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ABSTRACT We have used a computer-driven scanning
and image-processing system to identify a panel of 30 cDNA
clones whose pattern of expression in individual biopsy speci-
mens distinguishes the flat, normal-appearing colonic mucosa
of patients in two genetic groups at high risk for development
of colorectal cancer from that of normal colonic mucosa in
low-risk individuals. The two high-risk groups, faial ade-
nomatous polyposis and hereditary nonpolyposis colon cancer,
are indistinguishable based on the pattern of expression of the
30 selected clones. This suggests that the extensive plelotropic
effects of the inherited loci, which may play an important role
in the mechanism of increased risk and early onset of the
disease, are similar in these populations.

Patients with familial adenomatous polyposis (FAP) inherit a
defective gene (APC, adenomatous polyposis coli) located on
chromosome 5q21 predisposing them for development of
multiple benign colonic adenomas that are at very high risk
for progression to colonic cancer (1, 2). The genetic events in
progression from the earliest adenomas to carcinoma have
been studied in detail in both FAP patients with the 5q21
inherited abnormality and patients with "sporadic" colonic
cancer (3-5): they involve the accumulation of multiple
genetic abnormalities that include a high frequency of muta-
tions of members of the ras gene family (6-8), deletions and
mutations on chromosome 17p of the p53 gene (8-12), and
deletions on 18q of the DCC gene (8, 11-13). However, these
abnormalities, while common, are not always present in
carcinomas, nor do they occur in a rigidly defined order
during progression (8, 11). There are additional deletions
detected on every chromosome in human colonic carcino-
mas, the frequency and pattern of which are highly variable
(11), and amplifications of the c-myc gene, rare in common
sporadic colorectal carcinomas, are frequently found in
highly aggressive unique subtypes of colorectal tumors (14).
Therefore, human colonic cancer develops with profoundly
heterogeneous molecular alterations.

Little attention has been given to the molecular changes
that develop in the histologically normal flat mucosa of
individuals with FAP or in the unaffected mucosa of other
groups at increased risk for colonic cancer. The somatic
alterations documented during progression have thus far
been detected only after neoplasms develop, because the
genetic changes are selected by clonal outgrowth and become
highly enriched in the tumors that can be recognized and
sampled (1, 6, 15).
Using an alternative approach that can assay the relative

level of expression of each of many thousands of cloned
sequences expressed in small biopsy specimens of colonic
tissue, we reported that flat mucosa ofFAP patients who are
at increased risk for colonic cancer contained a higher
frequency of alterations in gene expression when compared

with low-risk mucosa than either the benign adenomas or
carcinomas that subsequently arise (16). In this report, we
have extended the work to identify a panel of sequences
whose pattern of expression characterizes colonic mucosa of
two groups at high genetic risk for colon cancer: FAP and
hereditary nonpolyposis colon cancer (HNPCC) (17-19).

MATERIALS AND METHODS
Computerized Scnning. The methods used have been

described in detail (16, 20, 21). The approach is made
necessary by the very small amounts of poly(A)t RNA (<50
ng) that can be isolated from small colonic biopsy samples of
normal mucosa. In brief, a labeled cDNA probe is prepared
from the poly(A)+ RNA from each biopsy and is hybridized
to an arrayed replica of a reference library of cDNA se-
quences cloned from the HT29 human colon carcinoma cell
line. After autoradiographic exposure, films are scanned, the
images are digitized, background and other correptions are
incorporated by image processing, and a numerical iqdex of
hybridization based on maximal pixel intensity is assigned to
each of 379 clones analyzed (16, 20). Hybridization data for
each clone are expressed as the ratio to the mean level of
hybridization to all 379 clones, therefore standardizing for
small differences in probe specific activity, hybridization and
washing stringency, and film exposure between experiments.
Changes in gene expression detected by this method can be
confirmed by quantitative dot blot and Northern blots (21).

Population Groups. The population groups investigated
have been described (16-20). The data were generated from
biopsy samples of the normal-appearing flat mucosa of 7
patients with FAP and 12 patients from families with
HNPCC, and from the normal mucosa of 6 individuals with
no colonic or other cancer in their families for several
generations.

