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day 25 (Fig. 7b bottom). No significant change in bodyweight
was observed between the two groups during the experimental
period (data not shown). Histopathological analysis revealed
the presence of vacant spaces in tumors at the site of injection
(Fig. 8a—d). Multinucleated cells were frequently observed
surrounding these spaces in PEG-injected groups, and multi-
nucleated cells were observed in approximately 20% of the total
TUNEL-positive cells. In contrast, few TUNEL-positive cells
were detected in PBS-injected tumors, although necrotic lesions
were similarly observed. Multinucleated cells were rarely
apparent in PBS-injected tumors (Fig. 8c,e).

Discussion

The present study demonstrated the antitumor effects of
PEG via multinucleated cell formation, presumably though the
induction of cell fusion. This is in line with the recent report by
Roy et al. that PEG 800 induces apoptosis in two human colonic
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s Fig. 6. Cell cycle analysis. (a) Cell cycle profiles

after polyethylene glycol (PEG) treatment at 34 h
are demonstrated. (b) From the data sets
presented in (a), the cell population of each
fraction (sub-G,, G,, S, G/M, and > G,/M fraction)
in the cell cycle is shown.

7 (day)

! <1 Implantation of treated PC-3 cells

Measurement tumor size

=3 Implantation of PC-3 cells
-t Injection of PBS or 0.5%FPEG

Fig. 7. Growth-suppressive effects of 0.5%
polyethylene glycol (PEG) on PC-3 xenografts in
nude mice. (a) After PC-3 cells were treated with
Dulbecco’s modified Eagle’s medium (DMEM) or
0.5% PEG for 30 min, the cells were implanted
into the backs of nude mice at day 0. Tumor
volumes were measured at day 7. (b) Experi-
mental protocols. PC-3 cells were implanted into

- backs of nude mice at day 0, and then 200 pL
.aliquots of phosphate-buffered saline (PBS) or
0.5% PEG was injected into palpable tumors
twice a week during 19 days (top). Growth curves
on PC-3 xenografts injected with PBS (M) or 0.5%
PEG (X) are demonstrated (bottom). Values are
the mean of fold+SD. *P<0.05 **P<0.01,
***P < 0.001.

adenocarcinoma cells, HT29 and CaCo-2, at concentrations of
3.6-4.8%.%% Although they briefly described PEG-induced cell
fusion to be a possible mechanism, they considered this unlikely
because a much higher concentration of PEG, around 30-50%,
is generally required to induce cell fusion.®¥

In the present study, we were indeed able to demonstrate that
low concentrations of PEG could induce apoptosis via multinu-
cleated cell formation. More surprisingly, nuclear condensation
was evident in a fraction of the multinucleated cells. As it has
been reported that the cell-fusion process occurs within 1-2 h,
mitotic catastrophe should be considered as a causative event for
the induction of cell death by PEG.®® However, the number of
aneuploid cells in the > G,/M fraction did not show a significant
change during this time, and the number of large multinucleated
cells decreased between 34 and 36 h. Therefore, an abrupt
decrease in cell numbers after PEG treatment of PC-3 cells
in vitro is reasonably explained by the induction of apoptosis
in multinucleated cells, although clumped cells with aneuploid

doi: 10.1111/j.1349-7006.2008.00781.x
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Fig. 8. induction of multinucleated cells and
apoptosis by polyethylene glycol (PEG) injection
in PC-3 xenografts. Tumors with similar sizes were
selected and allotted randomly into two groups.
Aliquots (200 uL) of phosphate-buffered saline
(PBS) or 0.5% PEG were injected directly into each
group of tumors at days 7, 11, 14, 18, 21, and 25.
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Representative histological features of tumors in
experimental groups of (a,ce) PBS injection and (©)
(b,d,f) PEG injection are presented. The tumor sizes
at day 7 before the PBS and 0.5% PEG injections
were 180 £ 42 and 140 + 70 mm?, respectively. (a,b)
Hematoxylin and eosin (H&E) staining. (c-f) TdT-
mediated dUTP-biotin nick end-tabeling (TUNEL)
immunohistochemical staining. (e,f) Magnified
images of {c) and (d), respectively. The arrows
indicate typical multinucleated cells positive for
TUNEL staining. Scale bars = 50 um.

characteristics may also be a part of the large-cell fraction.
Further work is needed to substantiate this possibility, but the
positive staining for Annexin-V and Pl and PARP-1 cleavage
provide some support for this hypothesis.

Taking the results together, it is plausible that multinucleated
cell formation is a trigger and causative event for the induction
of apoptosis by PEG. Although an increase in osmotic pressure
by PEG has been considered to be important for its cytostatic or
apoptotic effects,®® it is unlikely that osmotic pressure played a
role with the low concentrations of PEG used here. Indeed,
when PC-3 cells were cultured in the presence of PEG under
ordinary culture conditions, we did not detect apparent changes
in cell-growth properties for up to 72 h (Fig. 2a). This negates
the possible implication of osmotic pressure in the induction of
apoptosis by the concentrations of PEG used in the present
conditions. Another possibility to be considered is that cell-
membrane damage caused by PEG led to the induction of
apoptosis. It is thought that the cell membrane could be damaged
by injection of cells with PEG particles through microcylinders
in in vivo models. Further study is warranted to corroborate or
refute this point. However, the induction of nuclear condensa-
tion, positive staining for Annexin-V in multinucleated cells,
and PARP-1 cleavage by PEG treatment all point to a significant
role for apoptosis in the growth-suppressive effects of PEG.
Although the mechanism of induction of apoptosis by PEG
remains unclear, we clearly demonstrated that PEG exhibited a
suppressive effect on tumor growth in vivo and induced apoptosis,
possibly via the cell-fusion mechanism.

Lastly, we should note that PC-3 prostate cancer cells were
used as a model system. The therapies for prostate cancer, for
example hormone therapy or radiation therapy, have some draw-
backs. Radioactive material such as iodine-125 using brachy-
therapy may cause chromosomal aberrations.®” Occurrence of
androgen-independent prostate cancers because of frequent or
continuous application of hormone therapy is a very serious pro-
blem at present. Once cancer becomes androgen independent,

Fukuta et al.

X200

metastatic lesions manifest aggressively within 12-18 months,
and the average patient survival time is only 2-3 years.®®
Although chemotherapies have been adapted for androgen-
independent aggressive cancer cases, the tumor-suppressive
effects brought about by those therapies are not satisfac-
tory.®” Therefore, for cases with localized non-invasive lesions,
urologists generally choose radical prostatectomy.“® At the
same time, however, there are a substantial number of cases in
which radical therapy cannot be conducted because of the poor
compliance of patients and life-threatening side effects. !4

In the present study, we clearly demonstrated that PEG is able
to induce apoptosis in PC-3 cells in an autonomous cell-fusion
manner, with efficient suppression of tumor growth in vivo. Based

. on our observations, we propose that direct intratumoral injection

of PEG could be a promising therapeutic approach for androgen-
independent prostate cancers. Clearly, if PEG is injected in clinical
trials, it may induce cell fusion for normal prostate cells, and
unwanted side effects may appear. However, even if PEG induces
multinucleated cells between normal and tumor cells, it could be
effective for diffuse types of prostate cancer. In addition, direct
intratumoral injection of PEG could also assist hormone therapy
and radiation therapy. Although several problems remain to be
solved, the potential of PEG as a novel, non-invasive and non-
toxic therapeutic agent clearly warrants further attention.
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Abstract

The CHFR protein comprises fork head assoc;ated (FHA) and RING fi nger (RF) domam and is frequently downregulated in
human colon and gastric cancers up to 50%. The loss of CHFR mRNA expressmn is a consequence of promoter methylation,
suggesting a tumor suppressor role for this gene in gastrointestinal carcinogenesis. In terms of the biological functions of.
CHFR, it has been shown to activate cell cycle checkpoint when cells are treated with microtubule depolymerizing agents.
Furthermore, CHFR was reported to have E3 ligase activity and promote ubiquitination and degradation of oncogenic
proteins such as Aurora A and: polo-like kinase 1. However, molecular pathways involved in the tumor suppressive function ’
of CHFR are not yet clear since the two established roles of this protein are likely to inhibit cell growth, In this study, we have
identified that the FHA domain of CHFR protein is critical for growth suppressive properties, whereas the RF and cysteine
rich domains (Cys) are not required for this function. In contrast, the RF and Cys domains are essential for E3 ligase activity of
- CHFR. By the use of a cell cycle checkpoint assay, we also confirmed that the FHA domain of CHFR plays ari important role in
initiating a cell cycle arrest at G2/M, indicating a functional link exists between the anti-proliferative effects and checkpoint’
function of this tumor suppressor protein via this domain. Collectively, our data show that the checkpoint function of the
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Introduction

CHFR (Checkpoint protein with Forkhead associated and Ring
finger domain) was first isolated by a homology screening of EST
¢DNA clones harboring an FHA domain [1]. The CHFR protein
is characterized by the existence of two domain structures that are
well conserved across different species, namely the FHA and
RING finger domains (RF) [1]. CHFR is in fact the only protein in
vertebrates that contains both of these functional domains.

The FHA domain of CHFR has been reported to arrest the cell
cycle under mitotic stress conditions caused by microtubule
depolymerizing agents such as nocodazole, and this moiety thus
confers a mitotic checkpoint function upon this protein [2-6]. In
terms of the mechanisms underlying this checkpoint function,
CHFR has been shown to exclude Cyclin Bl from the nucleus,
resulting in the arrest of the cell cycle at around the G2 phase [7].
Other checkpoint regulators with an FHA domain, such as CHK2
and NBSI1, have also shown similar features and arrest the cell
cycle in response to DNA damage and replication blocks {8,9].

