
(CANCER RESEARCH 51, 6388-6392. December 1. 199I|

Advances in Brief

Demonstration of the Need for End Point Validation of Putative Biomarkers:
Failure of Aberrant Crypt Foci to Predict Colon Cancer Incidence1

W. Elaine Hardman, Ivan L. Cameron,2 David W. Heitman, and Edward Contreras

Department of Cellular and Structural Biology, University of Texas Health Science Center at San Antonio, San Antonio, Texas 78284

Abstract

Seven-week-old Sprague-Dawley rats were fed a semipurified AIN76
diet and were given a weekly injection of the colon carcinogen 1,2-
dimethylhydrazine for 8 weeks (initiation stage of carcinogenesis). The
rats were divided into seven groups and each group of rats was placed on
one of seven different modifications of the AIN76 diet for the next 24
weeks (promotional stage of carcinogenesis). The mean numbers of
aberrant crypt foci/rat and the incidence of adenocarcinomas from some
of the seven dietary groups were found to be significantly different.
However, all attempts to show a significant correlation between the mean
number of aberrant crypt foci/rat and the incidence of adenocarcinomas
failed. Therefore, the number of aberrant crypt foci/rat cannot by itself
be used as a reliable quantitative predictor (biomarker) of the efficacy of
dietary intervention or of chemopreventive procedures on modulating the
risk of developing colon cancer. This conclusion emphasizes the need for
end point validation of potential cancer biomarkers before the biomarkers
can be considered predictive of modulation of the risk for colon cancer.

Introduction

Enlarged, hyperplastic (aberrant) colonie crypts can be easily
identified in mÃ©thylÃ¨neblue, Giemsa or toluidine blue stained
whole mount preparations of colon from humans with colon
cancer ( 1) and from rats which have been treated with a chemical
carcinogen (2-4). Single aberrant crypts or ACF3 (2 or more

aberrant crypts) were not found in the colons of rats which had
not had treatment with a colon carcinogen (5) and ACF have
been shown to increase in a dose dependent manner in response
to chemical carcinogens (1, 2). ACF are found mainly in the
descending colons of carcinogen treated rats (3, 5, 6) and are
much more frequent in the left colon than in the right colon of
humans (4). Histological and cytochemical studies in rats show
disturbances in the differentiation patterns and enzyme activi
ties of the cells in ACF and these disturbances are similar to
those found in neoplastic tissue (3, 7, 8). These findings have
led investigators to the conclusion but have not proven that
ACF represent preneoplastic stages in the development of ad
enocarcinomas in the descending colon of humans (1) and in
carcinogen treated rats (2-10). It can be hypothesized from
these observations that procedures which increase or decrease
the numbers of ACF/rat will increase or decrease the risk for
colon cancer. This report contains findings on the relationship
between the number of ACF and the incidence of adenocarci
nomas in the descending colon in groups of rats that were
placed on one of seven different dietary interventions during
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the promotional stage of colon carcinogenesis. Briefly stated,
specific dietary interventions were shown to alter both the
average number of ACF/rat and the incidence of adenocarci-
noma; however, the number of ACF/rat was not predictive of
the incidence of adenocarcinoma. Based on these findings, it
must be concluded that the number of ACF present in the
descending colon is not by itself a reliable predictor of the
efficacy of dietary interventions at reducing the incidence of
colon cancer.

Materials and Methods

Animals. Four- to six-week-old male Sprague-Dawley rats were ob
tained from HarÃanSprague-Dawley. Cages had solid plastic sides with
high, wire mesh false bottoms to minimize access to the bedding or
feces. The animal housing room was well ventilated (20 air changes/h)
with a temperature of 25Â°Cand automatically controlled light/dark of

14/10 h. All animals had ad libitum access to food and deionized water
during the entire experiment.

Diets. Compositions of the diets (Table 1) were based on the standard
AIN-76 formula with the substitution of guar gum or pectin for the
cellulose and alteration in the corn oil content of the pectin diets. The
diets were formulated so that each kcal of food consumed would provide
an equal quantity of protein, complex carbohydrates, vitamins, and
minerals.

Experimental Design. Upon receipt, the animals were randomly
paired, assigned cages, and ear marked for identification. Ten days
were allowed for adjustment to their new environment.