RESULTS
Using a computerized scanning and image-processing system
to assay the relative level of expression of each of large
numbers of cloned cDNA sequences in very small colonic
biopsy samples, we previously compared the expression of
each of 379 clones in high-risk colonic mucosa of FAP
patients to low-risk mucosa of patients with no colonic or
other cancer for several generations: a >3-fold increase or
decrease in mean expression of each of -25% of the se-
quences was detected (16). From this data base, we selected
30 clones that characterized the FAP high-risk mucosa in
terms of mean level, and range, of expression (Fig. 1).
Comparison of the distribution of expression for the FAP
samples to the low-risk samples by a rank sum test demon-
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FIG. 1. Mean level of expression of selected clones in low-risk mucosa compared to FAP and HNPCC high-risk mucosa. Relative levels
of expression of each of 379 cloned cDNA sequences were determined for each biopsy sample. Values for tissues of each risk group are plotted
for 30 of these clones as mean + SEM. For each clone, the three bars correspond to (left to right) low-risk mucosa (open), FAP high-risk mucosa
(hatched), HNPCC high-risk mucosa (solid).

strated that 13 of the 30 clones differed with P < 0.01, and 16
with P < 0.05. This suggested that the selection of these 30
clones out of the 379 screened to distinguish the FAP
high-risk mucosa, and the differences in expression, was not
due to random variation. To pursue this, a second screen was
done with biopsy specimens of flat mucosa from HNPCC
families, another population group at increased genetic risk
for development of colorectal cancer (17-19). These results
are also presented in Fig. 1. Statistical analysis of the
HNPCC data compared with the low-risk data (rank sum test)
demonstrated that the distribution of expression for 25 of 30
of the clones differed with P < 0.01 and for another 2 of the
30 with P < 0.05.
The data ofFig. 1 suggest that the two high-risk groups with

increased genetic susceptibility to colonic cancer have sim-
ilar patterns of expression ofthese 30 cloned gene sequences.
Linear regression analysis comparing the data for the two
high-risk groups is presented in Fig. 2. The correlation
coefficient is 0.77, which is highly significant at P < 0.01.
Therefore, FAP and HNPCC are indistinguishable in the
expression of this panel of 30 cDNA clones. This may be
related to the recent observation in a pedigree with familial
polyps that the inherited locus maps to the same location
(5q21) as the FAP gene (5). However, whether or not the FAP
gene is the locus of the HNPCC inherited defect in the
families in this study, the data of Fig. 2 suggest that pleio-
tropic effects of the inherited gene are similar in FAP and
these HNPCC families.
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FIG. 2. Comparison of gene expression in FAP and HNPCC
high-risk flat mucosa. The 30 selected clones shown in Fig. 1 were
compared for mean level of expression in the high-risk groups. The
line represents a linear regression analysis of the data; r is the
correlation coefficient.

To evaluate the potential that these markers might dis-
criminate levels of risk for colonic neoplasia, the data for
each biopsy sample and each clone were considered individ-
ually. Examples of comparisons made are shown in Fig. 3.
For each of three clones, two of which increase with risk
(50C10 and 52D11) and one of which decreases (S1A11), the
relative hybridization value for each sample studied from
different individuals is shown in each of the risk categories.
For each clone, a value can be defined (broken line) that
distinguishes most of the high-risk biopsy samples from most
of the low-risk samples, although in each case, there is
overlap between high and low risk. For example, for 50C10,
two FAP and two HNPCC biopsy samples would be mis-
classified as low-risk, although none of the low-risk samples
would be misclassified. Similar analyses were carried out
with each biopsy sample for each of the 30 clones (Fig. 4).

In Fig. 4, the 30 clones are ordered (represented by solid
circles across the top) as they are in Fig. 1. For each biopsy
sample listed on the left, a shaded area is inserted in the
appropriate clone column if that clone scores the sample as
high-risk, as illustrated by the examples in Fig. 3. On the
right, the number of clones that are scored as high-risk for
each sample is tabulated. For 6 of 7 of the FAP biopsy
samples and 12 of 12 HNPCC biopsies, well above 20 of the
30 clones correctly classify the samples, while for 6 of 6
low-risk biopsy samples, the number is substantially less than

5

z

0

(A
C)

w

0x

LU

-i
wU

4

3

2

0

0 low risk A FAP * HNPCC

5OC10 52D 11 5lAl 1

CLONE

FIG. 3. Relative expression of individual clones in each biopsy
sample. Individual data points for three ofthe selected clones of Figs.
1 and 2 are shown for each biopsy sample, rather than the mean level
of expression. n, Low-risk mucosa; A, FAP high-risk mucosa; *,
HNPCC high-risk mucosa. A value (illustrated by broken line) can be
defined for each clone that distinguishes most of the low-risk biopsy
samples from most of the high-risk samples.
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FIG. 4. Pattern of expression of selected clones in the low- and high-risk biopsy samples. Data for each low- and high-risk biopsy sample
are summarized for each of the selected clones (as shown in the examples of Fig. 3). Each biopsy sample is identified by its number at left; each
of the 30 selected clones, in the same order as that shown in Fig. 1, is represented by a solid circle at the top. For each biopsy sample, a shaded
area was placed in the clone column if the clone categorized the sample as high-risk, as illustrated for the examples in Fig. 3. The numbers at
right are the number of clones of the 30 selected for which the biopsy sample was so categorized as high-risk.

