human T-cell leukemias (Nagel et al., 2003; Przybylski
et al., 2005). Belllb encodes a member of the zinc-finger
proteins (Avram et al., 2000; Satterwhite et al., 2001;
Wakabayashi er al., 2003a) and directly interacts with
Sirtl, a member of a third class of Trichostatin-resistant
deacetylase, and with the nucleosome remodeling and
histone deacetylase complex, one of the major trans-
criptional corepressor complexes in mammalian cells
(Senawong et al., 2003; Cismasiu et al., 2005). However,
target genes or genes controlled by Bclllb are not
known. Belllb~"~ mice die soon after birth, exhibiting
the developmental arrest of thymocytes of the off T-cell
lineage (Wakabayashi es al, 2003b). Interestingly,
their thymocytes retain normal cellularity relative to
wild-type littermates at the DN3 (CD4- CD8- CD25+
CD44~) developmental stage; however, apoptosis and
. low cellularity are observed at the DN4 (CD4~ CD§-
CD25- CD44~) stage, accompanying with decrease of
an antiapoptotic protein, Bel-xL (Inoue et al., 2006). At
the DN4 stage, thymocytes re-enter into the cell-cycle
and rapidly proliferate (Gounari er al., 2001; van de
Wetering et al., 2002). As apoptosis has been considered
as a mechanism to eliminate deleterious cells, the
apoptotic phenotype of Bclllb~~ thymocytes seems to
contradict with Bcll1b as a tumor suppressor.

This article examines Bcll 1b-lacking cells in vitro and
in vivo to elucidate how the apoptosis conferred by
Bcll1b deficiency contributes to tumor development.
Here, we show growth stimulation-dependent apoptosis
and Chk1 deregulation in those cells, suggesting a role
of Bclllb in the remedy for stress during DNA
replication and maintenance of genomic stability.

Results

Growth suppression and apoptosis of Bell1b-KD cells

Bcll1b knockdown (KD) lines were produced by trans-
fecting plasmid DNA expressing two different short
interfering RNA (siRNA) sequences into Jurkat cells, a
human T-cell lymphoma-line. Figure 1a shows Western
blots of three KD cell lines derived from transfectants
using one siRNA and Supplementary Figure S1 shows
those of the other. Marked decrease in the Bclllb
expression was seen in KD lines (si-1, -2, -3), compared
with two control cell lines (sc-1, -2) that were obtained
with plasmid DNA' expressing scramble RNA se-
quences. 3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetra-
zolium bromide (MTT) assay revealed repression of
cell growth in all KD lines relative to control lines under
the condition of 10% serum supplementation, whereas
such difference was not observed at 5 or 1% serum
concentration (Figure 1b). Analyses of apoptosis in
10% serum-supplemented KD cells displayed eleva-
ted proportions of Annexin V-positive cells (Figure 1c)

and terminal deoxynucleotidyl transferase biotin-dUTP -

nick end labeling (TUNEL) staining-positive cells
(Figure 1d). Consistently, cleavage of caspase-7 and
decrease in expression of an antiapoptotic protein, Bcl-
xL (Motoyama et al., 1995), were detected (Figure la).
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This apoptotic phenotype is consistent with that in
Bell1b~~ mouse thymocytes (Wakabayashi et al.,
2003b; Inoue et al., 2006) and may contrast with the
current notion that apoptosis is reduced when tumor
suppressor gene is lost. ’

We examined cell cycling after the release from
double-thymidine block. At 10% serum concentration,
most cells entered into Sphase 6h after the release
but KD cells showed some delay in cell-cycle progres-
sion. It was noted that the number of the Sphase
cells was much lower in KD cells than control cells,
whereas the number of sub-Gl phase cells was higher
(Figure le). This suggests the abrogation of Sphase
checkpoint in KD cells and resulting apoptosis of some
KD cells. On the other hand, analysis at 5% serum
concentration revealed slowing down of cell-cycle
progression in both KD and control cell lines. Of note
is that no sub-GIl cells were detected in KD cells,
indicating absence of apoptosis (Figure le). These
results indicate that at 10% serum concentration,
Bell1b down regulation causes inhibition of cell growth
owing to apoptosis and implicate the Bclllb gene in
S phase checkpoint. X

S phase damage response

DNA. replication - and- UV-induced: DNA damages
generate single-stranded DNA (ssDNA), which serves
as the signal for Sphase checkpoint (Zou and Elledge,
2003). We thus examined the effect on cell growth and
cell cycling of KD cells after treatment with UV. We
also examined effects of Camptothecin, an inhibitor
of topoisomerase I and y-ray. Camptothecin produces
both ssDNA and double-stranded DNA breaks (DSBs),
whereas y-ray generates DSBs (Kastan and Bartek; 2004;
Flatten et al., 2005). At 10% serum concentration, UV
and Camptothecin-inhibited cell growth more markedly
for KD cells, whereas ionizing radiation inhibited both
KD cells and control cells equally (Figure 2a). The sub-
G1 fraction was increased in KD cells over control cells
after UV and Camptothecin treatments whereas the
levels of the increase were similar for control and KD
cells when exposed to y-rays (Figure 2b).

Cell-cycle analysis of control cells showed persistence
in the number of Sphase cells 3h after UV irradiation,
indicating arrest in the cell-cycle progression (Figure 2¢).
In contrast, a decrease of Sphase cells was observed in
KD cells. These indicated impaired activation of S phase
checkpoint and enhanced apoptotic response in 10%
serum-supplemented KD cells.

Impairment of Chkl phosphorylation

The ssDNA damages activate ATR and its downstream
checkpoint kinases, Chkl and Chk2 (Liu et al., 2000;
Abraham, 2001). We thus examined these checkpoint
kinases in 10% serum-supplemented KD cells before
and after UV irradiation. Figure 3a shows examples of

Western blotting and Figure 3b summarizes the results. -

Expression of Chkl protein did not differ between
control and KD cells, and UV irradiation did not affect
their protein expression. However, the phosphorylation
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5842
level of Chkl was very low in KD cells, and UV
irradiation did not elevate the phosphorylation level as
did in control cells. Cdc25A, a substrate of Chkl (Zhao
et al., 2002), showed a high expression in KD cells,
indicating the inhibition of degradation owing to Chkl

impairment. On the other hand, expression and phos-
phorylation levels of Chk2 did not differ between KD
and control cells and were not affected by UV irra-
diation. These results indicated Belllb downregulation
resulting in the impairment of Chkl phosphorylation
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but such effect on Chk2 phosphorylation was unclear
because the phosphorylation levels were not affected
even in parental Jurkat or control sc-1 cells. Subcellular
localization of Belllb and Chkl was examined by
fractionating protein extracts from Jurkat cells
(Figure 3c). Most Bclllb proteins were present
in the chromatin-bound (Ch) fraction and this was
not affected by UV irradiation. On the other hand,
Chk1 and phosphorylated Chk1 at S317 existed in the
cytoplasmic and Ch fractions. Interestingly, after UV
irradiation, phosphorylated Chk1 at S317 was localized
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in the soluble nuclear fraction whereas phosphorylated
Chk1 at S345 in the soluble nuclear and also cytoplas-
mic fractions. The molecular basis for this difference is
not clear. These results suggest different responsiveness
of Belllb and phosphorylated Chkl to UV irradiation.

