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Abstract

Aberrant crypt foci (ACF) are recognized as preneoplastic lesions for colon cancer, and ACF in rodents are
widely used asan intermediate biomarker to predict tumorigenicity in the colon. However, alack of correlations
between the for mation of ACF and the development of colonic tumorshas been reported in several studies. For
example, 2-(carboxyphenyl) retinamide (2-CPR) and genistein were reported to inhibit the carcinogen-induced
formation of ACF, whereas both of them were later found to enhance colon tumorigenesisin rats treated with
azoxymethane (AOM). Recently, we have identified B-catenin-accumulated crypts (BCAC) in the colon of rats
shortly after administration of AOM, and provided evidence that these areindependent early lesions of classical
ACF, and BCAC might bedirect precursorsfor colon cancers. Inthe present study, we performed a compar ative
analysis of the modifying effects of 2-CPR and genistein on 1,2-dimethylhydrazine (DM H)-induced BCAC and
ACF in male F344 rats. Dietary administration of 2-CPR (315 ppm) significantly reduced the total number,
multiplicity and sizeof ACFin DM H-exposed colonic mucosa, whilegenistein (250 ppm) had no significant effects
on DM H-induced ACFformation. In contrast, both of 2-CPR and genistein significantly enhanced themultiplicity
and size of DM H-induced BCAC when compared with DM H alone group. I n addition, both 2-CPR and genistein
significantly increased the proliferating cell nuclear antigen (PCNA) index preferentially in BCAC. Together
with previousfindingsthat 2-CPR and genistein aretumor promoter sin thecolon, our resultssupport the concept
that BCAC areprecur sorsof colon tumor sand suggest that theselesionsaremorereéliable short-term biomarkers
for colon carcinogenesisin rodentsthan ACF.
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I ntroduction (McLellan, et al., 1988). To date, ACF have been accepted
as possible preneoplatic or precancerous lesions of

Colon cancer is one of the leading causes of canceplorectal cancers. A number of pathological and
morbidity and mortality in the world. This malignancy biochemical characteristics of rodent ACF have been
has been regarded as one of the most preventable foridentified. Increased expression of c-fos and cyclin D1
of visceral cancers, and a number of studies for itwere associated with ACF (Otori et al., 1999, Stopera et
chemoprevention have been attempted (Reddy, et abl., 1993, Stopera et al., 1992), and frequent K-ras gene
2005). To detect early appearing lesions in the colorectatutation has also been found in ACF (Stopera, et al., 1992,
carcinogenesis is particularly important, since such celfachino et al., 1995). Although rodent ACF have been

population can be useful for a reliable surrogate biomarkersed as biomarkers for screening effective
on chemoprevention of large bowel cancers. chemopreventive agents or for risk assessment of chemicals

Aberrant crypt foci (ACF) were initially identified in the environment (Kawabata, et al., 2000, Yoshimi, et
topographically by Bird on the colonic mucosa of rodentgl., 1997), several previous studies have revealed a lack of
exposed to colon-specific carcinogens (Bird, 1987). ACForrelations or discrepancy between tumor development
were defined as crypts that: have altered luminal openinggnd induction of ACF (Magnuson et al., 1993, Pereira et
exhibit thickening of the epithelium; and are larger tharl., 1994, Rao et al., 1997, Zheng et al., 1999).
adjacent normal crypts (Bird et al., 1989). Several other Recently, by using en face preparations of the colonic
colon-specific carcinogens including 1,2-dimethyl-mucosa of rats exposed to colon specific carcinogen, we
hydrazine (DMH) were also shown to induce ACFidentified “B-catenin accumulated crypts (BCAC)” with a
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T:jﬂ-" i-..l’ §¥T" W 3W enhance colon tumorigenesis (Pereira et al., 1994; Rao et

e N {ﬂ,‘ ~al., 1997; Zheng et al., 1999), on the formation of DMH-
induced ACF and BCAC in the colon of rats. To detect
mode of actions of these modifying agents, we also
evaluated the proliferating cell nuclear antigen (PCNA)
index to assess whether 2-CPR or genistein affects cell
proliferation activity in such early lesions.