Pairs of rats were then randomly divided into two groups. One group
received DMH and the other group received only the saline vehicle.
DMH solutions (26.6 mg 1,2-DMH dihydrochloride/ml of solution
made up in 0.9% saline and 0.18% EDTA and then pH adjusted to 6.5
with NaOH) were freshly prepared each week. Rats received s.c. injec
tions of 12 mg DMH base/kg body weight (0.1 ml of solution/100 g
body weight) once each week for 8 weeks (defined as the initiation stage
of the experiment). Control animals received an equivalent volume of
the vehicle (0.9% saline and 0.18% EDTA). All animals were housed
in the same controlled access room during the entire experiment.
During the adjustment and initiation periods, all rats received standard
AIN-76 formula food [with 5% cellulose (Alphacel) and 5% corn oil]
and deionized water.

At the beginning of week 9, the pairs of rats (with or without DMH
treatment) were randomly subdivided into groups to be placed on the
different diets (see Table 1). Weeks 9-32 of the experiment were defined
as the promotional stage of the experiment.

Tissue Preparation and Analyses. The rats were ether anesthetized
and then killed by decapitation, and a gross pathological examination
was performed. Ears, heart, lungs, liver, spleen, kidneys, and small and
large intestines were checked for tumors. The colon was removed,
opened longitudinally, and carefully examined for tumors and tumor-
like lesions. Descending colons were pinned flat, serosal side down,
onto corkboard and then fixed in 10% buffered formalin. The tumor or
lesion size (area) and distance from the cecum (if tumor was present in
the large intestine) or stomach (if tumor was present in the small
intestine) were measured and recorded. The tumor was removed, fixed
in formalin, and then processed for histology. Four-^m-thick serial
sections of the entire tumor were cut, mounted on glass slides and
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Table 1 Composition of the diets
Purified high nitrogen casein, pure corn starch, AIN-76 vitamin mixture, AIN-76 mineral mixture, and choline bitartrate (99% pure) were obtained from ICN

Nutritional Biochemicals, Cleveland, OH. Wesson brand corn oil (100% pure, no additives) and Imperial brand (Sugarland, TX) extra fine pure cane sugar were
purchased locally. DL-methionine (cell culture quality), citrus pectin (without sucrose, galacturonic acid content 86%, methoxy content 9.6%), purified guar gum, and
DMH were obtained from Sigma Chemical Co., St. Louis, MO.

IngredientBywt%(g/100g)Â°Corn

oilSugarCaseinCornstarchVitamins

andminerals'FiberTotalBy

%caloriesProteinCarbohydrate'FatEnergy

content of each diet (kcal/g)0%

fiber5.053.021.015.75.20.099.920.768.211.

14.055%GG5.048.620.715.65.15.0100.020.768.011.34.0110%

GG5.043.820.615.45.110.099.920.768.011.33.905%
GG/5%
P5.043.820.615.45.110.099.920.768.011.33.9810%

P/
5%CO5.043.820.615.45.110.099.920.768.011.33.9810%

P/
10%CO10.036.421.816.45.510.0100.120.757.921.34.2110%

P/
20%GO20.021.524.318.26.110.0100.120.740.938.34.69

â€¢¿�For each kcal ingested the rats received equal vitamins, minerals, g protein, and g complex carbohydrates (starch); thus, equal calorie intake yields equal nutrient

intake. GG, guar gum: P, pectin; CO, corn oil.
*Vitamin and mineral composition in kg of mixture: thiamine-HCl, 120 mg; riboflavin, 120 mg; pyridoxine-HCI, 140 mg; nicotinic acid, 600 mg; calcium

pantothenate, 320 mg; folie acid, 40 mg; biotin, 4.0 mg; cyanocobalamin (vitamin B,2), 0.2 mg; retinyl palmitate (vitamin A, premix 250,000 lU/g), 320 mg; DL-a-
tocopheryl acetate (vitamin E - premix 250 lU/g), 4.0 g; cholecalciferol (vitamin D3 - 400,000 lU/g), 500 mg, menaquinone (vitamin K) 1.0 mg; CaHPO4, 350 g;
NaCl, 51.8 g; HOC(COOK)(CH2COOK)2 H2O, 154 g; K2SO4, 36.4 g; MgO, 16.8 g; manganous carbonate (43-48%) (manganese), 2.45 g; ferric citrate (16-17%
iron), 4.2 g; zinc carbonate (70% ZnO), 1.12 g; cupric carbonate (53-55% copper). 210 mg; KIO3, 7 mg; Na2SeO3 5H2O, 7 mg; CrK(SO4)2 12H2O zinc, 385 mg;
choline bitratrate, 40.0 g; DL-methionine, 60.0 g; sucrose, 277.18 g.