Chkl phosphorylation was also examined in 5%
serum-supplemented KD cells, as no difference in cell
growth was observed between control and KD cells
(Figure 1b). Western blot revealed no difference in the
phosphorylation level between KD and control cells
(Figure 3d), indicating restoration of S phase checkpoint
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Figure 2 Impairment of S phase checkpoint. (a) Cell numbers shown at indicated times. The pattern of control cells is displayed in
Figure 1b. Bell1b-KD cells (closed circles, squares and triangles) are more susceptible to UV and Camptothecin than control cells
(open circles, squares and triangles). That difference in susceptibility is not seen for y-irradiation. (b) Summary of percents of sub-
Gl phase cells in sc-2 and si-1 cells after exposure to UV, Camptothecin and y-ray. (¢) Cell-cycle analysis shows the abrogation of

Sphase checkpoint in KD cells. Six hours after the release from double thymidine block, cells were treated with UV (UV-C, 20] Jm?)
and analysed with flow cytometer 3h after. Arrest at Sphase is seen in sc-1 control cells but not in si-1 cells.
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Figure 1 Downregulation of Bc/l1b inducing cell growth retardation and apoptosis. (a) Western blot shows cleavage of procaspase-7
and decrease in the protein level of BelxL in 10% serum-supplemented Jurkat cells when Bell b is downregulated by siRNA. (b) Cell
numbers shown at indicated times: KD celis treated with siRNA (closed circles: si-1, squares: si-2 and triangles: si-3) and control cells
with expression of Bcll1b (open circles: Jurkat cells, squares: sc-1 and triangles: sc-2). Bell Ib-downregulated cells show slower cell
growth than control cells in the 10% serum medium but the difference disappears in the S or 1% serum medium. (¢) Flow cytometric
analysis of cells stained with Annexin V from indicated cell lines. The profile of normal Jurkat cells is displayed in black line.
(d) TUNEL staining of Jurkat cells. The sc-1 and si-2 cells were treated with the TdT enzyme and stained with dUTP-fluorescein
isothiocyanate using a TUNEL staining kit (Takara Inc., Japan), counterstained with 4’ ,6-diamidino-2-phenylindole, dihydrochloride.
(e) Cell-cycle analysis of cells at indicated times after the release from double thymidine block. The numbers of § phase cells 6 h after the
release decreases in 10% serum-supplemented KD cells whereas the numbers of sub-Glphase cells increases. In 5% serum-
supplemented cells, the number of S phase cells 8 h after the release decreases but the number of sub-G1 phase cells does not increase.
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Figure 3  Effects of UV, Camptothecin and y-ray on Chk1 and Chk2. (a) Western blotting of Chk1 and Chk2 proteins in 10% serum-
supplemented cells. Decreased phosphorylation of Chk1 at Ser317 is seen in si-1 cells and the phosphorylation level does not increase in
response to UV irradiation. Consistently, the ‘expression of ¢dc25 is high insi-1 cells. No difference between control and KD cells is
observed for Chk2. (b) Relative band ratios of Chkl, P-Chk1, Chk2 and P-Chk2 are shown, using the band intensities of f-actin as
references. Results are expressed as mean and error bars show standard deviations of three independent experiments. (¢) Subcellular
localization of Bellib and Chk1 in Jurkat cells. Protein extracts in cytoplasmic, soluble nuclear and Ch fractions were probed with
antibodies against Bell 1b, Chk1, phosphorylated Chk1 at S317 and S345 and histone H3. Bell 1b and phosphorylated Chk1 are mainly
localized at the chromatin but they are differently fractionated in UV-irradiated cells. (d) Western blots in 5% serum-supplemented
cells. The phosphorylation level of Chkl in si-1 cells is similar to that in sc-1 cells but does not increase in response to UV irradiation.
(e) Chk1 and Chk?2 phosphorylation after exposure to Camptothecin and y-ray. The phosphorylation level of Chk1 at Ser317 increases
6 h after administration of Camptothecin in control cells (sc-1 and sc-2) but not in KD cells (si-1 and si-2). Also, the phosphorylation
level of Chk2 does not increase in si-1 and si-2 cells in response to UV irradiation. On the other hand, exposure of si-1 and si-2 cells to
y-ray affects the phosphorylation of Chk2 but not Chkl. Collectively, impairment in Chkl phosphorylation only is seen for UV
irradiation, impairment in the phosphorylation of both Chk1l and Chk2 is seen for Camptothecin treatment and impairment in Chk2
phosphorylation only is seen for y-ray irradiation.
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under this culture condition. However, UV irradiation
did not increase the Chk1 phosphorylation in KD cells.
This suggests that the Bclllb-lacking state provides a
latent defect in S phase checkpoint which is revealed by
growth stimuli and/or UV irradiation.

Figure 3e shows effect of Camptothecin and y-irra-
diation. Administration of Camptothecin in KD cells
exhibited impairment of phosphorylation for both Chk1
and Chk2 probably owing to generation of ssDNA and
DSBs whereas the impairment was seen only for Chk2
after y-ray producing DSBs. The results revealed
inability of Bell1b-KD cells to activate both Chkl and
Chk2 in response to DNA-damaging agents. Among
other proteins involved in ATR/Chk1 signaling path-
way, expression of Claspin was found to decrease in
10% serum-supplemented KD cells (Supplementary
Figure S2). As Claspin is required for activation of
Chkl by ATR (Lin er al, 2004), this decrease may
be relevant for reduced phosphorylation of Chkl in
KD cells.

Apoptosis, deregulated cell-cycle checkpoint and

Sirtl connection

Recently, Clarke et al. (2005) reported that Claspin is a
specific substrate of caspase-7 and cleaved during the
initiation of genotoxic stress-induced apoptosis and that
the Claspin processing regulates Chk1 activity. Accord-
ingly, the Claspin cleavage may account for our finding
of impaired Chkl phosphorylation in 10% serum-
supplemented KD cells. We thus performed Western
blotting of caspase-7, Claspin, Chkl in KD cells
harvested at various times after shifting from 5 to
10% serum. Also, Bcl-xL and p27 were examined,
because the serum elevation triggers cell-cycle progres-
sion regulated by p27 (Nakayama et al., 2004). The
cleavage of caspase-7 was noted 3h after the shift,
followed by the degradation of Claspin and decrease of
phosphorylated Chkl (Figure 4a). This suggests a
cascade of the activation of. caspase-7, cleavage of
Claspin and the inactivation of Chkl kinase, consistent
with that by Clarke ez al. (2005): On the other hand, the
amount of Bcl-xLh was low to start with but markedly
decreased 6h after. p27 expression was also low.in KD
cells, though unexpectedly high in control Jurkat cells;
and markedly decreased 3h after. The p27 reduction
probably results in a rapid Gl progression that-may
contribute to apoptosis under the low concentration of
Bel-xL.

Elevation of the serum concentration triggers PI3K/
Akt kinase signaling and affects Sirtl activity that
associates with Bcll1b (Levine er al., 2006). Thus, we
examined Akt and Sirtl by Western blotting
(Figure 4b). No noticeable difference was seen in the
level of Akt or phosphorylated Akt between the 10 and
5% serum concentrations. On the other hand, Sirtl
protein showed a substantial, though not marked,
decrease in 10% serum-supplemented KD cells. The
amount of another Bclllb-associated protein, metasta-
sis-associated protein 1 (Mtal) (Bagheri-Yarmand et al.,
2004; Cismasiu et al., 2005), also decreased.

