 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 BCLIIb-disrupted
T-cell leukemias.!

In summary, we detected two distinct populations of clonally
growing thymocytes in y-irradiated Bcll1b%97" 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 thy-
mic lymphomas requires an additional change for proliferation
to reach completion. The BcllIb¥97* 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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Adiponectin inhibits colorectal cancer cell growth
through the AMPK/mTOR pathway
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Abstract. Adiponectin is a peptide hormone secreted by
adipose tissue. It is a key hormone responsible for insulin
sensitization, and its circulating level is inversely associated
with abdominal obesity. Recent studies have shown thata
reduced plasma adiponectin level is significantly correlated
with the risk of various cancers. However, there are few studies
regarding the association of adiponectin and colorectal cancer.
To address this issue, we investigated the effect of adiponectin
on colorectal cancer cells. Three colorectal cancer cell lines
express both AdipoR 1 and AdipoR2 receptors. MTT assay
revealed that adiponectin inhibited human colorectal cancer
cell growth: Furthermore, Western blot analysis revealed that
adiponectin activated: adenosine monophosphate-activated
protein kinase (AMPK) and suppressed mammalian target of
rapamycin (mTOR) pathways. Selective AMPK inhibitor
compound € abrogated the inhibitory effect of adiponectin
on cell growth. Our results clearly demonstrate the novel
findings that adiponectin inhibits colorectal cancer cell growth
via activation of AMPK; thereby down-regulating the mTOR
“pathway.

Introduction

Colorectal cancer (CRC) is one of the most common malig-
nancies. Obesity, especially visceral obesity, has been
reported to be associated with CRC (1.2). Adipose tissue is
not only a fat storage organ, but it secretes several bioactive
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substances known' as adipocytokines (3:4). Adiponectin is
secreted from adipocytes and is a key hormone responsible
for insulin sensitization (5-12). Its plasma level is dramatically
decreased in patients with obesity and type 2 diabetes mellitus
{DM) (4.,5,13). Since both obesity and type 2 DM have been
reported to be associated with an elevated risk of CRC (14),
it is speculated that the plasma level of adiponectin may be
related to the risk of CRC. However, several contradictory
results have been reported from human clinical studies on the
relationship between the plasma levels of adiponectin and the
risk of CRC (15,16).

It :is well known that the adiponectin receptor exists in
two isoforms: adiponectin receptor 1 (AdipoR1) and 2
(AdipoR2) (17). These receptors mediate cellular functions
by activating intracellular signaling pathways (17). The
molecular pathways downstream of AdipoRs remain to be
fully elucidated. but studies in metabolically-responsive
cells have shown that activation of the pleiotropic¢ adenosine
monophosphate-activated protein Kinase (AMPK) is involved
in the signaling cascade downstream of adiponectin receptors
(18.,19). AMPK plays a key role in the regulation of energy
homeostasis and acts as a ‘metabolic sensor’ to regulate
adenosine triphosphate (ATP) concentrations (20): It'is
also associated with cell growth; phosphorylated AMPK
suppresses mammalian target of rapamycin (mTOR) signaling
pathway (21.22). mTOR plays a central role in the regulation
of cell proliferation, growth; differentiation, migration and
survival (23-26), and may be abnormally regulated in tumors
(23.27-29). The 70-kDa ribosomal protein S6 kinase
(p70S6K) and S6 ribosomal protein (S6P) are part of the
signaling cascade downstream of mTOR; they are activated
via phosphorylation by mTOR (28.,30:31). Non-cleaved
adiponectin (full-length adiponectin; f-adiponectin) and
proteolytically-cleaved adiponectin containing a C-terminal
globular region (globular adiponectin; g-adiponectin) were
reported to have different affinities to AdipoR 1 and AdipoR2
(17). In this study, we only examined the g-adiponectin because
this isoform binds both receptors, while f-adiponectin has
low affinity to AdipoR1 (17), and it exerts more potent effect
than f-adiponectin (5). However, the expression levels of
AdipoR ] and AdipoR2, the affinity of the different forms of