'The percentage of calories from carbohydrate include the calories from sucrose, cornstarch, sucrose in the vitamin and mineral mix, and the calorie contribution

of the pectin and guar gum [pectin yields 3.2 kcal/g ( 11) and guar gum yields 2.9 kcal/g].

stained with hematoxylin and eosin. Microscopic examination was used
to classify each tumor as an adenoma or an adenocarcinoma.

Staining and Counting of Aberrant Crypt Foci. Giemsa stain (3 ml of
concentrate in 50 ml of phosphate buffered saline, pH 7.1) was used to
aid visualization of the ACF. Descending colons were removed from
the cork and placed luminal side up onto a numbered Petri dish. For
ease in counting the ACF in 2 cm of colon length, each dish had a 2-
cm section marked on the bottom with permanent ink. The colon was
flooded with stain. After 30 min, excess stain was rinsed off with
phosphate buffered saline. The Petri dish with the colon was then
placed under a stereomicroscope (x30) for counting of ACF. The ACF
were classified as small (1-3), medium (4-6), or large (>6) by number
of crypts per foci. The number of ACF in each category in a section of
the descending colon from 2.5 to 4.5 cm above the level of the pelvic
rim and the full width of the opened colon was recorded. The width of
the colon section was measured and recorded for calculation of the area
in which ACF were counted.

Statistical Analyses. Differences in tumor incidence (i.e., the number
of rats with a tumor/number of rats in the group) were evaluated by a
binomial test. This nonparametric test compares the observed frequency
in each category of a dichotomous variable with the expected frequency
under a binomial distribution. The variable is tabulated into two cate
gories based on where the dividing value between the categories is
specified. The observed proportion is then compared to the test pro
portion (in this case the percentage of rats without tumors on a different
diet) and a significance test is performed (12). If P (probability that the
observed and test proportions are from the same distribution) for a
comparison was <0.05, the tumor incidence of the two groups was
judged to be significantly different.

The total number of ACF/rat was calculated as the sum of the small,
medium, and large ACF. The relationship between colon cancer inci
dence and ACF was examined in three different ways: (a) least squares
linear regression analysis was used to test the correlation between the
incidences of cancer in the descending colon and either the mean total
number of ACF or the mean number of small, medium, or large ACF
in each of the seven different feeding groups; (b) data from each feeding
group were divided into rats which did or rats which did not develop
adenocarcinomas. Two-way analysis of variance was used to determine
statistical differences between the mean number of ACF/rat in rats with
and in rats without adenocarcinomas in the seven different feeding
groups; (c) data from DMH treated rats of all seven feeding groups
were pooled. Probit analysis was used to determine whether the number

of ACF could be used to predict the incidence of colon cancer. Probit
analysis is appropriate for analysis of dosage effect on a quanta! (all or
nothing) response model (13). Thus, this analysis would answer the
question: Can the number of ACF in a rat predict the occurrence of
adenocarcinoma in the rat? The probit analysis produces a Pearson
goodness of fit x2; if the x2 is s 1.96, the correlation is significant.

Results

The descending colons of rats which did not receive DMH
(referred to as control rats) were examined. No ACF were found
in the colons of control rats and none of these rats developed
an adenocarcinoma. Therefore, no data from control rats are
shown in this report. The width and length of all descending
colons was nearly the same (range, 1.2-1.3 cm wide and 9.8-
10.0 cm long) in all rats; thus aberrant crypts were counted in
equal size areas and from an equal proportion of the colon.
ACF were counted in the same location (2.5 to 4.5 cm above
the level of the pelvic rim) in the descending colon in all rats.