Bcll1b regulates DNA damage and replication stress
K Kamimura et al

Sirtl affects expression of a Foxo3a-target gene, p27,
at the transcription level (Brunet et al., 2004; Motta
et al., 2004). As Sirt] proteins decreased in 10% serum-
supplemented KD cells, we examined mRNA expression
of p27 and other genes presumably regulated by Foxo3a
and Sirtl in KD cells at various times after the serum
shift. Semiquantitative reverse transcription—polymerase
chain reaction (RT-PCR) showed that the mRNA level
of p27 decreased in KD cells 3h after whereas the
expression of Bel-xL was low to start with and gradually
decreased up to 24 h (Figure 4c¢). However, the levels of
other possible Foxo3a-targets, Bim and Gadd45, were
not affected. These suggest that growth stimulation by
the serum elevation provides transcriptional repression
of p27 and Bel-xL in Bclllb KD cells but not in control
Bcll1b-proficient cells.

Examination of cell line specificity
To test whether the Chkl activation by Belllb is cell-
line ‘specific, we produced the FRSK skin keratinocyte
cell line (tet-1) that expressed Bcll1b siRNA driven by a
tetracycline/doxycycline inducible promoter. Western
blotting showed a decrease in the expression of Bclllb
in tet-1 cells after addition of doxycycline but not in a
control cell line (c-1) that was obtained by using plasmid
DNA expressing scramble RNA sequences (Figure 5a).
MTT assay exhibited repression of cell growth in the tet-
1-cells in the presence of doxycycline (open circles)
(Figure 5b). UV irradiation enhanced the growth repres-
sioni,. as.in Bcll1b-KD- Jurkat cells. Western blots
showed a minimal decréase in Chkl phosphorylation
in the tet-1 cells with doxycycline but the decrease
was prominent after UV irradiation (Figure 5a). The
Bcll1b downregulation and UV irradiation also seemed
to affect Chk2 and its phosphorylation but those effects
were not marked. These results showed that the suppres-
sion' of Chkl phosphorylation by Belllb downregula-
tion was also detected in FRSK cells. '
Next, we examined mouse thymocytes in vivo.
Thymocytes isolated from Bclllb*'+, Belllb**~ and
Bcll1b™'~ mice were incubated in the culture medium,
irradiated with UV and examined for protein expression
18 h after. Figure 6a shows examples of Western blotting

- and Figure 6b summarizes the results. Reduced expres-

sion of p27 was observed in Bclllb~/- thymocytes and
the expression was restored to the control level by UV
irradiation. The cleavage of Claspin was seen in Bell1b~—
thymocytes and was enhanced by UV irradiation. On
the other hand; protein levels of Chkl or Chk2 did not
differ in thymocytes between the three different Belllb
genotypes, nor were they affected by UV irradiation.
However, Bcll1b deficiency reduced phosphorylation of
Chkl at the S317 and S345 positions and also phos-
phorylation of Chk2. In addition, UV-induced phos-
phorylation of Chkl much less in Bclllb~~ thymocytes
than in control thymocytes. Fivefold amount of protein
extracts from irradiated Bclllb~/~ thymocytes allowed
us to detect phospholylated Chkl. On the other hand,
UV irradiation-induced phosphorylation of Chk2 in
thymocytes of all the three different genotypes. p53
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Figure 4 Changes of various proteins and RNA in Bcll1b-KD cells after growth stimulation. (a) Western blots of cells harvested at
indicated times after changing the medium containing 5%—10% serum. Cleavage of procaspase-7 is noted 3 h after the change, and
decreases in Claspin and phosphorylated Chk1 at Ser317 are seen 6 h after. Bcl-xL is low at the beginning and markedly decreases 3-6h
after and p27 decrease starts at 2h after. (b) Western blots of Akt, Sirtl, Mtal and p27 in 10 and 5% seruni-supplemented cells.
Expression or phosphorylation level of Akt on the mammalian target of rapamycin signaling pathway does not change. Expression
levels of Sirtl, Mtal and p27 proteins are lower in si-1 cells than sc-1 cells in the medium containing 10% serum. The difference is much
less in that containing 5% serum. (c¢) RT—-PCR analysis of cells harvested at indicated times after the medium change. The mRNA
amount of p27 rapidly decreases 3 h after whereas that of Bel-xL is low at the beginning and gradually decreases until 24 h after. No

change is seen in Bim or Gadd45 mRNAs.

proteins in Bell b=~ thymocytes increased in response
to UV irradiation. These results indicate that Bclllb
downregulation or deficiency leads to decrease of p27
and suppression of Chk1 phosphorylation both in vitro
and in vivo.

Discussion

This. paper shows that Bcll16-KD T-cell lines, when
exposed to growth stimuli or UV radiation, exhibited
extensive apoptosis with concomitant decreases in
p27 and Bel-xL. Also, deregulation of Chk1 phosphory-
lation was observed in the KD cells and Bclllb='-
thymocytes after UV irradiation. These implicate Bell1b
in resisting DNA replication stress or DNA damages,
although it is not clear how Bclllb remedies these
stresses. Bell1b directly interacts with Sirtl deacetylase
(Senawong er al., 2003), and hence the Bcll1b deficiency
may affect some Sirtl activity. In fact, the amount of
Sirtl decreased in Bel1b-KD cells relative to parental
Jurkat cells where most Bell1b proteins were localized
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at the chromatin. Sirtl downregulates Foxo transcrip-
tion factors but does not regulate all Foxo target genes
in the same manner in different cellular contexts,
because target genes such as p27 and Gadd45 are
upregulated by Sirtl in Foxo3a-expressing fibroblasts
whereas another target of Bim gene is not affected
(Brunet et al., 2004; Motta er al., 2004). Similar
differential regulation was observed for Bclllb in Jurkat

-cells. In 10% serum-supplemented Bcll1b-KD cells,

p27 expression decreased whereas expression of Bim
or Gadd45 was not affected. In addition, decreased
expression of Bel-xL was observed in those cells.
Therefore, Belllb may affect a subset of Foxo target
genes through Sirtl activity, and these affected genes
overlap with but are different from those of Sirtl in the
absence of Belllb. Activity of the Foxo factors is not
only regulated through acetylation but also through
phosphorylation by Akt (Levine ef al., 2006). However,
this possibility is less likely in KD cells because the
phosphorylation level of Akt did not increase in
response to growth factor activation. Collectively,
decreases in p27 and Bcl-xL. might account for all the
enhanced apoptosis associated with Bcll1b deficiency.
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Figure 5 Bcllib downregulation inhibits Chk1 phosphorylation
in a keratinocyte cell line. (a) Western blot shows a decrease in the
Bclllb expression in tet-1 cells when doxycycline is added. The
tet-1 cells under the presence of doxycycline phosphorylated Chk1
after UV irradiation much less than control cells. (b) The cell
number is shown. In the presence of doxycycline (open circles),
tet-1 cells, but not control c-1 cells, show slower cell growth than cells
in the absence of doxycycline (closed circles). The difference in cell
growth was prominent when UV and Camptothecin were treated.