10 of the 30 clones. Therefore, although for any individual
clone there are false negatives among the data for the high-risk
tissues, and false positives among the low-risk tissues, the
pattern of expression of these 30 clones clearly distinguishes
=95% of the high-risk samples from all of the low-risk sam-
ples. The sole exception is FAP patient 32, whom only 7 of 30
clones classify as high-risk. Since the pattern for this patient
is not intermediate, but so similar to the low-risk biopsy
samples, this may represent either a misclassification of the
sample or a sampling variable in taking the biopsy specimen
that is not understood. However, the data for this sample
reinforce the conclusion that the expression ofthese 30 clones
is coordinately regulated in the colonic mucosa.

DISCUSSION
These experiments were designed to provide an analysis of a
cross section of the many changes in gene expression that
accompany both neoplastic transformation and risk for co-
lonic tumor development, and to identify panels of sequences
that could be used to characterize tissue phenotype (16, 20).
While only sequences that are relatively abundant can be
quantitated by this method, and the source of the reference
cDNA library used, in this case, the colon carcinoma cell line
HT29, further limits the analysis to sequences expressed in
that cell line (16, 20), the method has fulfilled these original
objectives. It has been suggested that the complex pattern of
deletions in colorectal tumors detected by analysis of restric-
tion fragment length polymorphism, termed the tumor allelo-
type, may similarly be useful as "molecular correlates of
tumor behavior" (11, 22).
The data presented here extend to an HNPCC high-risk

group our previous finding of extensive modulations in gene
expression in the FAP high-risk mucosa (16). It is not

surprising that the inheritance of an abnormal gene in FAP
results in a large perturbation of gene expression in the
mucosa, since it can be postulated that the inherited defect
involves a gene of importance in normal lineages of colonic
cell differentiation (16); thus, abnormalities that develop may
affect a wide variety of cellular functions and interactions in
this complex tissue.

It is more difficult to understand why changes in normal-
appearing flat mucosa of FAP patients are more extensive
than changes occurring in either the adenomas or carcinomas
that subsequently progress from the mucosa at risk (16). The
reason may be related to the recent clarification that there are
many pathways along which colonic cell transformation may
proceed (11, 12, 16, 20, 22), a concept that was clearly
enunciated over 30 years ago for mammary tumors by Foulds
(23, 24). The high-risk flat mucosa that exhibits the wide
range of pleiotropic effects arising from the inherited defect
may be initiated along many of these paths, with only one
selected in each clonal outgrowth that leads first to adenoma
and then to carcinoma (8, 15, 22). Thus, as progression takes
place, many of the large number of changes detected in the
initiated mucosa may be distributed in different subsets ofthe
heterogeneous population of tumors that arise. The alter-
ations in gene expression, similar to the alterations in genetic
deletions (11), therefore become variable among tumors that
have progressed along different paths, and hence the total
number of statistically significant changes between the pop-
ulation of tumors and the normal flat mucosa are reduced
relative to the number ofsuch alterations detected in the early
initiated mucosa.
An important hypothesis evolves from this view of inher-

ited colonic cancer: the proximal cause of increased fre-
quency of tumors and earlier age of onset in individuals with
increased genetic susceptibility is the large number of mod-
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ulations of gene expression that prime the cells along many
abnormal developmental pathways, any one of which may
progress under the influence of other factors (e.g., dietary
mutagens or tumor promoters). The role of the inherited
defect is to establish the abnormal pleiotropic effects and
consequently an elevated probability of subsequent progres-
sion to tumor formation, rather than the initiation ofa specific
or single biochemical chain of events that inexorably leads to
transformation. This is consistent with the variability in
numbers of polyps that can be seen in individuals in the same
pedigree, in which presumably the same defect is inherited
and in which similar diets are consumed (5, 25).
One of the clones in this panel (SOF1, Fig. 1) has been

identified as the mitochondrial gene for subunit III of cy-
tochrome oxidase (21). Alterations in expression of this
sequence in colonic tumors and transformed cell lines (21)
may underlie the reported alterations in structure and func-
tion of mitochondria in colorectal cancer (26, 27). This report
of changes in the flat mucosa of genetically susceptible
individuals is consistent with data indicating that shifts in
energy source for human colonic epithelial cells is a deter-
mining factor in their normal differentiation both in vitro (28,
29) and in vivo (30, 31). Further sequence analysis of the 30
selected cDNA clones may provide additional insight into the
complex mechanisms that place the mucosa at increased risk
for development of colon cancer.
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