These checkpoint proteins containing FHA domain have been
shown to function as tumor suppressors, although the detailed
molecular mechanisms are not yet fully elucidated. For example,
the inactivation of the CHK2 and NBS1 proteins increases the
predisposition of cells to cancer development [8,10-14]. The
functional inactivation of CHFR due to promoter methylation and

@)’ PLOS ONE | www.plosone.org

the consequent loss of mRINA expression is frequenty observed in
human colon and gastric cancers [4,15-19], suggesting its possible
role also as a tumor suppressor. The functional loss of these
checkpoint proteins is likely to disrupt the cell cycle arrest response
to cellular stress, thus leading to the accumulation of mutations
and replication errors in the genome, a prerequisite for malignant
transformation.

The RING-finger domain is a characteristic feature of the E3
ligase proteins [1}] and is thought to determine the substrate
specificity for ubiquitination reactions. As an example, the RING-
finger protein ¢dc20 is known to serve as an E3 ligase for the
anaphase promoting complex/cyclosome (APC/C) [20], and
Cyclin B is also one of its substrates [20]. Cyclin B proteins that
have been polyubiquitinated by cdc20 are rapidly tansferred to
the proteasome and degraded. CHFR was shown to play a role as
E3 ligase for the polyubiqutination of Aurora A and Polo-like-
kinase ! [21,22], possibly resulting in the degradation of these
proteins. In fact, mouse embryonic fibroblasts MEF) derived from
Chfr knockout mice show elevated protein levels of Aurora A and
display chromosome abnormalities [21}. The inactivation of
CHFR may thus cause the up-regulation of these proteins, which
are known mitotic kinases and are frequently obstrved to be
overexpressed in various types of human malignant tumors, such
as bladder and colon cancers [23,24]. Elevated levels of Aurora A
and Plk! are known to induce abnormal mitotic cell division and
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cause karyotype abnormalities or malignant transformation
[25,26]. The functional loss of CHFR could therefore result in
the accumulation of oncogenic proteins {Aurora A and Plk1) and
induce genomic instability.

To date, two possible molecular pathways have been considered -

as the mechanisms underlying the tumor suppressor function of
CHFR. These are the checkpoint regulation and E3 ligase
functions of this protein. However, it is difficult to draw any
conclusions from the findings of previous studies about which of
these roles is the most critical for growth suppression, since
functional analyses of the checkpoint and E3 ligase activity of
CHFR have only been performed independently of each other
thus far [1,22,27-29]. We initially focused on the E3 ligase activity
as a possible pathway for the growth suppressive properties of
CHFR as our previous data have shown that degradation by the
proteasome is the major rate limiting step in the control of the
Aurora A protein levels [30]. If the E3 ligase activity of CHFR is
more important for growth suppression, as we initially expected,
the core region of this tumor suppressor that is required for its
anti-proliferative effects was anticipated to be the RF domain.

In our current study, we have investigated the molecular
pathways underlying the growth suppressive functions of CHFR
by utilizing genetic rescue experiments with colon cancer cell lines
in which endogenous CHFR is epigenetically inactivated.

Materials and Methods

CHFR plasmids

A cDNA fragment of human CHFR (NIH Mammalian Gene
Collection ID: 19963) was obtained by RT-PCR from a human
pancreatic cancer cell line (Pancl) based on a method described
previously [30]. A hemagglutinin (HA) protein tag sequence was
then introduced at the amino terminus of this recombinant CHFR
product and a Kozak sequence was inserted just upstream of
the start codon of the HA protein tag. Mutant cDNA fragments
were created using the quick change PCR kit (Stratagene) with
slight modifications [31]. To generate a AFHA mutant, a CHFR
cDNA fragment was generated that lacked the 110 amino acids
between the original start methionine and the end of the FHA
domain (MERPEEGKQS-EPEHNVAYLYESLS). An RF mutant
(4RF) was similarly designed by generating a truncated CHFR
cDNA lacking this 48 amino acid domain (CHCQDLLHD-
TCRCPVERICK). A TGA stop codon was inserted into the
CHFR cDNA to construct the cysteine rich domain mutant {(4Cys)
by producing a protein product lacking the 190 amino acids of this
region (VCPLQGSHAL-HICEQTRFKN).

Each ¢cDNA was subcloned into the EcoRV site of pBluescript
SKII+ (Stratagene) by blunt end ligation, and the resulting
constructs were validated in a cycle sequencing reaction with an
ABI 310 genetic analyzer (Applied Biosystems). Both the wild-type
and mutant CHFR ¢cDNA fragments were also subcloned into an
LXIN retrovirus vector (Clontech), the pcDNA 3.1+ plasmid
{Invitrogen), and an IRES2-EGFP bicistronic expression vector
(Clontech). The retrovirus vectors were used in colony formation
assays, whereas the pcDNA 3.1+ vectors were used in an in v
ubiquitination assay and also in the cellular localization exper-
iments. The bicistronic vectors (IRES2-EGFP) were employed in
the checkpoint analyses.

Stable and transient expression of wild-type and mutant
CHFR proteins in cultured cells

HCT116, RKO and HeLa cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Sigma) supplemented with
10% fetal bovine serum (FBS), penicillin (100U/ml), and
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streptomycin (50U/1ml), at 37°C and 5% COsq. A PT67 retrovirus
packaging cell line was obtained from Clontech, and maintained
in DMEM with 10% FBS. Cells were maintained in an
exponential growth phase prior to use.

Retroviral constructs harboring wild-type or mutant human
CHFR ¢DNAs, were introduced into PT67 cells (Clontech) for
packaging using the lipofection method (Fugene 6, Roche). The
LXIN retroviral vector contains a neomycin cassette, and cells that
stably produced recombinant retroviruses were selected after two
weeks of culture in the presence of 1 mg/ml G418. The retroviral
supernatants were diluted 1:2 with normal DMEM containing
10% FBS and exposed to HCT116 or RKO cells with 400 jig/ml
of polybrane infection enhancer. Infected cells were further
selected with 1 mg/ml G418 for two weeks. To avoid cloning
bias, the whole cell population that showed resistance to G418 was
used in each experiment. For transient expression experiments,
cells at 70% confluency were transfected with 2.5 [g of the
indicated plasmids using the lipofection method (Lipofectamine
2000, Invitrogen), according to the manufacturer’s protocol,

Colony formation assay

1x10° HCT116, RKO or Hela cells were infected with
aliquots of LXIN retroviral supernatants from the PT67 packaging
cells for 48 h. When the infected cells reached confluence, they
were trypsinized and resuspended in 10 ml of DMEM supple-
mented with 10% FBS. 10 ul (HCT116) or 100 ul (RKO or
Hela) aliquots of these cell suspensions were then seeded into
100 mm culture dishes (Nunc, 150350), and grown in G418
selection for two weeks as described above. G418-resistant colonies
were subsequently fixed in 4% paraformaldehyde in phosphate
buffered saline (PBS), and stained with hematoxilin, Images of the
stained dishes were captured using a high-resolution digital camera
with a macro lens (Fuji Film), and the numbers of colonies were
determined in each image using NIH image software. The average
colony numbers were then calculated from five dishes in three
independent experiments. Statistical significance was evaluated
with the Wilcoxon-Mann-Whitney U-test.

Measurement of the retrovirus titers of the producer cells

The conditioned medium of the producer cells was diluted 1:50
with distilled water and subjected to reverse transcription. The
copy number of the resulting retroviral cDNA was measured by
real-time PCR with a Retrovirus titer set (Takara Bio, Kyoto,
Japan). The average retrovirus copy number of per ml was
determined from five independent reactions. The reverse tran-
scriptase and real-time PCR reactions were performed according
to the manufacturer’s instructions.

Western blot analysis

Cells were lysed in ice-cold HIPS buffer (50 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 1% Triton X-100) [30] and the resulting
whole cell lysates were subjected to 10% SDS-PAGE. The
separated proteins were then transferred to polyvinylidene
difluoride (PVDF) membranes (Immobilon P, Millipore). After
blocking with 7% non-fat dry milk-Tris buffered saline and 0.1%
Tween 20 (TBST), the membranes were probed with anti-HA
(High affinity HA 3F10, 1/5,000 dilution, Roche), and anti-a-
tubulin (DM-1A, 175,000 dilution, ICN Biomedicals) antibodies.
Blots were then incubated with horseradish peroxidase (HRP)-
conjugated rabbit anti-rat IgG (A5795, 1/5,000 dilution, Roche)
or donkey anti-mouse IgG (NA1093V, 1/5,000 dilution, GE
Healthcare Bioscience) secondary antibodies respectively, and
immunoreactive proteins were detected by enhanced chemilumi-
nescence (P90720, Millipore).
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In vivo ubiquitination assay

2.5 g of wild-type and mutant CHFR pcDNA 3.1+ expression
plasmids, and an empty vector control, were introduced into
HCTI116 cells at 70% confluency using the lipofection method
(Lipofectamine 2000, Invitrogen). 2.5 Hg of pcDNA 3.1+ vector
harboring FLAG tagged ubiquitin (kindly provided by Dr. K.
Miyazono, Tokyo University) was co-transfected with these
constructs. After 20 h, the cells were treated with 25 pM of
MG132 (C2211, SIGMA) for 5 h, lysed in HIPS buffer, and
subjected to immunoprecipitation. A 300 g aliquot of total
protein from the transfected HCT116 cells in 250 pl lysis solution
was mixed with 10 pl of the anti-HA affinity matrix (Roche) pre-
blocked with 2% bovine serum albumin (BSA), and incubated for
4 h with gentle rotation at 4°C. The affinity matrix was washed
with HIPS buffer three times, collected by centrifugation, and the
precipitated proteins were denatured in sample buffer containing
0.1M dithiothreitol (DTT), subjected to 7% SDS-PAGE and
transferred to a PVDF membrane. The transferred proteins were
then incubated with anti-HA (high affinity HA 3F10, 1/5,000
dilution, Roche), or ant-FLAG {monoclonal ant-FLAG M2, 1/
5,000 dilution, Sigma) antibodies. The secondary antibodies used.
were as described above for the western blotting procedure.