Apoptosis has been considered as a mechanism to
eliminate deleterious cells with DNA damages and hence
apoptotic phenotype of the KD cells and Bcllib'-
thymocytes seems to contradict with Bcll1b as a tumor
suppressor. However, hyperplastic or dysplastic cells
often exhibit apoptotic phenotype together with high
mitotic index (Bartkova et al., 2005; Gorgoulis et al.,
2005). Therefore, the apoptotic phenotype may be a
reflection of accumulation of DNA damages or a
deregulated elevation in cell-cycle progression in those
cells. Such precancerous cells probably develop a rapidly
progressive tumor phenotype when they acquire the
ability to escape apoptosis. Our preliminary analysis
showed that apoptosiS prone Bclllb-deficient cells are
capable to develop tumors, as transfer of Belllb~'~ fetal
liver cells into severe combined immunodeficiency mice
led to the development of lymphomas at a frequency
of four out of 12 cases (data not shown). On the
other hand, the present study suggests a concealed
function of apoptosis, which positively contributes to
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tumorigenesis. The activation of caspase-7 resulted in
the Claspin cleavage which downregulated phosphor-
ylation of Chkl, consistent with the previous report
(Clarke et al., 2005). This deregulation of Chkl leading
to. a high level of Cdc25A is likely to enhance
replication-mediated DNA damage accumulation dur-
ing inappropriate cell cycling, contributing to tumor
progression (Walworth et al., 1993; Sanchez et al., 1997;
Takai et al., 2000; Lam ef al., 2004). A second possible
consequence of apoptosis is a generation of chromoso-
mal translocations through-DSBs caused by apoptotic
endonucleases, as exemplified in Tel-AMLI transloca-
tions (Eguchi-Ishimae e¢ al. 2001). These possibilities
may: be supported by that selective components of the
apoptotic process can be activated, followed by recovery
of a normal cellular phenotype in the absence of apop-
totic morphology (Alam et al., 1999; Hoeppner et al.,
2001; Reddien et al., 2001).

Finally, it is known that Chkl downregulation
potentiates antimetabolites and topoisomerase inhibi-
tors by depriving the cancer cells of the Chkl defensive
mechanism (Zhou and Bartek, 2004). Likewise, Belllb
downregulation sensitizes Jurkat cells to Camptothecin.
This suggests that not only Chkl but also Bclllb is a
potential application target of inhibitors in cancer
therapy.

Materials and methods

Mice and genotyping

Bell16%~ mice of BALB/c background used in this study
were maintained under specific pathogen-free conditions in
the animal colony of the Niigata University. BellIb~'~ mice
were obtained by mating Bc/l1b*'~ mice. Isolation of genomic
DNA from brain and thymic lymphomas was carried out by
standard protocols. Genotyping of Bell1b was carried out as
described previously (Wakabayashi ef al., 2003a; Sakata et al.,
2004). All animal experiments comply to the guidelines by the
animal ethics committee for animal experimentation of Niigata
University.

Cells -

Jurkat cells (p53 deficient) were cultured in Roswell Park
Memorial Institute 1640 medium (Sigma, St Louis, MO, USA)
containing 10% fetal bovine serum and 100 U/ml penicillin
and streptomycin. Two different fragments of 64 nucleotides
for siRNA covering the nucleotide positions 646667 and
1303-1324 (see the Supplementary Figure S2 legend) of human
Bcll1b coding region and scramble 21nt-sequence were cloned
into pSilencer 2.1-U6 neo (Ambion, Austin, TX, USA). These
vectors were transfected into Jurkat cells using DMRIE-C
followed by G418 selection. Three and two independent clones
(si-1, -2 -3 and si-a, -b) were isolated from the 646667 region
and the 1303-1324 region, respectively, and used. As for the
FRSK cells (p53 deficient), the tet-on operator was incorpo-
rated into the pSilencer 2.1-U6 neo clone, and this was
co-transfected with a hygromycin marker. One of the three
independent hygromycin-resistant clones was selected, which
showed low spontaneous expression but high inducibility of
siRNA expression upon treatment with doxycycline at the dose
of 5 ug/ml. The tet-inducible FRSK cells were cultured in the
medium containing 10% tet-approved fetal bovine serum
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Figure 6 Deregulation of Chkl, but not Chk2, in Bell1b~'~ thymocytes. (a) Western blots show p27 reduction, degradation of Claspin
and impairment of Chkl phosphorylation at Ser317 and at Ser345 in Bell1h~ ~ thymocytes. Increase in phosphorylation of Chkl in
response to UV irradiation is much less in Bc//1b~~ thymocytes than in Be/ifb~'~ and Belllb~ ~ thymocytes. Fivefold amount of
Bcll1b~'~ thymocyte extracts provides a visible band of phospholylated Chk1. On the other hand, UV inducibility of phosphorylated
Chk2 and p33 proteins is detected in Bc/l1b~~ thymocytes. (b) Relative band ratios of p27, Chkl, P-Chkl, Chk2 and P-Chk2 are
shown, using the band intensities of f-actin as references. Results are expressed as mean and error bars show standard deviations of

three independent experiments.

(Clontech, Mountain View, CA, USA), 100 ug/ml of G418 and
50 ug/ml of hygromyecin.

MTT cell growth assay

Jurkat cells were plated in 96-well" tissue culture dishes
at 5x 10* cells per well in 100 gl of the medium and treated
with and without UV, Camptothecin, or y-ray. FRSK cells
were treated in a similar manner in the medium containing
doxycycline and in the medium without doxycycline. MTT
reagents were added to the cells at the indicated times after the
treatment, followed by counting with Premix WST-1 Cell
Proliferation Assay System (Takara Inc., Kyoto, Japan).

Synchronization of cells and cell-cycle

Jurkat cells were incubated in the medium containing 0.56 mm
thymidine (Sigma) for 18h. After cultured for 15h in
thymidine-free medium, the cells were again incubated in the
same medium for 15h. Those cells were used for assays after
the medium was removed. Six hours after the removal, cells
were ‘treated with UV and further incubated for indicated

Oncogene

times. After washed in phosphate-buffered saline (PBS) and
fixed in 70% ethanol, the cells were stained with propidium
iodide, and subjected to analyses by FACSscan flow cytometer
(BD Bioscience. San Jose, CA, USA), as described previously
(Wakabayashi er al., 2003b).

Detections of apoptosis

Apoptosis was analysed using Annexin V (BD Biosciences
Clontech, Mountain View, CA, USA) by FACSscan flow
cytometer (Becton Dickinson) according to the manufacture’s
protocol.

Fractionation into subcellular components

Jurkat cells were suspended in a buffer containing 0.2% NP-40
and fractionated as described (Andegeko er al, 2001).
Cytoplasmic fraction (Cy) was separated from nuclei by low-
speed centrifugation, and the isolated nuclei were resuspended
in the buffer containing 0.5% NP-40 and subjected to high-
speed centrifugation to obtain soluble nuclear (N) and
chromatin-bound (Ch) fractions. The proteins in each fraction



were separated by sodium dodecyl] sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and duplicate membranes were
blotted with antibodies against Bcll1b, Chkl, phosphorylated
Chk1 at S317 and at S345 and histone H3.