staining Materialsand M ethods

number of different morphological properties from thos@nimals, diets and chemicals
of classical ACF (Figure 1) (Mori, et al., 2004, Yamada, et Four-week-old male F344 rats were obtained from
al., 2000, Yamada, et al., 2001). BCAC reveal histologicghpan SLC Inc., Hamamatsu, Japan. DMH, 2-CPR and
dysplasia and are frequently accompanied by Paneth cejsnistein were purchased from Sigma-Aldrich Chemical
(Yamada et al., 2001) (see Figure 1). Importafibatenin - Co., NARD Institute Ltd.(Japan), and TCI (Tokyo),
gene mutations, which are observed in most colon tumagsspectively. All experimental diets were formulated based
in rats (Takahashi, et al., 1998), were also found frequenigy the composition of AIN-76A diet (CLEA Japan, Tokyo).
in BCAC (Yamada et al., 2003). The number of the cryptgnimals were housed to wire cages (2-4/cage) in an animal
lesion and histological abnormality of BCAC significantlyholding room under controlled conditions with=23C,
increase with time (Yamada et al., 2001). Interestingl$0+10% humidity, and 12h light/dark cycles. They were
frequency of-catenin mutations was higher in BCAC tharallowed ad libitum access to AIN-76A control diet and
that of ACF and cell proliferative activity in BCAC is alsowater.
higher than ACF. Furthermore, a selective inhibitor of
cyclooxygenase-2, a promising chemopreventive ageBkperimental procedure
against colon carcinogenesis, also suppressed the formationFour-week-old male F344 rats were divided into 6
of BCAC in AOM-treated rats, and the effect is strongegroups (Figure 2). Beginning at 5 weeks of age, rats in
than that in ACF (Yamada et al., 2001). These findinggroups 2 (n=10) and 4 (n=5) were fed the AIN-76A diet
suggest that BCAC are more likely to be direct precursogdntaining 2-CPR (315 ppm) and continued on this diet
for colon cancers. until the end of the experiment. Rats in groups 3 (n=10)
The purpose of the present study was to assess whethgdl 5 (n=5) were given genistein (250 ppm) diet throughout
the colonic BCAC are sensitive and reliable short-terithe experiment. The other groups were fed with the control
biomarkers for colon carcinogenesis. Here we examineniet_ Beginning at 6 weeks of age, rats in groups 1 (n:lo),
the modulating effects of 2-CPR and genistein, which wetg and 3 received DMH s.c. injection at a dose of 30 mg/
reported to inhibit ACF formation and were also found t&g body weight, once a week for three consecutive weeks.
Rats in groups 4, 5, and 6 (n=5) intended for vehicle

4 5 6 7 8 14w treatment received the same volume of saline. At 14 weeks
of age, all animals were killed with ether anesthesia. Their
Group 1 ’ DMH alone \ 10rats colons were removed, slit open longitudinally, and washed
1 11 with phosphate-buffered saline (PBS). Then, they were
Group 2 | | owre2.cPR 315ppm |10ras  fixed with 4% paraformaldehyde in 0.1 M PBS (pH 7.4)
t 1t 1 for 24 h at 4°C for ACF and BCAC analysis.
Group 3 | Il o+-cerisiin zsoron [N ° =5 |dentification of ACF and BCAC
1 1 All colons were stained with methylene blue for
Group 4 | | 2-CPR 315ppm \ 5rats determining the frequency, multiplicity and size of ACF
T 1T 1 under a light microscope. ACF were recorded according
Group s | - p——— - 5 rats to standard procedurgs that are rout_inely used in our
laboratory. The criteria used to identify ACF were as
T r 1 follows: they are larger and elevated above the adjacent
Group 6 | Control | srats normal crypts with thickened cell walls lining the crypt
T 1T 1 and increased pericryptal area. For measurement of

diameters of ACF, colons from three rats in each group
. . L were selected randomly and evaluated. After removing
Figure 2. Experimental protocol. Rats were divided into e recta| sides (1 cm from the anus), all colons were then
6 groups. Beginning at 5 weeks of age, the basal dietary wi t into four segments (distal, medium-distal, proximal-

and without 2-CPR (315 ppm) or genistein (250 ppm) was startei . . : _
and continued until end of the experiment. After a week, rats imed'um and proximal) with equal length (~3cm each). The

groups 1, 2, and 3 received DMH s.c. at a dose rate of 30 mg/€istal, medium-distal, and proximal-medium segments
body wt, once a week for 3 successive weeks. The left grou;ﬁ@m all the colons were examined for identification of

intended for vehicle treatment received the same volume of salinBCAC in the present study. They were embedded in
At 14 weeks of age, all animals were killed, then their colonparaffin blocks utilizing en face preparation and processed
were prepared for ACF and BCAC analysis. by conventional histological methods. Serial sections with