Intracellular localization of CHFR protein

pcDNAS. 1+ expression vectors were introduced into HCT116
cells using the lipofection method, as described earlier. Twenty-
four hours after transfection, the cells were fixed with 4%
paraformaldehyde and then treated with 0.5% Triton X-100
(both in. PBS) for 5 min. The cells were preblocked with 1%
normal goat serum {(NGS) in PBS for 30 min and incubated with
an anti-HA antibody (high affinity HA 3F10, 1:500 dilution,
Roche) for 1 h at room temperature. An alexa 488-conjugated
goat anti-rat IgG (Invitrogen) was used as the secondary antibody.
A rabbit PML antibody (PMO001, 1/300 dilution, MBL) and alexa
594-conjugated goat anti-rabbit IgG (Invitrogen) were used to
detect PML nuclear foci. The cells were counter-stained in each
case with 1M of Hoechst 33258 (B1153, Sigma) and staining
images were captured using an Axiovart (Zeiss) fluorescence
microscope.

Cell cycle checkpoint analysis

For checkpoint analysis, HCT116 cells were transfected with
IRES2-EGFP expression plasmids harboring wild-type or mutant
CHFR inserts for 5 h and then treated with nocodazole at a
concentration of 200 ng/ml {from a 100 mg/ml stock solution in
dimethyl sulfoxide, Sigma) for 16 h. After the nocodazole
treatment, the cells were fixed in 4% paraformaldehyde/PBS
and the numbers of mitotic cells, which show EGFP fluorescence,
were determined by microscopic examination. The average
percentage of the total EGFP-positive cells that were deemed to
be mitotic was calculated by counting approximately 100 cells
expressing either wild-type or mutant CHFR proteins.

Results

The expression of wild-type and mutant CHFR proteins in
colon cancer cells which lack the endogenous species
Colon cancer cells have lost the endogenous expression of
CHFR, and we thus anticipated that this would be an appropriate
cell system to elucidate the functional domain responsible for the
anti-proliferative effects of CHIR protein by genetic rescue. The
endogenous levels of CHFR mRNA were measured by real-time
RT-PCR in five pancreatic cancer cell lines and six colon cancer
cell lines (Fig. 1C). CHFR wanscripts were detectable in each of the
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pancreas cell lines tested but three colon cancer derived cell lines,
HCT116, RKO and DLDI, showed no expression of CHFR
mRNA.

The structures of the wild-type and mutant CHFR proteins are
shown in Figure 1A. Expression vectors for these proteins were
mtroduced transiently into HC'T116 cells and subjected to western
blotting with anti-HA antibodies to determine whether the
predicted recombinant CHIR proteins were produced (Ilig. 1B).
Positive bands were indeed detected at the expected molecular
weights (wild-type; 72 kDa, 4FHA; 57 kDa, 4RF; 66 kDa, ACys;
50 kDa), indicating that each CHFR protein product was
efficiently expressed.

The anti-proliferative effects of CHFR are dependent
upon the FHA domain and not the RF or Cys domains

To evaluate the effects of wild-type and mutant CHFR proteins
(dFHA, 4RF and 4Cys) on cell proliferation, recombinant
retroviruses harboring the corresponding cDNAs were introduced
nto HCT116 cells. There were no major differences found in the
resulting cell morphologies in each case, as shown in Figure 2A.
Substantial growth suppression was observed following the
introduction of the wild-type CHFR during G418 selection
(Fig. 2A). In addition, whereas the 4RF and 4Cys mutants
showed growth suppressive effects that were almost identical to the
wild-type CHFR, the AFHA protein had minimal inhibitory
effects upon cell proliferation (Fig. 2A).

To more quantitatively evaluate the growth inhibitory effects of
the wild-type and mutant CHFR proteins, a colony formation
assay was carried out using the corresponding retrovirally infected
HCT116 cells under G418 selection (Fig. 2B and C). The
expression of wild-type, 4RF and 4Cys proteins resulted in a
significant decrease in the number of G418-resistant colonies in
this experiment compared with the vector control {p<<0.01),
whereas AFHA expressing cells did not show any reduction in
colony number. The same recombinant CHER retroviruses were
also introduced into RKO cells and similar results were observed
(Fig. 2C).

To verify the titer of our recombinant CHFR retroviruses, the
virus copy numbers in the conditioned supernatant of the PT67
producer cells were measured by real-time PCR. As shown in
Figure 2D, no major differences could be observed in the
retrovirus copy number between the wild-type and mutant CHFR
retrovirus producer cells. We therefore concluded that the growth
suppressive effects of CHFR that we observed in these analyses are
not due to any differences in the titers of the producer cells.

Detection of wild-type and mutant CHFR proteins under
stable expression conditions

During their initial passages, significant growth suppression was
observed in HCT116 cells expressing exogenous wild-type, 4RI
and 4Cys CHFR, as shown in Figures 2A-C. However, this
growth suppression becomes almost undetectable by passage 3.
The protein levels of each of these introduced CHFR products
were thus analyzed in these cells at passage 4+ by western blotting.
As shown in Figure 2E, the levels of the wild-type, ARF and 4Cys
products were remarkably low when compared with 4FHA
(Fig. 2E, left panel). The same analysis was undertaken in RKO
cells and produced essentially identical results (Fig. 2E, right
panel). A possible explanation for this phenomenon is that elevated
levels of wild-type, 4RF and ACys proteins may cause a
substantial growth disadvantage, and thus cell populations which
express these introduced proteins at low levels undergo positive
selection with passage in culture.
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Figure 1. Schematic representation of the wild-type, AFHA, 4RF and ACys forms of the CHFR protein tagged with HA, and
expression analysis of these proteins in a colon cancer-derived cell line that lacks endogenous CHFR mRNA. (A) The predicted protein
structures of the wild-type, 4FHA, 4RF and 4Cys CHFR proteins. N and C indicate the amino and carboxyl terminus, respectively. FHA, forkhead
associated domain; RF, ring finger domain; Cys, cysteine rich domain; HA-tag, hemagglutinin protein tag. (B} The detection of the wild-type, A4FHA,
ARF and 4Cys forms of CHFR proteins transiently expressed in HCT116 cells by western blotting with anti-HA antibodies (upper panel). Cells were
transfected with HA-tagged empty vector (lane 1); wild-type CHFR (lane 2); 4FHA (lane 3); 4RF (lane 4); or ACys (lane 5). Tubulin was also detected as
a loading control (lower panel). (C) Endogenous CHFR mRNA expression levels detected by real-time PCR in the indicated pancreatic- and colon
cancer-derived cell lines. The relative levels of CHFR mRNA shown are normalized to beta-actin mRNA, the expression level of pancl was set as 1.0,

and the average values of duplicate experiments were calculated.
doi:10.137 Vjournal.pone.0001776.g001

The E3 ligase activity of CHFR requires the RF and Cys
domains, but not the FHA domain

A series of i vive ubiquitination assays were conducted using
HCT116 cell populations that transiently expressed the wild-type
and mutant CHFR proteins at similar levels (Fig 3, left panel). The
recombinant CHFR and its substrate proteins were immunopre-
cipitated from the corresponding cellular extracts with an anti-HA
antbody and the ubiquitination activity levels were then
monitored by western analysis with anti-FLAG antibodies to
detect high molecular weight bands as described in a previous
study [32]. As shown in the right panel of Figure 3, polyubiqui-
tinated proteins were detectable in cells expressing wild-type and
AFHA proteins but not the 4ARF and 4Cys mutants, which is
deemed to be substrates of CHFR. The mobilities of these

immunoprecipitated CHFR proteins were also not altered as a
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result of polyubiquitination (Fig. 3, middle panel), indicating that
no self-ubiquitination had occurred in each case. From these
results, we concluded that E3 ligase activity of CHFR requires the
RF and Cys domains, but is unaffected by the deletion of the FHA
domain.

Analysis of the intracellular localization of wild type,
AFHA, 4ARF and 4Cys CHFR proteins by
immunofluorescence staining

A previous study has indicated that the FHA domain of the
CHFR protein is essential for its localization in promyelocytic
leukemia (PML) foci within the nucleus [33]. The intracellular
localization of the wild type and mutant CHFR proteins was
detected by immunostaining of HCT116 cells that exogenously
expressed these products. As shown in Figure 4, each of these
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Figure 2. Identification of the functional domain of the CHFR protein that confers its anti-proliferative effects. (A) The growth
appearance of HCT116 cells infected with retroviral vectors expressing the indicated CHFR products. Note that the wild-type CHFR, 4RF and 4Cys
retroviruses suppressed the cell growth of the host cells and this was partially restored in the AFHA expressing cells. There were no differences,
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however, between any of these transfected cells in terms of their morphology. (B) Colony formation assay of HCT116 cells after retroviral infection
with the same CHFR constructs as in {A), (C) Statistical evaluation of the colony formation assay results for HCT116, RKO and Hela cells expressing the
indicated exogenous proteins. *p<0.01, **p<0.05. (D) Measurements of the recombinant retrovirus copy number in the supernatants of PT67
producer cells by real time PCR. (E) The detection of stably expressed wild-type, 4FHA, a 4RF and ACys CHFR protein in HCT116 and RKO cells
following infection with the corresponding recombinant retroviruses, Total cellular protein extracts were obtained at the fourth passage. The level of
introduced proteins in the cells that infected with empty vector (lane 1); wild-type CHFR (lane 2); AFHA (lane 3); 4RF (lane 4); or 4Cys {lane 5).