Western blotting

Thymocytes and culture cells were suspended in PBS and mixed
with an equal volume of lysis buffer, 0.125M Tris~HCI (pH 6.8),
10% sucrose, 10% SDS, 10% 2-ME and 0.004% bromophenol
blue. The extract was electrophoresed in 8 and 14% SDS-
PAGE gels and blotted onto Hybond membranes (Amersham
Pharmacia Biotech, Piscataway, NJ, USA). Antibodies used are
listed below. Protein bands were visualized using chemilumi-
nescent detection (ECL plus, Amersham Pharmacia Biotech).

Antibodies

Rabbit anti-Bcll1b-Z antibodies used in these experiments
have been described previously (Wakabayashi er al., 2003b).
Anti-caspase-7 (no. 9492), anti-Bcl-xL (no. 2762), anti-p27
Kip! (no. 2552), anti-Akt (no. 9272), anti-Akt(pSer473) (no.
9271), anti-Chk1 (no. 2345), anti-Chk 1(pSer317) (#2344), anti-
Chk1(pSer345) (no. 2341), anti-Chk2 (no. 2662), anti-Chk2
(pThro68) (#2661), anti-cdc25A (no. 3652), anti-cdc25C (no.
922), anti-cdc25C(p216) (no. 9528), anti-ATR(pSer428) (no.
2853) and anti-p53 (no. 9282) were purchased from Cell
Signaling Technology (Beverly, MA, USA). Anti-ATR (no.
sc-1887), antiactin (no. sc-1615), anti-claspin (no. sc-27297),
anti-BRCA1 (no. sc-6954), anti-Rad50 (no. sc-20155), anti-
Rad9 (no. sc-10465), anti-Radl (no. sc-14314), anti-Husl (no.
sc-8323), anti-MRE11 (no. sc-5859), anti-GADD45(#sc-797),
anti-MTA1 (#sc-26654), anti-SIRT1 (no. sc-15404) and horse
raddish peroxidase (HRP)-anti-goat immunoglobulin G (IgG)
(#sc-2020) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-NBSI1 (#A300-187A) was
purchased from Bethyl Laboratories (Montgomery, TX,
USA). HRP-anti-rabbit IgG (no. NA934V) was purchased
from Amersham Pharmacia Biotech.
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Abstract. We investigated the effects of the two fractions,
aqueous (AEP) and ethanolic extracts of propolis (EEP) of the
Brazilian propolis on azoxymethane (AOM)-induced aberrant
crypt foci (ACF). Male Wistar Hannover (GALAS) rats were
administered two weekly subcutaneous injections of AOM
(20 mg/kg bw) and fed with diets mixed with AEP (100,
500 and 1000 ppm) or EEP (500 and' 1,000 ppm) for 4 weeks.
starting one week before the first dosing of AOM. The
modifying effects of the test extracts on ACF formation were
assessed by counting the incidence and multiplicity of ACF
at week 4. Proliferation cell nuclear antigen (PCNA)-labeling
nuclei and apoptotic index were also immunohistochemically
determined. Dietary supplementation with AEP and EEP
significantly reduced the multiplicity of ACF with the effect
of EEP being more potent than AEP. In the ACF and their
surrounding non-lesional crypts, significantly lowered cell
proliferation was observed in the rats, administered with
AOM, and the extracts, while neither fraction affected the
apoptotic index. Our findings suggest that AEP and EEP
possess a chemopreventive ability in the early phase of colon
carcinogenesis through the modulation of cell proliferation.
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PCNA, proliferation cell nuclear antigen; CRC. colorectal cancer:
EtOH. ethanol: ssDNA | single-stranded DNA

Key words: propolis. aqueous extract, ethanolic extract, chemo-
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Introduction

The high incidence of colorectal cancer (CRC) is a major
public health problem in the United States and other Western
countries (1). In Japan, the prevalence of CRC and the
percentage of occurrence of this cancer among cancer deaths
are increasing (2). Although the etiology of CRC develop-
ment is multifactorial and complex, a great deal of effort has
been made in the identification of naturally occurring and
related synthetic agents that prevent CRC development.
Numerous naturally occurring compounds such as phenols,
indoles. inositol-6-phosphate, aromatic isothiocyanates and
dithiolethiones were shown to inhibit several types of cancer,
including CRC. in preclinical studies using laboratory animal
models (34).

Propolis is a natural product that is derived from plant
resins collected by honeybees. Propolis, used in folk medicine
for centuries contains a variety of compounds including poly-
phenolics, flavones. flavonones, phenolic acid and esters. and
fatty acids (5). Capillary zone electrophoresis revealed that
different flavonoids, such as chrysin, rutin, catechin, myricetin.
luteolin and quercetin, two phenolic acids (cinnamic and
caffeic acids), and a stilbene derivative, resveratrol. are found
in_propolis extracts (6). The composition of the propolis
depends upon the vegetation of the area from where it was
collected and on the bee species. Brazilian propolis specifically
contains artepillin C. because the bees collect materials from
the Brazilian plant, Baccharis dracunculifolia, which contains
a large amount of antioxidative artepillin C (7.8). Propolis has
a variety of biological activities. They include anticarcino-
genic (9), antioxidative (10). anti-inflammatory (11) and anti-
biotic (12) activities. Propolis has attracted much attention in
recent years as a potential substance used for medicine and
cosmetics. Several studies have reported on the anticarcino-
genic activity of propolis in the colon (13.14). The active
compounds of propolis are considered to be artepillin C (13)
and caffeic acid (14). which are present in the ethanolic
extract of propolis. Therefore, biological activities of the
ethanolic rather than aqueous extract from propolis are
attractive. However, few studies dealing with biological
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Figure 1. The experimental protocol.

activities, including the neuroprotective (16) and antimutagenic
effects (17), of the aqueous extract of propolis exist.

In the present study, we determined whether the aqueous
fraction from the Brazilian propolis extracts prevents the
formation of aberrant crypt foci (ACF), which are a putative
precursor lesion for CRC (18), induced by azoxymethane

(AOM) in the rat colon. The effects were compared with those

of the ethanolic extract.
Materials and methods

Preparation of fractions from Brazilian propolis extracts.
Brazilian propolis was obtained from the Yamada Apiculture
Center (Okayama, Japan). Brazilian propolis (100 g) was
extracted with 60% ethanol (EtOH) at room temperature to
yield the extract. The EtOH extract was filtrated, evaporated
and lyophilized. H,O was added to the extracts, and then
filtrated. The filtrate was lyophilized to give an aqueous
fraction (AEP, 14 g), and the residue was further extracted
with EtOH to give an ethanolic fraction (EEP, 35 g). AEP
and EEP were identified using a Delta 600E system (Nihon
Waters, Tokyo, Japan) equipped with a Waters 2996 photo-
diode-array detection system. The used column was Cosmosil
SCI18-AR-II (©4.6x250+®4.6x20 mm) (Nacalai Tesque Inc.,
Kyoto. Japan). The flow rate was | ml/min. We then identi-
fied the ingredients in the fractions by 1H NMR spectro-
scopy (ECAG600 spectrometer, JEOL Ltd., Tokyo, Japan) and
MS analysis (SX102A spectrometer, JEOL Ltd.). The
analysis revealed that AEP contained the following acids:
13.5% 4.5-dicaffeoylquinic, 13.4% 3.5-dicaffeoylquinic, 4.9%

p-coumaric, 1.7% chlorogenic, 1.3% 3 4-dicaffeoylquinic,
0.6% 4-caffeoylquinic, 0.2% 3-caffeoylquinic and 0.2%
caffeic. The main ingredients of EEP were artepillin C (17.3%)
and (E)-3-prenyl-4(2 3-dihydrocinnamoyloxy) cinnamic acid
(11.8%). We were not able to determine chemistry of other
components in EEP.