' 1,2-Dimethylhydrazine (30mg/kg bw) ﬂ
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4 um thickness from a total of 135 segments (30, 30, 3QResults
15, 15 and 15 segments from groups 1, 2, 3, 4, 5 and 6,
respectively) were used. Two and four sections from th&eneral observation
10 serial sections of each colonic segment were selected The average body weights of rats in groups 1-6 at the
for immunohistochemistry g#-catenin and hematoxylin end of the experiment were 2209, 254+ 10, 261+ 13,
and eosin staining, respectively. The labeled streptavidire54 + 14, 272+ 24 and 268 30 grams (meanA}SD),
biotin method using an LSAB kit (Dako, Glostrup, respectively. The body weights of animals fed the 2-CPR
Denmark) with microwave accentuation was performediiet (group 2 and 4) were significantly less than that of
for immunohistochemical analysis. control diet group (group 6). However, the lower body
After deparaffinization, sections were treated with 3%weights did not relate to BCAC induction, as the rats treated
hydrogen peroxide for the 10 min and incubated with 2%ith 2-CPR but without DMH (group 4) were not found
bovine serum albumin for 30 min. Then the sections werg develop BCAC in their colons. There were no gross
incubated with a primary antibody against beta-cateniabnormalities or signs of toxicity observed in any of the
(1:1000, Transduction Laboratories, Lexington, KY).groups.
Negative control using the serial section was prepared in
the same manner but the primary antibody omittedACF data
Horseradish peroxidase activity was visualized by To evaluate the effects of dietary 2-CPR and genistein
treatment with hydrogen peroxide and diaminobenzidinen the DMH-induced ACF formation, we first examined
for 5 min. In addition to histological abnormality, the ACF on the surface of unsectioned colonic mucosa with
lesions with increased immunopositivity in the cytoplasnthe conventional methods that are routinely used in our
and /or nucleus were considered as BCAC. As observégboratory. Data for ACF are summarized in Table 1.
previously, ACF showed little accumulation of beta-Administration of 2-CPR in the diet (group 2) significantly
catenin, less nuclear atypia than BCAC, and no metaplastigduced the total number, multiplicity and size of DMH-
change was observed. The frequency (number of lesiorigsduced ACF as compared with the control diet (group 1).
cm2), multiplicity (number of crypts/lesion) and size However, treatment with genistein (group 3) had no
(average of the longest and shortest diameters) wegignificant effects on DMH-induced ACF formation. In
measured on each section. the saline-treated groups (groups 4, 5 and 6), there was no
evidence of ACF formation. As shown in Figure 3, the 2-
Immunohistochemistry of proliferating cell nuclear antigen ~ CPR diet significantly inhibited the development of large
(PCNA) ACF containing >4 aberrant crypts/focus.
Immunohistochemical staining for PCNA was
performed by the streptavidin-biotin method as describeBCAC data
above (Dako). The sections were incubated with an anti- Data are summarized in Table 2. Exposure to 2-CPR
PCNA antibody (monoclonal mouse anti-Proliferating cellor genistein in the diet (groups 2 or 3) significantly
Nuclear Antigen; Dako; 1:100 dilution). For determinationincreased crypt multiplicity and the sizes were also
of PCNA-positive index, 7~25 crypts in each lesion (ACFsignificantly larger in rats fed 2-CPR and genistein  than
BCAC) were examined. The number of PCNA positivelythat in rats with control diet. As shown in Figure 4, the
stained nuclei in each crypt was recorded. The PCNAumbers of large BCAC witke7 crypts/lesion were
positive index (number of positive stained nuclei x 100kignificantly increased in rats fed the 2-CPR or genistein
total number of nuclei counted) was then calculated.  diet as compared with those fed the control diet (group 1).
We observed a tendency to increase the number of BCAC
Satistical analysis by 2-CPR or genistein, however, there was no significant
Results of BCAC and ACF were analyzed statisticalllifference. These results indicate that the 2-CPR or
by Students’t test or Welch’ t test. P values of <0.05 wergenistein diet significantly enhanced the development of
considered significant.