doi:10.1371/journal.pone.0001776.g002

introduced CHFR species showed a diffuse nuclear localization
and no differences could be observed. Although the cells were
. doubly stained with anti-HA and anti-PML antibodies, a
dominant accumulation of CHFR within the PML nuclear foci
was not evident for either the wild type or mutant proteins, From
these data, we conclude that the CHFR domains analyzed do not
impact upon the intracellular localization of this protein,

The checkpoint function of CHFR requires the FHA
domain only

The functional recovery of the checkpoint function of CHFR
was evaluated also in HCT116 cells after the exogenous
introduction of wild type and mutant CHFR proteins. Since the
transfection efficiency was limited to around 5% for the transient
expression vector, a bicistronic expression vector harboring the
CHFR wild type and mutant inserts was used in these experiments
(Fig. 5A). Since in this case the CHFR and EGFP protein products
are translated from the same mRNA, EGFP fluorescence can be
used as a marker of recombinant CHFR protein expression. To
validate the positive correlation between EGFP expression and
CHFR expression, the percentage of EGFP positive cells that were
immunoreactive also for the anti-HA antibody was determined
microscopically (Fig 5B). Among the 200 EGFP-positive cells that
were counted, 182 (91%) showed positive staining for anti-HA
antibody (Fig. 5B), confirming the usefulness of EGFP as a marker.
As shown in Figure 5C, following nocodazole treatment, the
percentage of EGFP-positive mitotic cells was found to decrease in
conjunction with the expression of the wild type, 4RF and ACys
CHEFR proteins, compared with the vector control. In contrast, the

expression of the AFHA mutant did not affect the percentage of
mitotic cells. From these data, we conclude that the FHA domain
is essential for the mitotic checkpoint function of CHFR.

Discussion

Our current study has identified the CHFR domains that are
responsible for the anti-proliferative effects of this protein and the
results are summarized in Table 1. We find that both the anti-
proliferative effects and checkpoint function of CHFR require the
FHA domain, whereas the E3 ligase activity of this tumor
suppressor relies on the RF and Cys domains. This suggests that
there is a functional link between the anti-proliferative effects and
checkpoint function of CHFR. Our present analyses also reveal
that the FHA domain is the most important region of CHFR for
its anti-proliferative role, which is in good agreement with several
previous studies. Toyota et al have also reported that the
introduction of a wild-type CHFR expression vector causes the
growth suppression of the host cells, whereas a FHA deletion
mutant did not affect cell growth [19].

Although the data presented by Toyota ¢t al was quite suggestive
of the essential role of FHA in cell growth control, it should be
noted that the cell lines they analyzed (SW480 and T98G)
endogenously express CHFR transcripts (see Fig. 1C for SW480)
[34]. The accurate and quantitative evaluation of the impact of the
4FHA mutant on cell growth is difficult to undertake in the
presence of endogenous protein because of the dominant-negative
properties of this mutant [1]. Interestingly, we detected that the
expression of these mutant CHFR proteins had a completely
different result upon the growth of HeLa cells, which express

Standard western ip with HA and ip with HA and
with anti-HA biot with HA blot with FLAG
we 1 2345 12345 wa 1234565

uUb
conjugates

Figure 3. /n vivo ubiquitination assay for the wild-type, AFHA, 4RF and ACys forms of the CHFR protein. (Left panel) Measurement of the
transient expression levels of both the wild-type and mutant form of CHFR proteins in HCT116 cells by western blotting. The proteins were separated
by 10% SDS-PAGE. (Middle panel) Immunoprecipitation and immunoblotting of proteins with anti-HA antibodies. The proteins were resolved by 7.5%
SDS-PAGE. (Right panel) The detection of FLAG-reactive proteins following immunoprecipitation by HA antibodies. Ubiquitinated proteins are
evident by the presence of high molecular weight bands in lanes 2 and 3, but not in lanes 1, 4 and 5. Cells were cotransfected with FLAG tagged
ubiquitin expression (FLAG-Ubi) vector and either empty vector (lane 1); wild-type CHFR (lane 2); 4FHA (fane 3); 4RF (lane 4); or 4Cys (lane S).
doi:10.1371/journal pone.0001776.g003
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Figure 4. Intracellular localization of wild-type and mutant
forms of CHFR proteins detected by fluorescence immuno-
staining. The localization of the wild-type or mutant forms of the CHFR
protein was assessed by the immunoreactivity of an anti-HA antibody
{green signal). PML nuclear foci were detected with an anti-PML
antibody (red signal). The nuclei of HCT116 cells were counterstained
with Hoechst (blue). Merged pictures are shown to highlight the signal
overlap between the Hoechst and anti-HA staining.
doi:10.1371/journal.pone.0001776.g004

endogenous CHFR, compared with HCT116 and RKO cells
(Fig. 2C). In these experiments, the expression of AFHA induced a
significant increase in colony number whereas the wild-type, 4RF
and ACys CHFR species did not show any effects (Fig. 2C, Right
panel). A previous study has indicated that the A4FHA mutant of
CHFR acts as a dominant-negative and can disrupt the checkpoint
function of the wild type protein [1]. Hence, we speculated that
the increase in the colony number in Hela cells by A4FHA was
caused by the dominant-negative effects of this mutant upon the
endogenous wild type CHFR protein {1]. The reported existence
of a splicing variant form of CHFR that lacks the FHA domain
and acts in a dominant-negative manner further supports our
contention [19]. It has not yet been reported until this manuscript
to evaluate the effect of FHA domain against cell proliferation
under the two conditions, the existence and non-existence of
endogenous CHFR. We therefore conclude that our current study
is the first report that precisely identifies the functional domain
responsible for the anti-proliferative function of CHFR.

We show from our analysis that the loss of the RF domain and
its associated E3 ligase activity did not disrupt the anti-proliferative
effects of CHFR, suggesting that the E3 ligase activity of this
protein is not essential for its tumor suppressor function. From
previous functional analysis of CHFR knockout mice, however, Yu
et al concluded that the tumor suppressor function of CHFR is
conferred by its E3 ligase activity toward the Aurora A protein, a
predicted oncogenic kinase [21]. There is therefore some
disagreement regarding the precise role of the I3 ligase activity

@ PLoS ONE | www.plosone.org

Tumor Suppressor CHFR

of CHFR, but possible explanation can be considered. We need to
pay attention to the tissue specificity of CHFR to induce the
degradation of Aurora A. Elevated protein levels of Aurora A are
frequently observed in both human colon and mammary cancers
[25,26], but the inactivation of CHFR is limited to cases of colon
cancer |17,35]. High levels of Aurora A in mammary cancers
cannot therefore be explained by a loss of function of CHFR.
These findings indicate the existence of degradation pathways for
Aurora A that are independent of CHFR [17]. In this regard.
Cdhl is a strong candidate as an alternative E3 ligase for Aurora A
[36,37]. The exogenous introduction of a dominant-negative form
of Cdhl was reported to induce elevated levels of Aurora ‘A
protein in HeLa cells [37]. Hence, there may be several molecular
pathways that promote the degradation of Aurora A but that are
tissue- or organ-specific. The protein levels of Aurora A did not
change after the expression of any form of CHFR in HCT116
colon cancer cells in our current experiments (data not shown).
The differences between the findings of this and other studies
might thus be due to the cell-type specificity of the degradation
pathways for Aurora A.

With regards to the E3 ligase activity of CHFR, we found that
the RF and Cys domains are essential. These results are consistent
with previously reported findings, which show that CHFR binds to
its substrates through its Cys domain, and forms a protein complex
with APC/C through its RF domain [21]. Some E3 ligases have
also been reported to have self-ubiquitination activity [38,39], but
we did not detect this in the case of CHFR. In contrast, Kang ef a/
have reported strong self-ubiquitination activity for CHFR [22].
One possibility to be taken into consideration when’ evaluating
these discrepancies is the difference of their GST protein tag and
our HA tag. The self ubiquitination activity affected by the protein
tag has reported with MBP protein tag in case of Rmal, EL5 and
Perkin [40-42]. Therefore, further experiments with other protein
tags would he needed to get the conclusion about the self
ubiquitination activity of CHFR protein.

The results of our current study also show that the expression of
CHFR arrests the cell cycle prior to entry into mitosis in the
presence of microtubule depolymerizing reagents, which is
consistent with previous reports [1,19,22,27,28]. A growth
advantage will be conferred upon cells which have lost the
checkpoint machinery that functions under mitotic stress condi-
tions. In agreement with this idea, shRINA knock down of CHFR
recently reported to induce the increased cell proliferation during
the preparation of this manuscript [43]. Since the promoter
methylation of the CHFR gene was detected in non-invasive
adenoma lesions of colon epithelia [44], the associated loss of
the checkpoint function of CHFR in these cells may have a
significant impact upon the early stages of colon carcinogenesis.
To gain further supportive evidence that the FHA domain of
CHFR is important for its growth inhibition properties, we
have recently put a considerable amount of effort into estab-
lishing a conditional expression system for this protein using
the CreloxP recombination system [30] to evaluate tumor
formation activity in zive (e.g. nude mice). Unfortunately, we
have yet to establish an efficient conditional system due to the
toxicity of Cre-expressing adenovirus in HCT116 colon cancer
cells. Although it is not direct evidence, a remarkably high
protein level of the AFHA mutant, compared with that of the wild-
type and other mutant forms of CHFR, suggests that the FHA
domain has an important role in suppressing tumor formation
(Fig. 2E). The FHA domain is expected to work as the binding
motif for phosphorylated proteins. We are currently working on
the experiments to isolate the binding partner of FHA domain of
CHFR protein. There is a possibility that the detail of ant-
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Figure 5. Checkpoint assay of the wild type and mutant forms of the CHFR protein. (A) Schematic representation of the bicistronic
vectors used to express the indicated CHFR products. (8) Validation of the positive correlation between the anti-HA antibody
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doi:10.1371/journal.pone.0001776.g005