The incidence of adenocarcinoma in the descending colon
(Table 2) of the group of rats which consumed a diet formula
containing 10% pectin/5% corn oil was significantly lower than
the descending colon cancer incidence in the group of rats
which consumed a diet formula containing 0% fiber (P < 0.02,
binomial test). The adenocarcinoma incidence in the descending
colon of the group of rats with 10% pectin/20% corn oil in
their diet was significantly lower than the incidence of cancer
in the descending colon of all other dietary groups of rats (P <
0.0007, binomial test).

One-way analysis of variance (Table 2) was used to compare
the number of ACF/rat by dietary feeding groups. The groups
of rats consuming 10% pectin with 10 or 20% corn oil had
significantly fewer total ACF than all other groups of rats (SNK
range test, P < 0.05). There was no significant difference in the
number of large size (>6 crypts/foci) ACF/rat between the
dietary groups of rats. The groups of rats consuming 10%
pectin with either 10 or 20% corn oil had significantly fewer
medium size (4-6 crypts/foci) ACF/rat than the groups con
suming either 0% fiber, 5% guar gum, or 5% guar gum/5%
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Table 2 Incidence of ade nocarc Â¡nomaand aberrant crypt foci/rat' in the descending colon ofDMH treated rats maintained on one of seven different modifications of a
semipurifted AIN- 76 dietk fed during the promotional stage of colon carcinogenesis

Dietarygroup0%

fiber5%GG10%

GG5%
GG/5%P10%

P/5%CO10%
P/10%CO10%
P/20% COAdenocarcinoma

incidence'0.470.330.330.370.2^0.370.06'ACF/ral

(mean Â±SE)Total50.4

Â±5.342.4
Â±5.636.4
Â±5.039.2
Â±5.433.9
Â±3.929.1

Â±4.4*30.4
Â±2.7*Large8.2

Â±1.48.211.79.35.97.51.52.52.01.42.76.2

1.4Medium16.46

Â±2.1'16.64
Â±2.5'14.52

+2.015.77
+2.3'12.18

Â±1.59.50
Â±1.7*9.74
Â±1.7*Small25.7

Â±3.4'17.6

Â±2.310.2
Â±1.614.1

Â±2.115.8
Â±2.212.1
Â±2.314.5

Â±3.6
Â°Aberrant crypt foci were counted in a 2-cm-long section of descending colon from 2.5 to 4.5 cm above the level of the pelvic rim and the full width of the opened

descending colon ( 1.2-1.3 cm). Small ACF had I-3 crypts/foci, medium ACF had 4-6 crypts/foci, and large ACF had >6 crypts/foci.
* See Table 1 for composition. GG. guar gum: P, pectin; CO, corn oil; n = 26-28 rats/group.
c Number of rats with adenocurcinoma in the descending colon/total number of rats in each dietary group.
' Significantly greater than the mean ACF/rat of *. analysis of variance. Duncan's range test, P < 0.05.
' Significantly greater than the mean number of small ACF/rat of all other groups, P < 0.05, analysis of variance, SNK.
^Significantly less than the incidence of adenocarcinomas in rats on the 0% fiber diet, P< 0.02, binomial test.
* Significantly less than the mean number of ACF/rat of rats on the 0% fiber diet, P = 0.04. analysis of variance, SNK range test.
* See Footnote'.
1Significantly less than the incidence of adenocarcinomas in rats on the 0% fiber diet. P < 0.0007, and significantly less than the incidence of adenocarcinomas in

rats on all other diets, P < 0.04. binomial test.

Table 3 Statistical analyses of the effect of seven different diets" consumed

during the promotional stage of colon carcinogenesis on mean number ACF/rat of
rats with adenocarcinomas or of rats without adenocarcinomas in the descending

colon
ACF/rat*WithadenocarcinomaDiet0%

fiber5%GG10%

GG5%
GG/5%P10%

P/5%CO10%
P/10%CO10%
P/20%COColumn

meansn12101097102Mean

Â±SE50.67

7.542.20
10.839.80
6.438.00
9.622.43
5.529.10
Â±7.319.00

Â±19.037.50'Withoutadenocarcinoman16181317211625Mean

Â±SE50.13

Â±7.742.56
Â±6.533.77
Â±7.639.88
Â±6.637.71

Â±4.629.06
Â±5.83

1.32Â±4.937.60'Row

means50.3642.4336.3939.2333.8929.08'30.41'

Â°See Table 1 for diet compositions. GG. guar gum; P. pectin; CO, corn oil.
4 ACF Â»erecounted in a 2-cm section of the descending colon from 2.5 to 4.5

cm above the level of the pelvic rim and the full width (1.25 cm) of the colon;
total area was 2.5 cm2; n = number of rats in each category.