Animals, chemicals and diets. Male Wistar Hannover
(GALAS) rats (19) aged 4 weeks purchased from CLEA
Japan, Inc. (Tokyo. Japan) were used in the ACF assay. The
animals were maintained in the Kanazawa Medical University
Animal Facility according to the Institutional Animal Care
Guidelines. The animals were housed in plastic cages (4 rats/
cage) with free access to drinking water and a basal diet,
CRF-1 (Oriental Yeast Co., Ltd., Tokyo, Japan) under
controlled conditions of humidity (50+10%), lighting (12-h
light/dark cycle) and temperature (23+2°C). The animals
were quarantined for 7 days after arrival and randomized by
body weight into experimental and control groups (Fig. 1).
Beginning at 5 weeks of age, they were fed with experimental
diets for 4 weeks. The rats in groups 1 (11 rats) and 9 (4 rats)
were fed the basal diet alone. Groups 2-4 (8 rats each) were
fed the diets containing 100, 500 and 1,000 ppm of AEP,
respectively. Groups 5 and 6 (8 rats each) were given the
diets containing 500 and 1,000 ppm of EEP, respectively.
Groups 7 and 8 (4 rats each) were fed the diets containing
1000 ppm of AEP and EEP alone, respectively. All rats were
freely available for the experimental and basal diets and tap
water, and weighed weekly. At 6 weeks of age, the animals

in groups 1-6 were given two subcutaneous injections of
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Table 1. Body. liver and relative liver weights.
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No. of rats Relative liver weight
Group no. Treatment examined Body weight (g) Liver weight (g) ¢/100 g body weight)
| AOM 1 266222 12328 4.590.70
2 AOM-+AEP (100 ppm) 8 26311 13.6x1.3 5.1740.39
3 AOM-+AEP (500 ppm) 8 255+15 12.1x1.1 4.71£0.25
4 AOM+AEP (1000 ppm) 8 255216 129+1.6 5.0320.39
3 AOM-+EEP (500 ppm) 8 26015 13116 5.0320.39
6 AOM-+EEP (1000 ppm) 8 253x14 12009 4.72+0.24
7 AEP (1000 ppm) 4 253+13 11.8+1.3 4624031
§ EEP (1000 ppm) 4 25243 12.9£0.6 5.10+0.26
9 None 4 244x15 10.7x1.6 4.36+0.35
“Means = SD.

AOM (20 mg/kg body weight, Sigma-Aldrich Chemical Co.,
St. Louis, MO, USA) to induce ACF. The animals were
sacrificed 2 weeks after the last administration of AOM; and
complete necropsies were performed. Eight rat colons from
group | and 5 rat colons each from groups 2-9 were subjected
to determine the presence of ACF.

Determination of ACF. The number of ACFE per colon was
determined according to the method described in our previous
report (20). At autopsy, the colons were flushed with saline,
excised, cut open longitudinally along the main axis and then
washed with saline. They were cut. and fixed in 10% buffered
formalin for at least 24 h. Fixed colons were dipped in-a
0.5% solution of methylene blue in distilled water for 30 se¢,
briefly washed with the distilled water; and placed on
microscope slides with the mucosal surface up. Using a light
microscope (Olympus BX41; Olympus Optical Co.; Ltd.,
Tokyo, Japan) at a magnification of x40, ACFE were counted.
After counting ACF. the colonic tissues were routinely
processed for tissue preparation for histopathology and
immunohistochemistry.

Immunohistochemistry. Immunohistochemistry for the
proliferating cell nuclear antigen (PCNA) and apoptotic
nuclei was performed on 4-pm thick paraffin-embedded
sections from the rat colons in each group by the labeled
streptavidin biotin method using an LSAB kit (Dako Japan,
Kyoto, Japan) with microwave accentuation. The paraffin-
embedded sections were heated for 30 min at 65°C, deparaf-
finized in xylene, and rehydrated through graded ethanol at
room temperature. Tris HCI buffer (0.05 M, pH 7.6) was used
to prepare solutions and for washes between various steps.
Incubations were performed in a humidified chamber. To
determine the PCNA-incorporated nuclei, PCNA immuno-
histochemistry was performed according to the method
described by Watanabe et al (21). The apoptotic index was
also evaluated by immunohistochemistry for single-stranded
DNA (ssDNA) (21). Sections were treated for 40 min at room
temperature with 2% BSA and incubated overnight at 4°C
with primary antibodies. These antibodies included anti-PCNA

mouse monoclonal antibody (diluted 1:50, PC10, Dako Japan),
and anti-ssDNA: rabbit polyclonal antibody (diluted 1:300,
Dako Japan). Horseradish peroxidase activity was visualized
by treatment with H,O, and 3.3'-diaminobenzidine for 5 min.
At the final step, the sections were weakly counterstained with
Mayer's hematoxylin (Merck Ltd.. Tokyo, Japan)..For each
case, negative controls were performed on serial sections. On
the control sections, incubation with the primary antibodies
was omitted. The intensity and localization of immunoreacti-
vity-against the two primary antibodies: ised were examined
on all sections using a microscope, Olympus BX41 (Olympus
Optical Co., Ltd.). The PCNA and apoptotic indices were
determined by counting the number of positive nuclei at least
100 cells each in the lesional or normal-appearing crypts. and
were expressed as percentages.

Statistical analysis. All measurements were statistically
analyzed using one-way ANOVA followed by Tukey-Kramer
post-hoc test for multiple comparison test (GraphPad Instat
version 3.05, GraphPad Softwear. San Diego, CA: USA).
Differences were considered. to. be: statistically significant at
P<005.

Results

Table 1 shows the body, liver and relative liver weights of the
rats in all groups. The animals remained healthy throughout the
experimental period. The mean body, liver and relative liver
weights did not significantly differ among the groups.

Frequency of ACF. Table Il summarizes the data of the colonic
ACF analysis. The rats belonging to groups 1-6 that received
AOM, developed ACF (Fig. 2a and b). ACF were not
observed in rats in groups 7-9 that were not administered
AOM. The mean number of ACF/colon of group | was
38.8+19.9. The dietary administration of AEP and EEP at all
the dose levels caused significant inhibition of ACF formation:
100 ppm AEP, 14.2%5.2 (63% reduction, P<0.01): 500 ppm
AEP. 8.848.7 (77% reduction, P<0.01): 1,000 ppm AEP,
10.6+6.9 (73% reduction, P<0.01); 500 ppm EEP, 7.2254
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Table I1. Effects of AEP and EEP of the extracts from propolis on AOM which induces ACF in rat colons.