proliferative effect can be explained with the binding of new gene leads to increased cell proliferation during gastrointestinal
candidates and CHFR. These information will help us to gain carcinogenesis.
further insights in understanding how a functional loss of this
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A 1 year carcinogenicity bioassay was conducted in rats treated
with three short cycles of 2-amino-1-methyl-6-phenylimidazo{4,5-
blpyridine (PhIP)/high-fat (HF) diet, followed by 2% white tea (wt/
vol), 0.05% epigallocatechin-3-gallate (EGCG) or 0.065% caf-
feine as sole source of fluid intake. Thirty-twoe percent of the
PhIP/HF controls survived to 1 year, compared with 50, 48.7
and 18.2% in groups given white tea, EGCG and caffeine, respec-
tively. After 1 year, PhIP/HF controls had tumors in the colon,
skin, small intestine, Zymbal’s gland, salivary gland and pan-
creas. For all sites combined, excluding the colon, tumor incidence
data were as follows: PhIP/HF 69.5%, PhIP/HF + EGCG 48.7%,
PhIP/HF + white tea 46.9% and PhIP/HF + caffeine 13.3%.
Unexpectedly, a higher incidence of colon tumors was detected
in rats post-treated with white tea (69 %) and caffeine (73%) com-
pared with the 42% incidence in PhIP/HF controls. In the colon
tumors, B-catenin mutations were detected at a higher frequency
after caffeine posttreatment, and there was a shift toward more
tumors harboring substitutions of Gly34 with correspondingly high
protein and messenger RNA expression seen for both [3-catenin and
c-Myec. c-Myec expression exhibited concordance with tumor pro-
motion, and there was a concomitant increase in cell proliferation
versus apoptosis in colonic crypts. A prior report described sup-
pression of PhIP-induced colonic aberrant crypts by the same test
agents, but did not incorporate a HF diet. These findings are dis-
cussed in the context of epidemiological data which do not support
an adverse effect of tea and coffee on colon tumor outcome—
indeed, some such studies suggest a protective role for caffeinated
beverages.

Introduction

It is now well established that human colorectal cancers contain mu-
tations that stabilize the [B-catenin protein, causing constitutive acti-
vation of B-catenin/T-cell factor (Tcf) signaling and overexpression of
downstream targets, such as c-Myc, c-Jun and cyclin D1 (1). Similar
findings have been reported in preclinical models of colon cancer. For
example, carcinogen-induced rat colon tumors contain oncogenic
mutants of B-catenin that are resistant to degradation via the phos-
phorylation/ubiquitination/proteosome pathway (2), and [-catenin
stabilization constitutively activates c-myc, ¢-jun and cyclin DI ex-
pression in the corresponding tumors (3,4). However, the frequency
and spectrum of B-catenin mutations depends on the dosing protocol
employed. Continuous feeding of the heterocyclic amine 2-amino-1-

Abbreviations: ACF. aberrant crypt foci; BrdU, 5-bromo-2’-deoxyuridine;
Cmnbl, B-catenin gene {(rat); EGCG, epigallocatechin-3-gallate; HF, high
fat; mRNA, messenger RNA; PBS, phosphate-buffered saline; PCR, polymer-
ase chain reaction; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine;
Tef, T-cell factor.

methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) produced colon tu-
mors with high levels of B-catenin expression (5), and the tumors
harbored mutations in either B-catenin or adenomatous polyposis coli
(6). When dietary PhIP was given via three short cycles followed by
a high-fat (HF) diet, B-catenin protein again was expressed at high
levels, but only 55% of the colon tumors harbored B-catenin or ade-
nomatous polyposis coli mutations (7). The spectrum and frequency
of B-catenin mutations also can be influenced by post-initiation ex-
posure to phytochemicals. For example, a higher proportion of tumors
containing direct substitutions in critical Ser/Thr residues of the B-
catenin protein was seen following treatment with indole-3-carbinol
and chlorophyllin (3,4).

in the present investigation, we sought to test the post-initiation
tumor-suppressing effects of white tea and two of its major constitu-
ents, namely caffeine and the polyphenolic compound epigaliocate-
chin-3-gallate (EGCQG), in rats treated with PhIP/HF diet. White tea is
the least processed type of tea; leaves of Camellia sinensis contain
polyphenols that undergo increasing oxidation in the conversion of
white to green to oolong and finally to black tea (8). Prior studies with
white tea showed (i) potent antimutagenic effects against PhIP and
other heterocyclic amines in the Salmonella assay; (ii) inhibition of
B-catenin/Tcf activity in vitro; (i) suppression of intestinal polyps in
the Apc™® mouse and (iv) protection against PhiP-induced colonic
aberrant crypt foci (ACF) in the rat (8-12). In the present report, white
tea and caffeine given post-initiation unexpectedly promoted rather
than suppressed PhIP-induced colon tumors. Caffeine increased
B-catenin and c-Myc expression, altered the spectrum and frequency
of B-catenin mutations and augmented cell proliferation while inhib-
iting apoptosis in colonic crypts.

Materials and methods

Test agents

PhIP was purchased from Toronto Research Chemicals (Ontario, Canada) and
prepared as an 8 mg/m! solution in test vehicle (0.8% dimethylsulfoxide in
milliQ water, adjusted to pH 3.5 with 0.1 N HCI). AIN-93G, AIN-93M and
AIN-93G supplemented with 23% (wt/wt) hydrogenated vegetable oil (HF
diet) were obtained from Dyets (Bethlehem, PA). Mutan White tea (referred
to hereafter as ‘white tea’) was provided by Stash Tea Co. (Portland, OR). A
solution of 2% (wt/vol) white tea was prepared by brewing loose leaf tea (2 g/
100 ml) for 3 min in just-boiled 0.5% citric acid buffer (26 mM, pH 2.7).
EGCG (TEavicO™, DSM Nutritional Products, Basel. Switzerland) and caf-
feine (Sigma-Aldrich, St Louis, MO) also were dissolved in 0.5% citric acid
buffer, which enhances the stability of tea constituents compared with milliQ
water alone. Solutions were prepared fresh every 2-3 days, and the stability of
tea constituents was verified by high-performance liquid chromatography, as
reported (8). 5-Bromo-2’'-deoxyuridine (BrdU; Sigma—Aldrich) was prepared
as a 20 mM solution in phosphate-buffered saline (PBS).

Animals and treatments

These studies received prior approval from Oregon State University Institu-
tional Animal Care and Use Committee. Male F344 rats, 3—4 weeks of age,
were purchased from the National Cancer Institute and housed in a ventilated,
temperature-controlled room at 25°C with a 12 h light-dark cycle. After ac-
climatization to the basal diet (AIN-93G) for 3 days, rats were treated with
three cycles of PhIP/HF diet using a protocol modified from Ubagai et al. (7).
Specifically, PhIP (50 mg/kg) or vehicle alone was given by oral gavage every
day for 2 weeks and rats were fed standard AIN-93G (low fat) diet, and this was
followed by 4 weeks on AIN-93G HF diet, during which time no PhIP was
administered (Figure 1A). After three such cycles of PhIP/HF treatment, rats
were switched to standard AIN-93M diet for the remainder of the study. At this
time, rats were randomly assigned to the various treatment groups, namely 2%
white tea, 0.05% EGCG, 0.065% caffeine or citrate buffer alone (controls),
administered as before (12) as sole source of drinking fluid. Test and vehicle
groups initially comprised 40 and 10 rats each, respectively, and survival was
followed until the study was terminated at 1 year. Rats were euthanized early
due to one of the following signs of morbidity: (i) sudden loss of body weight,
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Fig, 1. Dosing protocol and survival curves of rats given PhIP/HF diet
followed by white tea, EGCG or caffeine. (A) Male F344 rats were fed
standard AIN-93G (low fat, LF) diet and given vehicle or PhIP (50 mg/kg) by
oral gavage every day for 2 weeks, followed by 4 weeks on AIN-93G
supplemented with 23% (wt/wt) hydrogenated vegetable oil (HF diet), during
which time no PhIP was administered. After three such cycles, rats were
switched to standard AIN-93M diet and given 2% white tea, 0.05% EGCG,
0.065% caffeine or citrate buffer alone (controls) as sole source of drinking
fluid. (B) Survival curves of animals given PhIP/HF followed by white tea,
EGCG or caffeine. The first sign of morbidity was at day 128 in the group
post-treated with caffeine (dotted-dashed line). Data shown in the figure are
cumulative and include animals that were euthanized before the study was
terminated at 1 year.

appetite or fluid intake; (ii) bleeding in the stools over several days and (iii)
overt discomfort and breathing difficulty or other signs of malaise. In all cases,
rats were euthanized by CO, inhalation and a thorough necropsy was per-
formed. One hour before killing, four rats in each group were selected at
random to receive an intraperitoneal injection of 200 pmol BrdU/kg body wt.

Histopathology and immunohistochemistry

The following tissues were collected at necropsy: colon, small intestine, pan-
creas, prostate, lung, liver, kidney, bladder, skin and Zymbal’s gland. The colon
and small intestine were cleaned with cold PBS and opened longitudinally so
as to record the position and size of tumors. Small tumors (<10 mm®) were
fixed whole in 10% formalin, whereas larger tumors were sectioned longitu-
dinally into two or three portions, one of which was fixed in 10% formalin,
stained with hematoxylin and eosin and analyzed by light microscopy. Other
portions were stored at —80°C for molecular analyses. After tumors were
removed, colons from rats treated with BrdU were fixed in 10% buffered
formalin and embedded longitudinally in paraffin, from which serial sections
were cut for immunostaining.

Immunostaining used the BrdU in situ detection kit (BD Bioscience, San
Diego, CA) according to the manufacturer’s instructions. Sections were dew-
axed and rehydrated, and after antigen retrieval with BD™ Retrieval A work-
ing solution in a microwave oven (80°C, 10 min) and slow cooling >20 min,
slides were blocked for 10 min with 3% H,0,, rinsed three times in PBS and
incubated with biotinylated anti-BrdU monoclonal antibody (1:40 dilution) for
I'h in a humidified chamber. After reaction with streptavidin peroxidase,
sections were stained with Nova Red (Vector Laboratories, Burlingame, CA)
and counterstained with hematoxylin.