' Two-way analysis of variance shows that whether or not a rat has a descending

colon tumor (see column means), there was no difference in the total number of
ACF/rat. However, there was a difference in number of ACF/rat due to the type
of diet consumed by the rat (see row means). Specifically, one-way analyses of
variance followed by SNK of the row means revealed that the rats that consumed
10% pectin and either 10 or 20% corn oil had significantly (P< 0.05) fewer AFC/
rat than the rats which consumed the 09r fiber diet.

pectin (Duncan's range test, P < 0.05). The group of rats

consuming 0% fiber was found to have significantly more small
size (1-3 crypts/foci) ACF (SNK range test, P < 0.05) than all
other dietary groups of rats. No other significant differences
between groups were found.

Linear regression analysis (data in Table 2) showed that there
was not a significant correlation between the incidence of cancer
and the mean total number of ACF/rat (r = 0.65, d.f. = 6)
found in the descending colon of the rats. Linear regression
analysis also showed that there was not a significant correlation
between the incidence of cancer and the mean number of small
(/â€¢= 0.39, d.f. =6), medium (r = 0.63, d.f. = 6), or large (r =
0.50, d.f. = 6) size ACF/rat in the descending colon of the rats.

Two-way analysis of variance of the total number of ACF/
rat in rats which developed adenocarcinoma compared to rats
which did not develop adenocarcinoma (Table 3, column
means) showed that there was no significant difference in the
mean total number of ACF/rat present in rats which did or in
rats which did not develop an adenocarcinoma. However, there
was a significant decrease in the total mean number of ACF/

rat in the descending colon in the groups of rats which con
sumed either 10% pectin/10% corn oil or 10% pectin/20% corn
oil compared to the group which consumed the 0% fiber diet
(Table 3, row means, one-way analysis of variance, SNK, P <
0.05).

Fig. 1 shows the ACF and colon cancer incidence for the
total population of rats. The rats were divided into quintiles by
number of ACF and then the colon cancer incidence of each
quintile was calculated. Probit analysis of the total population
of DM H treated rats (using the raw data so that all the data
points could be included) showed that there was not a significant
correlation between the number of ACF present in a rat and
the incidence of colon cancer; i.e., the number of ACF could
not be used to predict the incidence of colon cancer. The
Pearson goodness of fit x2 was 176.04, d.f. = 174, fit to the
model P = 0.443. The x2 Â¡s>1.96; therefore there is not a

significant correlation between the number of ACF and colon
cancer incidence. P = 0.443 shows that there was not a signifi
cant deviation of the data set from the model; therefore probit
analysis was appropriate for this data set.

Discussion

Investigators (1-10, 14) have counted the number of ACF in
rats 2 to 6 weeks after treatment with a carcinogen known to
induce colon cancer. These past studies were designed to dem-

28-40' "58-110

14-27 42-57

Numbers of ACF
(n-37 rats/quintile)

Fig. 1. Relationship between number of ACF and the incidence of adenocar
cinoma in the descending colon of rats. The total population of DMH treated
rats was rank ordered by number of ACF/rat then divided into quintiles (n = 37
rats/quintile) for calculation of colon cancer incidence in each quintile.
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onstrate the influence of a carcinogen on induction of ACF or
to identify ACF as putative preneoplastic lesions and have
provided valuable information. However, these past studies did
not determine if alteration in the number of ACF/rat was
significantly correlated with an alteration in the incidence of
colon cancer. Two recent reports have raised questions about
the ability of number of ACF to accurately predict colon cancer
incidence. After a dietary intervention, both Bird [using cholic
acid (15)] and O'Riodan et al. [using selenium (16)] found that

an observed alteration in the number of ACF was not positively
correlated with the expected alteration in colon cancer incidence
[based on findings of previous reports, e.g. Refs. 17 and 18].
Neither of these two recent studies (15, 16) was able to use the
end point of colon cancer incidence for direct correlation with
numbers of ACF in the same group of animals and yet both of
these studies suggest that alteration in the numbers of ACF
may not be predictive of colon cancer incidence.