Table 1. Effects of dietary 2-CPR and Genistein on the Frequency, M ultiplicity and Sizes of ACF

Control 2-CPR Genistein
Frequency (per colon) 353:347.6 (10} 284.4+ 65.7 (10) 381.4- 92.6 (10)
Multiplicity 2.84+1.30 (3276) 2.7& 1.3P (2789) 2.86: 1.51 (3810)
Size (diametenm) 197.8+ 70.7 (349) 183.2 66.3 (292) 192.9- 63.6 (182)

IMean:=SD PcSignificantly different from control diet group by Student’s t test at p<0.05, p<0éa in brackets are for numbers
of animals or lesions

Table 2. Effects of dietary 2-CPR and Genistein on the Frequency, Multiplicity and Sizes of BCAC

Control 2-CPR Genistein
Frequency (per cf 2.05+0.70 (7Y 217+1.30 (7) 23%0.79 (7)
Multiplicity 2.76 = 2.00 (136) 3.38 2.52 (145) 3.37= 2.56 (156)
Size (diametepm) 85.9+ 32.5 (136) 94.5 37.%9 (145) 100+ 45.2 (156)

aMean:SD P<Significantly different from control diet group by Welch t test at p<0.05, p<@.D@afa in brackets are for numbers of
animals or lesions
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Huilan Zhi et al Nevertheless, some data have given an evidence of a lack

141 of correlations between tumor development and induction
F T mou of ACF (Rao et al., 1997; Zheng et al., 1999). Such data
10 - T also imply the possibility that ACF analysis generated some
false positive or negative results in the screening assay.
iA Previous studies have reported that 2-CPR and genistein,
1 2

b al AL

I
.= Which have very potent effects in preventing the formation
.‘r‘; . i_l of ACF, enhanced, rather than prevent, colon tumorigenesis
L e — in rats treated with AOM (Rao et al., 1997; Zheng et al.,
ooy or s #1999, Zheng, et al., 1997). In this study, we investigated
Figure3. Effectsof Dietary 2-CPR or Genisteinonthe  the modulatory effects of dietary 2-CPR or genistein on
Multiplicity of ACF. Error bars represent SD. * p<0.05the formation and development of two types of colonic
vs. DMH alone early lesions, BCAC and ACF by use of DMH-induced
rat colon carcinogenesis model. Consistent with previous
findings, administration of 2-CPR significantly reduced
the total number, the multiplicity and the size of ACF as

1]
L 1]
Fil
A
a

[{¥
. : ::2::: PR compared with those with the control diet. In contrast, we
- DM -wemisigin could not detect any effect of genistein on ACF expression.

It is noteworthy that both of 2-CPR and genistein
significantly increased crypt multiplicity and size of
BCAC. Together with the previous findings that 2-CPR

i—l‘ Y e and genistein acted as tumor promoters in the colon, our
results suggest that BCAC are a reliable short-term
‘J-l =T
44 T-i1 [

Mo ol BT

4 e B

‘:__ biomarker for colon carcinogenesis in rodents. Present
. findings are supported by our recent findings that cholic

LB
I-3 7
Figure4. Effectsof Dietary 2-CPR or Genistein on the
Multiplicity of BCAC. Error bars represent SD. * p<0.05
#p<0.01 vs. the DMH alone

acid, a typical tumor-enhancing chemicals, was found to
decrease formation of ACF in rats, but it promoted the
development of AOM-induced BCAC (Hirose et al., 2003).
The precise mechanisms in which 2-CPR has opposing
effects on the formation of ACF and BCAC are not clear.
In humans and rodents, ACF harbor frequent K-ras
mutations (Pretlow et al., 2005), and mouse strains carrying
oncogenic alleles of K-ras develop ACF in the colon
(Johnson et al., 2001). Meanwhile, frequent b-catenin
mutations are detectable in rat BCAC (Yamada et al., 2003),
and ApcMin/+ mouse, which has mutation at the Apc gene,
develops a number of BCAC in the colon (Yamada et al.,

in T
.: ﬁ_ 2002; 2003). The findings imply that the K-ras activation

A B A is associated with the formation of ACF, whereas the

Figure 5. PCNA-labeling indicesin ACF and BCAC. activation .of b-catenin signaling pathway is involved in