Cleaved caspase-3 was determined using the EnVision*System~HRP Kit
(Dako, Carpinteria, CA). Sections were dewaxed, rehydrated, rinsed with Dako
AR buffer and then heated in a pressure cooker (121°C) for 5 min, followed by
20 min cooling at room temperature. After washing with water, endogenous
peroxidases were blocked by incubating sections in 3% H,0, in Dako TBST
for 10 min, followed by Tris-buffered saline Tween-20 solution (TBST) alone.
Sections were blocked with Dako serum-free protein for 10 min and then
covered with polyclonal rabbit anticleaved caspase-3 (1:50 dilution in PBS),
which specifically detects the endogenous large fragment of cleaved caspase-3
resulting from cleavage adjacent to Asp175 (Cell Signaling Technology, Dan-
vers, MA). Sections were developed with Nova Red for 7 min, rinsed in water
and counterstained with hematoxylin.

Protective versus promotional effects of white tea and caffeine

Labeling indices were determined based on the number of positive cells/total

cells per crypt, using at least 45 well-distinguished crypts per rat; that is at least )

15 crypts in the distal, middle and proximal regions of the colon. Only com-
plete, well-oriented, longitudinally sectioned crypts with lumen at the top and
muscularis mucosae at the base were evaluated.

Immunoblotting

Western analyses of f-catenin and c-Myc, normalized to B-actin, were exam-
ined as described before (3,4). In brief, frozen samples of tumors and adjacent
normal-looking tissue were thawed and homogenized in lysis buffer, then
centrifuged at 15 000 r.p.m. for 5 min and the supernatant (20 pg protein)
was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
on a 4-12% bis-Tris gel (Novex, Invitrogen, Carlsbad, CA), followed by
transfer to nitrocellulose membrane (Invitrogen). Equal protein loading was
confirmed by Amido Black staining. The membrane was blocked for 1 h with
2% bovine serum albumin, followed by incubation with primary antibody
overnight at 4°C, ending with secondary antibody conjugated with horseradish
peroxidase (Bio-Rad, Hercules, CA). Primary antibodies were as reported (3).

Quantitative real-time polymerase chain reaction

Isolation of messenger RNA (mRNA) from tissues and quantification of
B-catenin gene (Ctnnbl) (rat), cyclin D1, c-myc, c-jun and glyceraldehyde-3-
phosphate dehydrogenasewere performed using the methodology reported by
Wang et al. (13).

Single-strand conformation polymorphism and direct sequencing

Screening for B-catenin mutations by polymerase chain reaction (PCR)-based
single-strand conformation polymorphism analysis coupled with direct se-

quencing was performed using the methodology reported elsewhere (3,4,13).

Statistics

Tumor incidence and multiplicity (number of tumors/tumor-bearing animal)
were compared by logistic regression and non-parametric rank tests, respec-
tively. Student’s r-test and analysis of variance were used, respectively, for
pairwise and group comparisons of molecular data.

Results

Survival was enhanced by EGCG but reduced by caffeine

The concentrations of EGCG and caffeine used here were similar to
those present in brewed white tea beverage and did not adversely
affect body weights for the first few weeks after the start of their
administration; indeed, a slight gain in body weights was detected
for the three treatment groups versus the control group, but this was
not statistically significant (data not presented). Some of the animals
were euthanized early due to the presence of large Zymbal’s gland or
skin tumors, whereas others suddenly lost appetite and/or body weight
and at necropsy presented with colon or other tumors. In the PhIP/HF
control group, the first sign of morbidity appeared at day 154, and less
than one-third of the animals (32%) survived to the end of 1 year
(Figure 1). In the group post-treated with EGCG, the first sign of
morbidity was delayed significantly, until day 243, and the overall
survival rate at | year was 49% (P = 0.033 versus PhIP/HF controls,
Wilcoxon test). In the group post-treated with caffeine, initial signs of
morbidity were seen as early as day 128, and only 18% survived to 1
year (P = 0.013 versus PhIP/HF controls). In rats post-treated with
white tea, the first sign of morbidity was on day 132, fully 3 weeks
before PhIP/HF controls showed morbidity, but 52% survived to 1
year; there was no significant difference overall compared with PhIP/
HF controls (P = 0.580, trend analysis).

Unexpected promotion of colon tumors by white tea and caffeine

No tumors were detected in any of the vehicle/HF groups when the
study was terminated after 1 year, but a broad spectrum of tumors
was seen in animals given PhIP/HF diet (Table I). As expected, the
colon was the most common target organ, and 41.6% of the PhIP/HF
controls developed adenocarcinomas of the colon (Table I). In the same
group, the incidence of tumors at other sites after 1 year was as follows:
skin 27.8%, small intestine adenocarcinomas 19.4%, Zymbal’s gland
sebaceous squamous cell carcinomas 11.1%, acinary pancreatic adeno-
carcinomas 5.6% and salivary gland adenocarcinomas 5.6%. A similar
range of tumors was reported before in rats given PhIP, including
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Table I. Cumulative incidence of colon and non-colon tumors induced in the
rat by three short cycles of PhIP/HF diet, and the effects of EGCG, white tea
and caffeine given post-initiation

Tumor site/target  PhIP/HF PhIP/HF + PhIP/HF +  PhIP/HF +
organ controls (%) EGCG (%) white tea (%) caffeine (%)
Colon (primary 41.6 43.6 68.5" 73.3~
target organ)
Non-colon (other
tumor sites)
Skin 27.8 23.1 21.9 6.7
Small intestine  19.4 1. 12.5 6.7
Zymbal’s gland  11.1 7.7 3.1 0
Pancreas 5.6 0 3.1 0
Salivary gland 5.6 0 3.1 0
Bladder 0 2.6 3.1 0
Mammary gland 0 0 3.1 0
All non-colon 69.5 48.7 46.9 3.3
combined®

The data shown in the table are cumulative and include animals that were
euthanized early before the study was finally terminated at [ year.
®Includes other occasional rare tumors—sarcoma, lymphomna, osteosarcoma
and fibrous histocytoma.

*P < 0.05, "*"P < 0.001 versus PhIP/HF controls.

pancreatic tumors (14), although to our knowledge this is the first ob-
servation of PhIP-induced salivary gland tumors. Histopathology studies
identified a wide spectrum of lesions in the skin, including sebaceous
adenoma, sebaceous epithelioma, squamous cell carcinoina, papilloma,
keratoacanthoma, cystic basal cell tumor and basal cell carcinoma. PhIP
was reported as a prostate carcinogen when fed continuously in the diet
for 1 year (15), but no prostate lesions were detected in the present
investigation or in a prior study that cycled PhIP/HF (7).

In contrast to our previous findings on PhIP-induced ACF (12), no
protective effects were seen for EGCG against the development of
colon tumors at | year (43.6% final incidence, Table I). Moreover, in
rats post-treated with white tea and caffeine, the colon tumor inci-
dence was increased significantly to 68.5 and 73.3%, respectively,
compared with 41.6% in the PhIP/HF controls (P = 0.025 and
0.039, using the Pearson’s chi-square test). Interestingly, however,
caffeine posttreatment reduced the tumor incidence in several other
target organs; for all non-colon tumors combined, the final cumulative
incidence was 13.3% (Table I) compared with 69.5% in the PhIP/HF
controls (P = 0.0003). The corresponding incidence data for EGCG

" (48.7%) and white tea (46.9%) were not statistically different from the
controls for all non-colon tumors combined.

In addition to the increase in colon tumor incidence, white tea and
caffeine (but not EGCG) also increased the colon tumor volume
(P = 0.012 and 0.009. respectively, versus controls, Figure 2). No
significant differences were seen for tumor multiplicity, but the trends
were similar; the corresponding data were as follows (colon tumors/
colon tumor-bearing animal, mean # standard error); PhIP/HF con-
trols 1.47 + 0.19, PhIP/HF + EGCG 1.27 + 0.14, PhIP/HF + white tea
1.91 £ 1.15 and PhIP/HF + caffeine 2.18 = 0.50 (P > 0.0S, for all
group comparisons, Wilcoxon test).

Altered frequency and spectrum of S-catenin mutations

We next examined B-catenin mutations in colon tumors using PCR-
based single-strand conformation polymorphism analysis followed by
direct sequencing. The frequency of B-catenin mutations was similar
for controls and groups given EGCG or white tea, but significantly
higher in rats post-treated with caffeine (Figure 3A). Specifically, in
PhIP/HF controls, 36% (5/14) of the colon tumors harbored B-catenin
mutations compared with 79% (11/14) after caffeine posttreatment
(P = 0.022, Pearson’s chi-square test). Although slightly elevated
at 47.1% (8/17) and 40% (10/25) in the colon tumors from the rats
post-treated with EGCG and white tea, respectively, these mutation
frequencies were not significantly different from controls.
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Fig. 2. White tea and caffeine increase colon tumor volume in the rat. Each
data point represents a single colon tumor induced by PhIP/HF treatment (see
Figure 1A for the dosing protocol). *P < 0.05 and ** P < 0.01 compared with
controls. Note that the data include colon tumors from animals that were
euthanized early before the study was terminated at 1 year.

In addition to the increase in B-catenin mutation frequency, caffeine
aiso produced a shift in the B-catenin mutation spectrum (Figure 3B).
Thus, whereas B-catenin mutations were distributed more or less equally
between codons 32 and 34 in controls and in groups given EGCG or
white tea, in the colon tumors from rats post-treated with caffeine all but
one of the mutations was detected in codon 34, and none were seen in
codon 32 (black symbols, Figure 3B). Statistical analyses revealed that
caffeine altered the spectrum of B-catenin mutations significantly com-
pared with controls (P = 0.017, Fisher’s exact test). Codons 32 and
34 represent ‘hot spots’ in Ctnnbl (4) and the corresponding mutations
substitute Asp32 and Gly34, which flank Ser33, a key site for phosphor-
ylation/ubiquitination in human and rat B-catenin (1,2).