Group No. of rats No.of ACF/ No. of ACF consisted  Total no. of aberrant

no. Treatment examined colon of >4 crypts/colon crypts (ACs)/colon ACs/focus

AOM 8 38.8+19.9° 9.5+7.8 109.5+78.6 2.65+0.90
2 AOM+AEP (100 ppm) 5 1424520 0.2+0.4° 18.0+8.20 1.2520.21¢
3 AOM+AEP (500 ppm) 5 8.8+8.7° or 11.2+11.4° 1.2540.28¢
4 AOM+AEP (1000 ppm) 5 10.6£6.9° 0.2+0.4" 16.0+£11.2° 2.51+0.13
5 AOM+EEP (500 ppm) 5 7.2454¢ b 9.6+7.8° 1.31+0.27¢
6 AOM-+EEP (1000 ppm) 5 6.4x4.3¢ or 7.6+5.6° 1.4140.16°

“Means + SD. *<Significantly different from group 1 by Tukey-Kramer multiple comparison test ("P<0.01 and *P<0.001).

Figure 2. Histopathology and immunohistochemistry of PCNA and ssDNA. (a) ACF (circled) stained by methylene blue consisting of,three aberrant crypts (group
1); {b) ACF (circled) stained with hematoxylin and eosin consisting of five aberrant crypts (group 1); (¢) PCNA immunohistochemistry of ACF consisting of
five aberrant crypts and (d) ssDNA immunohistochemistry of non-lesional crypts. The arrow indicates an ssDNA-positive nucleus (apoptotic nucleus).

Original magnification: (a) x20: (b) x50; (¢) x50 and (d) x200.

{81% reduction, P<0.001) and 1,000 ppm EEP. 6.4+4.3 (84%
reduction, P<0.001). There were significant decreases in the
total number of aberrant crypts (ACs) per colon (P<0.01) in

groups 2-6, and the number of ACs per focus (P<0.01) in these
~ groups except for group 4. The numbers of ACF consisting
of >4 crypts in groups 2-6 were significantly smaller than that
of group 1 (P<0.01).

PCNA-labeling index. The PCNA-labeling index in the ACF
(Fig. 2¢) and normal-appearing crypts are presented ‘in

Table III. As for the mean PCNA-labeling index of ACF, the
values of groups 3 (18.4+3.0, P<0.001) and 4 (14.0+1.6,
P<0.001), which were treated with 500 and 1.000 ppm of AEP,
respectively, wete significantly decreased when compared with
group 1 (26.6+3.6), although group 2 (21.4+2.1), which was
treated with 100 ppm AEP, was insignificantly reduced. The
indices of groups 5 (13.4%2.1, P<0.001) and 6 (12.2+4.2,
P<0.001), which were treated with 500 and 1.000 ppm of
EEP alone, respectively, were significantly reduced when
compared with group 1. The mean PCNA-labeling indices in
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Table M. PCNA-labeling and apoptotic index in ACF and colonic crypts of rats treated with AOM and/or AEP and EEP of the

extracts from propolis.

PCNA-labeling index (%)

Apoptosis index (%)

Group no. Treatment ACF Normal-appearing crypt ACF Normal-appearing crypt

I AOM 26.6£3.6° 19.1£2.0 4.120.8 047+0.11
(8) 3) 8) ®

2 AOM+AEP (100 ppm) 214221 16.0+3.2 4.8+24 04940.12
(3) (5) (5) (5)

3 AOM-+AEP (500 ppm) 18.4+3.00 1242270 6.4+2.7 046+0.19
(5) (5) (&) (5)

4 AOM+AEP (1000 ppm) 14.0+1.65 12.8+1.9° 5.8+1.5 0.4820.13
(5) (3) ) (5)

5 AOM+EEP (500 ppn1) 1342210 1124230 6.2+18 0.49+0.10
) R (5) 5

6 AOM+EEP (1000 ppm) 1224420 104220 6.6£1.5 0.48+0.15
(3) (5) %) (5)

7 AEP (1000 ppm) - 9.4x1.1° - 040+0.18
) (3

8 EEP (1000 ppm) - 9.4x1.8° - 0.38+0.11
3 (5)

9 None - 9.8+1.5% - 0.37+0.14
5) )

The numbers in parentheses indicate the number of rats examined. *Means + SD. PSignificantly different from group 1 by Tukey-Kramer
multiple comparison test ("P<0.001). ““Significantly different from group 2 by Tukey-Kramer's multi ple comparison test (‘P<0.01).

normal-appearing crypts of groups -6 were higher than
those of groups 7-9. Dietary feeding with AEP and EEP at all
doses, except for group 2, significantly reduced the mean
PCNA-labeling indices when compared with group |
(P<0.001).

Apoprotic index. The mean apoptotic indices in ACF (Fig. 2d)
and normal-appearing crypts are presented in Table I11. The
mean apoptotic indices increased by treatment with AEP or
EEP. but did not significantly differ among the groups.

Discussion

In the present study, we demonstrated that aqueous (AEP) and
ethanolic fractions (EEP) extracted from Brazilian propolis
exerted an inhibitory effect on ACF formation. Feeding with
AEP and EEP decreased the number of large ACF which
reflects colon cancer development (22).

In this study, dietary AEP significantly suppressed the
ACF formation induced by AOM, but the effect was not dose-
dependent. Our findings, however, suggest that 500 ppm of
AEP is the optimum dose to exert its ACF-inhibiting effect.
Noteworthy findings in this study are that feeding with AEP
as well as EEP was able to lower the cell proliferation
activity in the ACF and their surrounding normal-appearing

crypts, but did not affect apoptosis. de Lima er of reported that
the aqueous extract of Brazilian propolis can modulate the
DNA damage induced by DMH (23). When the effects of
AEP were evaluated on the formation of DMH-induced ACF
and DNA damage in the colon of male Wistar rats by the
ACF and Comet assays, respectively. AEP showed no
statistically significant reduction of ACF either simultaneously
with or after DMH treatment. However, AEP administered
simultaneously with DMH, reduced DNA damage induction
in the mid and distal colon. The difference of the effects of
AEP of ACF formation between their study and our study
may be due to the difference of strain of rats used. A water
extract of Brazilian green propolis has recently been reported
to inhibit doxorubicin-induced somatic mutation (24), Our
study demonstrated that chrysin, present in an ethanolic extract
of propolis, has a chemopreventive activity in ACF occurrence
in rats initiated with AOM (25). Taken together, propolis
extracts, either aqueous or ethanalic, affect proliferation and
result in the inhibition of ACF development.

Several studies have indicated anticarcinogenic activity of
propolis in the colon. Dietary propolis significantly reduced
the number of colonic ACF induced by 1,2-dimethylhydrazine
(DMH) in rats (13). Caffeic acid esters, which are present in
the ethanolic extract of propolis. suppressed ACF induced by
AOM and inhibited the activities of ornithine decarboxylase.
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tyrosine protein kinase, and lipoxygenase in the colon and
liver (14). Among the constituents of propolis, artepillin C is
considered to be responsible for the anticancer property of
propolis. Artepillin C induces cell-cycle arrest via stimulation
of Cipl/p21 expression in the human colon cancer cells,
Caco-2 (26). Dietary artepillin C also suppresses ACF
development in conjunction with the induction of phase II
enzymes in liver in mice initiated with AOM (15). Although
several reports exist demonstrating the cancer chemo-
preventive effects of other ingredients in propolis, such as
caffeic acid ester (14,27), cinnamic acid (28) and galagin (29),
few experiments investigating the chemopreventive ability of
propolis extracts or fractions exist.