Error bars represent SD. * p<0.05 vs. DMH alone the formathn of BCAC. Suppressmg effects of 2-CPR on

the formation of ACF observed in this study may be

BCAC, but not ACF, suggesting that the expression odttributable to inhibitory effect of 2-CPR on the K-ras
BCAC is more related to the tumor promoting effects ofictivation. Indeed, a recent study also suggests that Ras

A b lasg indaw "l
g

[ ]

2-CPR and genistein. signaling pathway is one of the chemopreventive targets
of retinoids (Tsai et al., 2006). It is interesting to note that
PCNA-labeling indices of ACF and BCAC ApcMin/+ mice develop numerous intestinal tumors as

The PCNA-labeling indices in ACF and BCAC were well as BCAC, whereas activated K-ras mice develop only
shown in Figure 5. The mean PCNA-labeling indices irACF but no tumors in their colon, suggesting that BCAC
BCAC of group 2 and 3 were significantly higher thanare direct precursors for colon tumors. Our findings that
that of group 1, while those in ACF have no significan2-CPR or genistein, which have been reported to be tumor-

differences between group 1 and groups 2 or 3. promoters in the colon, enhanced the growth of BCAC,
support the notion that BCAC are direct precursors of colon
Discussion tumors.

The fact that administration of 2-CPR or genistein

ACF, like an enzyme-altered foci in rodentpromoted the growth of BCAC, but not the incidence of
hepatocarcinogenesis (Ito, et al., 1992), have come to B&EAC suggests that they act in the promotion phase rather
generally accepted as putative preneoplatic or precancerdh@n initiation phase. Cell proliferation has long been

lesions for colorectal cancers (Bird, 1995). ACF have beggnown to play a significant role in the promotion and
proposed as a biomarker for short-term screening asspyogression stage of carcinogenesis. In addition, PCNA
for potential carcinogens and chemopreventive agents gfdex in colonic crypts is regarded as a putative
colon cancer (McLellan et al., 1988; Pereira, et al., 1991htermediate marker for colon cancer risk (Yamada et al.,
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1992) and many chemopreventive agents exert thefiereira MA, Barnes LH, Rassman VL, et al (1994). Use of
inhibitory action through reduction of the cell proliferating  azoxymethane-induced foci of aberrant crypts in rat colon to
activity in the target tissues (Kawabata et al., 1999, Yoshimi identify potential cancer chemopreventive agents.
et al., 1999). In this study, PCNA-labeling index was Carcinogenesis, 15, 1049-54.

increased in DMH-induced BCAC, but not in ACF by Pereira MA, Khoury MD (1991). Prevention by chemopreventive

administration of tumor promoting 2-CPR or genistein. agents of azoxymethane-induced foci of aberrant crypts in

: . - o rat colon.Cancer Lett, 61, 27-33.
The re.SL.JI.t S SqueTSt that Incr.eased prolllferatlve activity cgretlow TP, Pretlow TG (2005). Mutant KRAS in aberrant crypt
cells initiated with a carcinogen might account for

. Lo foci (ACF): initiation of colorectal canceBtochim Biophys
promoting effects of 2-CPR and genistein. Acta, 1756, 83-96.

In conclusion, this study reports the opposing effectRao cv, wang CX, Simi B, et al (1997). Enhancement of
of dietary 2-CPR and genistein on the formation of two experimental colon cancer by genisteGancer Res, 57,
different types of early lesions of colon carcinogenesis. 3717-22.
Dietary 2-CPR and genistein, tumor-enhancing agent&eddy BS, Rao CV (2005). Chemoprophylaxis of colon cancer.
promote the formation of BCAC, supporting the  Curr Gastroenterol Rep, 7, 389-95. o
proposition that BCAC are not only precursors of Co|0n3topera SA, Bird RP (1993). Effects of all-trans retinoic acid as

cancers but also a suitable short-term biomarker for colon 2 Potential chemopreventive agent on the formation of
. . azoxymethane-induced aberrant crypt foci: differential
carcinogenesis.

expression of c-myc and c-fos MRNA and protdint. J
Cancer, 53, 798-803.
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