B-Catenin and its downstream targets—role of c-myc in tumors
promoted by tea and caffeine

Immunoblots revealed that B-catenin and c-Myc were more highly
expressed in PhIP-induced colon tumors than in adjacent normal-
looking tissue (Figure 4A). In addition, mRNA levels of Crnnbl,
c-niyc, c-jun and cyclin DI were highly overexpressed in colon tumors
compared with adjacent normal-looking tissue and in adjacent normal-
looking tissue compared with normal colonic mucosa from untreated
rats (P < 0.001 using Student’s r-test, see pairwise comparisons in-
dicated in Figure 4B).

The quantitative real-time PCR data were analyzed further, and we
observed that colon tumors from rats given white tea or caffeine, but
not EGCG, had significantly higher mRNA expression levels of c-myc
(P < 0.01 versus controls, Figure 4C). No such association was seen
for Ctnbl, c-jun or cyclin DI and the posttreatment regimen (data not
shown). When plotted as function of the B-catenin mutation status
(Figure 4D), mRNA levels of c-myc were more highly expressed in
colon tumors harboring codon 34 mutations than in tumors with wild-
type B-catenin (P < 0.01) or codon 32 mutations (P < 0.05), and
Ctnnbl mRNA expression also was higher in tumors with codon 34
mutations than wild-type B-catenin (P < 0.01).

Enhanced cell proliferation and reduced apoptosis during colon
tumor promotion by white tea and caffeine

Immunostaining for BrdU incorporation revealed an expansion of the
colonic crypt zone of cell proliferation in groups post-treated with
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Fig. 3. Altered frequency and spectrum of B-catenin mutations in colon tumors. (A) B-Catenin mutations were screened by PCR-based single-strand conformation
polymorphism analysis and direct sequencing, as before (3,4,13). Incidence data show the number of confirmed mutations/total samples analyzed by single-strand
conformation polymorphism, above each corresponding bar. (B) Mutations were localized almost exclusively to codons 32 and 34 of the Ctnnbl, except for

a codon 41 mutation in the caffeine group, which also completely lacked the codon 32 mutants detected in other groups. Data shown in the figure include colon
tumors from animals that were euthanized before the study was terminated at 1 year. :

caffeine and white tea, but not EGCG. The BrdU-labeling index, de-
termined for the entire crypt column, was 12.1 + 1.1% and 133 =
0.5% in rats post-treated with white tea and caffeine, respectively,
and augmented significantly versus 9.7 + 0.9% in the PhIP/HF con-
trols (P < 0.05, Figure 5A). The corresponding index for cleaved
caspase-3, a measure of apoptosis, was 1.11 + 0.38% and 0.68 +
0.19% in rats post-treated with white tea and caffeine, respectively,
which was significantly <2.44 + 0.43% in the controls (P < 0.05 and
P < 0.01, respectively, Figure 5B). Upon closer inspection, apoptotic
cells were located mainly in the extreme apical crypt region for con-
trols, but further down the crypt in rats post-treated with caffeine
(Figure 5B). Cell proliferation and apoptosis indices were unaffected
by posttreatment with EGCG. It is noteworthy that in rats given ve-
hicle (no PhIP) and post-treated with white tea or caffeine, but not
EGCG, the apoptosis index also was attenuated significantly versus
the corresponding controls (data not presented).

Discussion

Ubagai et al. (7) described a protocol for the efficient induction of
large intestine tumors in the rat by intermittent administration of PhIP
and a HF diet. Specifically, 2 weeks of PhIP treatment at 400 p.p.m. in
the diet were followed by 4 weeks of HF diet, which was repeated
three times, ending with continuous feeding of HF diet for 42 weeks—
this regimen produced a final incidence of large intestine tumors
similar to that seen with continuous dietary PhIP treatment for an
entire year (7). Although it reduced dramatically the amount of PhIP
needed to produce colon tumors in the rat, we modified the protocol in
order to further optimize carcinogen use. We also sought to eliminate
HF exposure in the latter part of the study to facilitate post-initiation
experiments with phytochemicals. Thus, PhIP was given by oral ga-
vage at a dose (50 mg/kg body wt/day) that was matched to the daily
carcinogen intake from 400 p.p.m. PhIP in the diet, and after three
such cycles of PhIP/HF treatment, standard AIN-93M diet rather than
HF diet was given until the study was terminated at 1 year. Using this
modified protocol, the colon tumor incidence was 41.6%, comparable
with the 45% incidence reported by Ubagai et al. (7). Animals in the
PhIP/HF control group developed a wide spectrum of tumors (Table I)
and less than one-third survived tumor free for 1 year (Figure 1). Rats
were euthanized early due to the presence of Zymbal’s gland tumors
and/or skin lesions or after the appearance of blood in the stools,
which was usually indicative of bleeding into the gastrointestinal tract
from one or more tumors in the large or small intestine.

We reported previously (12) that white tea, EGCG and caffeine
protected in the rat against PhIP-induced ACF, which are putative

preneoplastic lesions and used as biomarkers of final colon tumor
outcome (16-18). However, in the present investigation, EGCG had
no inhibitory effect, and white tea and caffeine promoted rather than
suppressed colon tumors. It is unclear whether this reflects a basic
limitation of ACF as biomarkers of tumor outcome, as reported by
others for genistein and cholic acid (19-21), or alternatively that
caffeine and white tea exert a true biphasic response in the rat colon,
being beneficial (protective) during short-term treatment but delete-
rious (promotional) after prolonged exposure. Importantly, however,
we observed that caffeine offered significant protection in other target
organs of PhIP-induced tumorigenesis (Table I). The cumulative re-
sults include animals that died early, but the overall trends were sim-
ilar in each of the treatment groups for rats that survived to 1 year
(data not shown). We interpret this as evidence that protection by
caffeine in other target organs was real, and not due to fewer rats
surviving to 1 year. Previously (22), caffeine was reported to protect
against PhIP-induced mammary tumors in female rats but also pro-
moted tumor formation in the colon,

Consistent with their tumor-promoting activities, caffeine and
white tea altered colonic crypt homeostasis by enhancing cell pro-
liferation versus apoptosis (Figure 5). Similar findings were obtained
before in rats given chlorophyllin or indole-3-carbinol, and colon
tumor promotion was associated with a shift in the B-catenin mutation
spectrum (3,4). Thus, we rationalized that a likely mechanism for
tumor promotion by white tea and caffeine might be via the dysregu-
lation of B-catenin/Tcf signaling since B-catenin mutation and in-
creased P-catenin expression are clearly associated with tumor
progression (1). An increase in B-catenin mutations thus would be
consistent with enhanced tumor growth by caffeine and white tea.

An increase in B-catenin mutation frequency coupled with a shift in
the B-catenin mutation spectrum indeed was observed in colon tumors
from rats post-treated with caffeine, but not white tea, indicating that
B-catenin mutation status alone could not explain the promotional
activities seen here. The colon tumors from rats given caffeine har-
bored codon 34 B-catenin mutants at a higher frequency than codon 32
mutants, suggesting that one or more promotional mechanisms ‘se-
lected’ certain oncogenic forms of B-catenin to progress in preference
to others. We do not know the reason for this apparent selection
pressure, given that oncogenic B-catenin mutants with substitutions
at either Asp32 or Gly34 were equally effective in activating
a B-catenin/Tcf-responsive reporter construct (3,23).

Downstream targets of B-catenin/Tcf were highly expressed in co-
lon tumors, namely c-myc, c~jun and cyclin D1 and so too was Ctnnbl
mRNA itself. Overexpression of B-catenin protein therefore might
arise due to mutational events that stabilize the B-catenin protein
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Fig. 4. Overexpression of B-catenin and B-catenin/Tcf target genes in rat
colon tumors induced by PhIP/HF treatment. (A) Immunodetection of
B-catenin and c-Myc in colon tumors (T) and adjacent normal-looking tissue
(N). The loading control was f-actin. Blots shown are representative data
from more than a dozen tumors, each with mutations in Ctnnb! codon 32
(32M), codon 34 (34M) or wild-type (WT), respectively. (B) Quantitative
real-time PCR was used to examine Ctnnbl, c-myc, c-jun and cyclin D1
mRNA levels, normalized to glyceraldelryde-3-phosphate dehydrogenase
(Gapdh). Data = mean + standard error, * " P < 0.001. (C) Quantitative
real-time PCR data for c-myc (mean *+ standard error) plotied as a function of
postireatment regimen; "*P < 0.01 versus controls. No significant
differences were seen for the corresponding data on c-jun, cyclin DI or
Cmnnbl (data not shown). (D) Quantitative real-time PCR data for Ctnnbl
and c-myc (mean + standard error) plotted as a function of B-catenin mutation
status. " P < 0.05, P < 0.01; NS, not significant. No significant changes
were seen for corresponding data on c-jun and cyclin DI (data not shown).
Data in the figure are cumulative and include colon tumors from animals that
were euthanized before the study was terminated at 1 year.
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(1) or via dysregulation of Crnnbl expression at the transcriptional
level, as reported for 1,2-dimethylhydrazine-induced colon tumors
(13). Importantly, among the three B-catenin/Tcf target genes exam-
ined, only c-nmyc showed any concordance with tumor promotion by
white tea and caffeine (Figure 4C). Thus, rather than B-catenin, c-Myc
overexpression may be important in the promotional mechanism of
white tea and caffeine. In its capacity as an ataxia telangiectasia
mutated/ATM and Rad3-related kinase inhibitor, caffeine was re-
ported to prevent p53 accumulation upon activation of c-Myc or
E2F1 (24). We recently described a pathway in which overexpression
of c-Myc elevated E2F! and enhanced Bcl-2 levels, resulting in sup-
pression of apoptosis (25). Suppression of apoptosis in the present
study was evident for caffeine and white tea using cleaved caspase-3
as a biomarker, in animals treated with PhIP/HF diet and also in the
negative controls given three cycles of vehicle/HF diet. However, we
did not examine the possible role of E2F1, Bcl-2 or p53 in the pro-
motional mechanism of caffeine and white tea in the rat colon, and
this is worthy of future study.