In the AEP used in this study, the main ingredients are
dicaffeoylquinic acid isomers, p-coumaric acid and chlorogenic
acid as reported previously (30). Notably, 3 .4-, 3,5- and 4,5-
di-O-dicaffeoylquinic acid isolated from the sweet potato
(Ipomoea batatas L.) possesses anti-mutagenic activity in the
reverse mutation of Salmonella typhimurium TA 98 induced
by the 3-amino-14-dimethyl-5H-pyrido(4,3-b) indole (17). A
water extract of Brazilian green propolis and its main
ingredients of caffeoylquinic acid derivatives (3 .4-di-O-
caffeoylquinic, 3,5-di-O-caffeoyl-quinic and chlorogenic
acids). have antioxidant effects (16). Although dicaffeoyl-
quinic acid possesses antioxidant activity (31,32), its
chemopreventive effects of carcinogenesis have yet to be
reported. p-Coumaric acid with antioxidative ability (33)
inhibits cell proliferation by affecting cell cycle phases in
the human colonic cell line Caco-2 (34), and significantly
decreased the mutagenicity of Glu-P-2 (35). Dietary
chlorogenic acid, a prominent antioxidant (36), prevents the
development of the AOM-induced ACF in rat colon (37) and
inhibits DNA methylation in human breast cancer cells (38).
Therefore, these biological activities of the main constituent of
AEP may contribute to the reduction of ACF formation in this
study.

In conclusion, our results suggest that AEP (mainly
containing dicaffeoylquinic acid isomers) as well as EEP
isolated from the Brazilian propolis exert inhibitory activities
against AOM-induced colonic ACF. Their suppressing effects
may be due to the suppression of cell proliferation without
affecting apoptosis.
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CLONALLY EXPANDING THYMOCYTES HAVING LINEAGE CAPABILITY IN
GAMMA-RAY-INDUCED MOUSE ATROPHIC THYMUS
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Purpose: To characterize, in the setting of y-ray-induced atrophic thymus, probable prelymphoma cells showing
clonal growth and changes in signaling, including DNA damage checkpoint.

Methods and Materials: A total of 111 and 45 mouse atrophic thymuses at 40 and 80 days, respectively, after
v-irradiation were analyzed with polymerase chain reaction for D-J rearrangements at the TCR@ locus, flow cy-
tometry for cell cycle, and Western blotting for the activation of DNA damage checkpoints.

Results: Limited D-J rearrangement patterns distinct from normal thymus were detected at high frequencies (43 of
111 for 40-day thymus and 21 of 45 for 80-day thymus). Those clonally expanded thymocytes mostly consisted of
CD47CD8 double-positive cells, indicating the retention of lineage capability. They exhibited pausing at a late G1
phase of cell cycle progression but did not show the activation of DNA damage checkpoints such as yH2AX, Chk1/
2, or p53. Of interest is that 17 of the 52 thymuses showing normal D-J rearrangement patterns at 40 days after
irradiation showed allelic loss at the Bell1b tumor suppressor locus, also indicating clonal expansion.
Conclusion: The thymocytes of clonal growth detected resemble human chronic myeloid leukemia in possess-
ing self-renewal and lineage capability, and therefore they can be a candidate of the lymphoma-initiating
cells. © 2010 Elsevier Inc.

Gamma-ray-induced mouse thymic lymphoma, Prelymphoma, DNA damage response, Bcl11b, Cancer stem cells.

INTRODUCTION

Premalignant conditions are recognizable lesions that are
strongly associated with the development of malignant neo-
plasia. One such lesion must exist in y-ray~induced mouse
atrophic thymus because mice that received thymocytes
from the atrophic thymus developed thymic lymphomas at
a high frequency (1, 2). Immature thymocytes in the thymus
proliferate and undergo §8-selection at CD4" and CD8" dou-
ble-negative stage and differentiate into double-positive
(DP) cells, which further differentiate into CD4* or CD8*
single-positive cells (3, 4). The thymus controls the cellular
fate of thymocytes, including the elimination of unfavorable
cells that are generated during developmental and pathologic
processes (5).

Chronic myeloid leukemia (CML) may have a characteris-
tic of the premalignant condition because CML cells differen-

tiate to mature, nontumorigenic blood cells though possessing
intrinsic self-renewal capability (6, 7). The transition from the
CML chronic phase to the aggressive blast crisis phase re-
quires the arrest of differentiation. Because CML arises
from hematopoietic stem cell-like progenitors, it is thought
to conform well to the cancer stem cell model (8). As de-
scribed above, because of the tumorigenic capability of thy-
mocytes in the atrophic thymus, thymocytes might contain
cancer stem cells or lymphoma-initiating cells. The impor-
tance of leukemia-initiating cells is pointed out in relapsed
acute lymphoblastic leukemia in humans, in that the cells
responsible for relapse are ancestral to the primary leukemia
cells (9).

Normal cells can perceive and arrest aberrant cycles of cell
division that are triggered by cancer-promoting stimuli. A
hallmark of precancerous cells in major human cancer types
is aberrant stimulation of cell proliferation that resuits in
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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/cAJcl mice (purchased from CLEA Japan, Tokyo, Japan)
were mated with MSM mice (provided from Dr. Shiroishi, National
Institute of Genetics at Mishima), and their male and female progeny
were subjected to whole-body «y-irradiation of 2.5 Gy (**'Cs) four times
ata weekly interval, starting at the age of 4 weeks. Thymus was isolated
at 40 days and 80 days after the start of irradiation. Isolation of thymic
lymphomas and bone marrow cell transfer were carried out as described
previously (15, 16). Mice used in this study were maintained under spe-
cific pathogen-free conditions in the animal colony of Niigata Univer-
sity. All animal experiments comply with the guidelines of the animal
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
(A11008; Molecular Probes, Invitrogen, Carlsbad, CA.). Dead cells
and debris were excluded from the analysis by appropriate gating of
forward scatter (FSC) and side scatter (SSC). Cells were analyzed by
a FACScan (Becton-Dickinson, Franklin Lakes, NJ) flow cytome-
ter, and data were analyzed using Flow-Jo software (Tree-Star, Ash-
land, 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 patterns in the TCR locus, poly-
merase chain reaction (PCR) was performed as described previously
(16). For allelic loss analysis at Bell1b, D12Mit53 and DI2Mit279
markers were used for PCR as described previously (15). The PCR
products were analyzed by 8% polyacrylamide gel electrdphoresis,
and band intensities were quantitated with a Molecular Imager FX
(Bio-Rad Laboratories, Hercules, CA) after ethidium 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 v-irradiation. (A) Diagram showing part of
the TCRg 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-J81.6 (top),
F-DB2 and t0-J2.6 (middle), and F-DB1 and R-J32.6 (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 (pSer15) (#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 (Piscataway, NJ). Anti-yH2AX
(Ser139) (#07-164) was 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
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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 irradiation; which were divided
into the T type (T) and C type (C) thymus. Bars indicate averages. (B) Flow cytometric analysis of thymocytes from C type
thymuses using CD4 and CD8 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 TCRg lo-
cus (16). Figure 1 shows examples, and Supplementary Figs.
EIA 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-I81, DGE2-J32,
and DB1-J52 probe sets and one band for germline DNA by
the former two probe sets. On the other hand, thymic lym-
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-J31 and DB2-]J52 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
(C 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 CDS8 cell-surface markers revealed
that most thymocytes were DP cells, as normal thymocytes