For several years, investigators in this laboratory have been
studying the effects of various dietary interventions on colon
cancer incidence. It would be of particular interest and impor
tance to find reliable biomarkers which would be predictive of
a reduction in the risk for colon cancer shortly after dietary
intervention, the reason being that in human studies, a useful
biomarker would show response to the dietary change after
only 3-6 months of intervention and yet would be predictive of
a change in colon cancer incidence (an end point which may
not be reached for 5 years or more). The present study was
done to answer the key question: Is the number of aberrant
crypt foci found in the descending colon after a dietary inter
vention a reliable quantitative predictor of colon cancer inci
dence? This study of archived rat colon tissue collected after a
dietary intervention trial has provided an answer to this
question.

In this study, it was found that the dietary interventions
during the promotional stage of colon carcinogenesis did alter
both the final number of ACF and the incidence of colon cancer.
However, there was not a significant correlation between the
number of ACF and the incidence of colon cancer. Why?
Possibilities are as follows:

Dietary intervention may have caused the regression or re
modeling of some ACF to phenotypically normal colonie tissue.
In this regard, regression or remodeling of aberrant foci to
normal tissue is not a novel idea. For example, researchers have
found that 90-98% of aberrant foci in the liver of carcinogen
treated rats (19) and a high percentage of hyperplastic or
dysplastic epithelial cell foci of the cervix (20) will remodel to
phenotypically normal liver or cervical tissue, respectively.

Dietary intervention could have altered the rate of transfor
mation of ACF to adenocarcinoma rather than have altered the
absolute number of ACF. The results from the groups of rats
which consumed 10% pectin with either 5, 10, or 20% corn oil
are compatible with this idea, because, between these three
groups, there are no significant differences in the mean numbers
of ACF/rat, yet there were significant differences in the ade
nocarcinoma incidences.

Dietary intervention during the promotional stage may have
suppressed the formation of new ACF. If the presence of fiber
in the diet inhibited the formation of small ACF (presumably
more recently formed), then this could account for the signifi
cant reduction in the number of small ACF in all groups of rats
which consumed fiber in the diets versus the group of rats which
did not consume fiber (0% fiber) in the diet.

Statistically, there is also the possibility that if the rate of

transformation of ACF to a malignant phenotype is very low,
the number of rats in this study may not be large enough to
detect a relationship between ACF and colon adenocarcinoma
incidence. Given such a very low rate of transformation of ACF
to adenocarcinoma, then in an individual the number of ACF
is likely to be a poor biomarker for the reduction of colon
cancer risk by dietary intervention.

Another alternative possibility is that the original premise
that ACF are precursors to colon cancer is incorrect. Therefore,
the number of ACF would not be expected to be predictive of
adenocarcinoma incidence. Regardless of which of the alterna
tives is operational, the conclusion remains that when dietary
intervention occurred during the promotional stage of colon
carcinogenesis, the number of ACF/rat in the descending colon
was not a reliable quantitative biomarker for assessment of the
efficacy of dietary intervention at reducing the incidence of
colon cancer.

This study illustrates the necessity of end point validation of
potential biomarkers before the predictive value of the bio
marker candidate can be properly assessed. Previous investiga
tors have concluded that ACF may be preneoplastic lesions in
the descending colon and that induction of ACF may be a good
test of the carcinogenicity of a substance. However, the results
of this study reveal that the number of ACF as counted in the
promotional stage of colon carcinogenesis is not correlated with
colon cancer incidence and therefore is not a good single
biomarker for the efficacy of a dietary intervention. It therefore
seems important that this limitation on the use of number of
ACF as a biomarker for colon cancer risk be recognized. If ACF
in the descending colon are preneoplastic lesions, it may become
necessary to develop additional biomarkers and to use the
information about ACF as well as other intermediate biomark
ers in order to reliably predict the efficacy of intervention
procedures to reduce colon cancer risk in an individual.
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