Finally, it is important to note that a substantial literature exists on
tea and coffee consumption in humans, which does not indicate an
adverse effect on tumor outcome—indeed, some studies suggest a pro-
tective role for these caffeinated beverages. For example, Tavani et al.
(26) reviewed epidemiological studies for the period 1990-2003 on
coffee, decaffeinated coffee and tea and cancer of the colon and
rectum. For coffee consumption, most case—control studies found risk
estimates below unity for colon cancer, but no relation for rectal
cancer. A meta-analysis of 5 cohort and 12 case~control studies found
a pooled relative risk of 0.75 for colon cancer, which was significant.
No such relationship was seen for tea or decaffeinated coffee. A more
recent meta-analysis (27) concluded that ‘despite the strong evidence
from in vitro and non-human in vivo studies in support of green and
black tea as potential chemopreventive agents against colorectal can-
cer, available epidemiologic data are insufficient to conclude that
either tea type may protect against colorectal cancer in humans’. In
light of the findings from the present investigation and the increased
risk for colorectal adenoma associated with meat cooked at high
temperature (28), it would be interesting to reassess the epidemiolog-
ical evidence for possible increased risk of colon cancer in a subset of
individuals consuming tea (or coffee) plus large amounts of cooked
meat and a HF diet.

In summary, we report here that in rats treated with three short
cycles of PhIP/HF diet, post-initiation exposure to white tea and caf-
feine promoted rather than suppressed colon tumorigenesis, whereas
EGCG had no effect. Caffeine increased the frequency of f-catenin
mutations, and the colon tumors harbored almost exclusively B-catenin
mutants with direct substitutions of Gly34. One important conclu-
sion from these studies is that the final spectrum of B-catenin mu-
tants in colon tumors is clearly influenced by exposure to dietary
phytochemicals, as reported before for chlorophyllin and indole-3-
carbinol (3,4). There was no direct concordance between the changes
in tumor outcome and the expression of $-catenin or its downstream
target genes. However, c-Myc was identified as a possible key player
in the promotional mechanism of white tea and caffeine. Caffeine
protected in other target organs of PhlP-induced tumorigenesis, sug-
gesting a complex pattern of tumor modulation, in line with the gen-
eral heterogeneity noted in human epidemiology studies of
caffeinated beverages.

Supplementary material

The colour version of figure 5 can be found at http://carcin.
oxfordjournals.org/
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Abstract.

Life style-related diseases are associated with an increased risk of colorectal cancer

(CRC). Recently, an association has been demonstrated between obesity and CRC. CRC has been
associated with markers of insulin or glucose control, and insulin resistance might be the unifying
mechanism by which several risk factors affect colorectal carcinogenesis. We evaluated the
association between the number of aberrant crypt foci (ACF) and obesity, insulin resistance,
hyperlipidemia, and other factors of life style-related disease. As a result, age, body mass index
(BMI), waist circumference, and visceral fat obesity were significantly associated with the
number of ACF. These results suggest that visceral fat obesity is an important target for CRC
prevention. Peroxisome proliferator-activated receptor gamma (PPARy) is a member of the
nuclear receptor superfamily and is highly expressed in CRC. PPARy ligand administration for
I to 8 months significantly reduced the number of ACF in human subjects. PPARy ligand is a
promising candidate as a chemopreventive agent. Further investigation is needed to elucidate

these mechanisms.

Keywords: life style-related disease, colorectal cancer, chemoprevention,
aberrant crypt foci (ACF), peroxisome proliferator-activated receptor gamma (PPARy)

Introduction

A diet rich in fat and calories and low intake of
vegetable, fruits, and fibers are referred to as a Western
diet. Chronic conditions including obesity, diabetes,
hyperlipedemia, hypertension, and cardiovascular dis-
ease have been shown to be associated with a Westermn
diet, alcohol intake, and smoking. Indeed, obesity has
been reported to be associated with an elevated risk of
cardiovascular disease, diabetes, and mortality (1 —4).
Especially, visceral fat obesity is increasing and is
becoming a significant social problem. Recently, these
life styles have also been shown to be correlated with
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increase in colorectal cancer (CRC) risk.

CRC is a disease with a high mortality and morbidity
rate, and currently, its prevalence has been increasing
worldwide. On the other hand, CRC is potentially one of
the most preventable malignancies (5, 6). Correction of
the life styles mentioned above may have a major
potential for CRC prevention. On the other hand, early
detection of CRC or CRC precursor lesions may be
promoted by screening of the population at high risk. In
addition, chemoprevention, the use of medications to
prevent disease, has now been extensively explored in
CRC. Some of these interventions, such as supplemental
fibers, calcium supplementation, aspirin, nonsteroidal
anti-inflammatory drugs (NSAIDs), and selective cyclo-
oxygenase (COX)-2 inhibitors, have been shown to have
a potential to reduce both CRC and colorectal adenomas.
CRC is thought to progress through several morpho-
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logical stages, from the formation of adenomatous
polyps to malignant conversion (7). Genetic alterations
including mutations in the APC, K-ras, and p53 genes
have been reported to accompany the disease progres-
sion (8). The earliest identifiable lesion in this pathway
may be the aberrant crypt foci (ACF). ACF are pre-
polyp abnormalities identified in single crypts by magni-
fying colonoscopy after the administration of methlyene
blue dye. Therefore, ACF may be a surrogate marker of
CRC, and analysis of the association between clinico-
pathological variables and ACF formation may be of
great significance.

Diabetes, obesity, and CRC

Diabetes, obesity, hyperinsulinemia, and insulin resis-
tance have been repeatedly shown to be associated with
CRC (9 - 14). Diabetes was associated with an increased
risk for CRC in cohort studies, in accordance with pre-
vious studies that demonstrated that diabetes is a
moderate risk factor for CRC. Overweight, obesity, or
high BMI has been consistently associated with in-
creased risk for CRC incidence and mortality, at least in
men and premenopausal women (15— 18). The WHO
definition of the life style-related disease allows the use
of a body mass index (BMI) of at least 30 kg/m? instead
of waist circumference or waist-to-hip ratio (19).

ACF as a biomarker of CRC

ACF, which represent clusters of aberrant colorectal
crypts, were first discovered in mice treated with
azoxymethane (20). ACF have been demonstrated to be
precursor lesions of CRC, and with further investiga-
tions, ACF have been established as a biomarker of the
risk of CRC in azoxymethane-treated mice and rats (21).
In humans, the relationship between ACF and CRC is
less clear. The number of ACF was measured using
magnifying endoscopy, but the association between
ACF and CRC was only partially evident. ACF,
however, are also thought to be precursor lesions of
colorectal adenoma and CRC in humans (22). Many
factors are known to be associated with increased or
decreased risk of CRC. Among them, only history of

adenomas, age, and the use of NSAIDs have been

examined in relation to the development of ACF. The
relationships of other factors to the occurrence of ACF
in the colon remain unknown.

In the rat model, the formation of ACF was enhanced
by cancer promoters and suppressed by chemopreven-
tive agents (23). ACF has also been reported in colonic
mucosa in humans (24, 25). Patients with CRC had
more ACF with K-ras mutations than those without

Table1. Relationships between selected risk factors for colorectal
cancer and the number of ACF in the colorectum

Risk factors Correlation coefficient P-value
Age (years) 0.256 0.0121*
BMI 0.263 0.0044*
Waist (cm) 0.370 0.0003*
Fasting blood sugar 0.021 0.7575
HOMA-IR 0.263 0.6174
Total cholesterol 0.263 0.4771
Triglyceride 0.263 0.2049
VFA (cm?) 0.512 <0.0001*
SFA (cm?) 0.108 0.2091

*P-values <0.05 were considered to denote statistical significance.
HOMA-IR: homeostasis model assessment of insulin resistance.

CRC. These results suggest that ACF are not only
morphologically but also genetically distinct lesions and
are precursors of adenoma and CRC.

ACF and visceral fat obesity

The association between the number of ACF and
age, BMI, waist circumference, diabetes, serum lipid,
visceral fat area (VFA), and subcutaneous fat area (SFA)
were evaluated (Table 1). Our findings indicate that age,

‘BMI, waist circumference, and VFA were significantly

associated with the number of ACF. Especially, VFA
was strongly associated with the number of ACF.
Visceral fat tissue is known as an endocrine organ that
secretes adipocytokines such as TNF-a, leptin, and
adiponectin. These adipocytokines and/or the visceral
fat itself may play an important role in colon carcino-
genesis. The number of ACF increased with age.
Genetic and epigenetic alterations accumulate with
advancing of age; therefore, the increased risk of ACF
formation with age may be mainly influenced by these
genetic alterations.

Chemoprevention for CRC

Chemoprevention, the use of medications to prevent
disease, has now been extensively explored in CRC.
Supplemental fibers, calcium supplementation, aspirin,
NSAIDs, and selective COX-2 inhibitors have a
potential to reduce both CRC and colorectal adenomas.
Higher doses and longer durations of use of NSAIDs
and COX-2 inhibitors seem to be associated with greater
protection from CRC and adenoma. However, these
agents are associated with significant cardiovascular
events and/or gastrointestinal damage. The balance of
benefits to risk does not favor chemoprevention by these



