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ABSTRACT

Background Noninvasive methods for detecting
colorectal tumors have the potential to reduce mor-
bidity and mortality from this disease. The muta-
tions in the adenomatous polyposis coli (APC) gene
that initiate colorectal tumors theoretically provide
an optimal marker for detecting colorectal tumors.
The purpose of our study was to determine the fea-
sibility of detecting APC mutations in fecal DNA with
the use of newly developed methods.

Methods We purified DNA from routinely collect-
ed stool samples and screened for APC mutations
with the use of a novel approach called digital pro-
tein truncation. Many different mutations could po-
tentially be identified in a sensitive and specific man-
ner with this technique.

Results Stool samples from 28 patients with non-
metastatic colorectal cancers, 18 patients with ade-
nomas that were at least 1 cm in diameter, and 28
control patients without neoplastic disease were
studied. APC mutations were identified in 26 of the
46 patients with neoplasia (57 percent; 95 percent
confidence interval, 41 to 71 percent) and in none of
the 28 control patients (0 percent; 95 percent confi-
dence interval, 0 to 12 percent; P<0.001). In the pa-
tients with positive tests, mutant APC genes made
up 0.4 to 14.1 percent of all APC genes in the stool.

Conclusions APC mutations can be detected in fe-
cal DNA from patients with relatively early colorectal
tumors. This feasibility study suggests a new ap-
proach for the early detection of colorectal neo-
plasms. (N Engl J Med 2002;346:311-20.)

Copyright © 2002 Massachusetts Medical Society.

EVERAL strategies for the early detection of

colorectal tumors have been devised. Colon-

oscopy, sigmoidoscopy, and barium enemas

are highly specific and sensitive tests for neo-
plasia,!#+ but they are invasive and limited by the
availability of experts in the procedures and patient
compliance.5¢ Testing for occult blood in the stool
has been shown in some studies to reduce the inci-
dence of and morbidity and mortality from colorec-
tal cancer.”!! These fecal occult-blood tests are non-
invasive and extremely useful but not sufficiently
sensitive or specific for neoplasia.’??5 Furthermore,
some fecal occult-blood tests require patients to
change their diet before testing or require multiple
tests, potentially reducing compliance.51617 There is
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thus a need to develop new screening tests that over-
come these obstacles.

One of the most promising classes of new diag-
nostic markers consists of mutations in oncogenes
and tumor-suppressor genes.!$ Because these muta-
tions are directly responsible for neoplastic growth,
they have clear advantages over indirect markers
such as fecal occult blood. Several groups have re-
ported that mutations in cancer-related genes can be
detected in the stool of patients with colorectal can-
cer.19-33 However, the sensitivities and specificities of
these approaches have been limited by technical im-
pediments or the low frequencies of detectable mu-
tations in any specific gene.

The intent of our study was to develop a test
based on a single gene that would facilitate the
detection of colorectal tumors at an early stage of
disease. The optimal gene for such studies is the
adenomatous polyposis coli (APC) gene,33 since
mutations in this gene generally initiate colorectal
neoplasia.?¢ Other mutations are present only in the
later stages of colorectal neoplasia, such as those in
53,37 or may be present in non-neoplastic, hyper-
proliferative cells, such as those in c-Ki-72s.38-40
However, the detection of mutations in APC pre-
sents extraordinarily difficult technical challenges.
Unlike mutations in ¢-Ki-7as, which have been used
for most previous studies because mutations are
clustered at two codons, mutations in APC can oc-
cur virtually anywhere within the first 1600 codons
of the gene.4! Moreover, the type of mutation (base
substitutions or insertions or deletions of diverse
length) varies widely among tumors. Although such
APC mutations can be detected relatively easily in
tumors, where they are present in every neoplastic
cell, they are much harder to detect in fecal DNA,
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where they may be present in less than 1 in 100 APC
genes in the sample. We describe an approach that
allowed us to detect such mutations in fecal DNA
from patients with adenomas and cancer in a precise,
specific, and quantitative fashion.

METHODS
Patients

A total of 74 stool samples were analyzed to determine their
APC status. They were obtained from 28 patients with Dukes’
stage B2 colon cancer, 28 control patients with no known colo-
rectal tumor, and 18 patients with adenomas that were at least
1 cm in diameter. Of these 74 samples, 68 were derived from a
group of 315 patients who were sequentially evaluated at the
M.D. Anderson Cancer Center in Houston or surrounding hos-
pitals between 1997 and 2000 for suspected colorectal neoplasia.
Of these 315 patients, 77 had cancer: 30 had Dukes’ stage B2
(T3NOMO) disease, 5 had in situ lesions, 6 had Dukes’ stage A,
5 had Dukes’ stage B1, 20 had Dukes’ stage C, 9 had Dukes’
stage D, and 2 had cancers of unknown or other classes. We chose
to analyze the patients with Dukes’ stage B2 cancer because this
was the most common type; moreover, the effect of screening in
such cases should be considerable, because they are likely to be
surgically curable. We excluded 2 of the 30 patients with Dukes’
stage B2 because other colonic lesions were found at colonoscopy
or surgery that could have complicated the analysis. For compar-
ison with the patients with cancer, we selected 28 control patients
from among the 55 patients who proved to be tumor-free on co-
lonoscopy. These controls were matched to the patients with can-
cer with regard to the reasons for initial colonoscopy and then
matched as well as possible for sex and age.

In this group of 315 subjects, 12 had single adenomas that
were at least 1 ecm in diameter, which have a high risk of progres-
sion to cancer.*24 We also examined stool samples from six pa-
tients from the Lahey Clinic (Burlington, Mass.) who had adeno-
mas that were at least 1 cm in diameter. These 6 constituted all
those found to have such tumors among 172 patients examined
by colonoscopy between September 2000 and June 2001.

Stool samples were collected before colonoscopy from 19 of
the 46 patients with neoplasia and before surgery in the remain-
der. All stool samples from the control patients were collected be-
fore colonoscopy. All stool samples were stored at —20°C imme-
diately after collection and transferred to storage at —80°C within
48 hours after collection. None of the patients had familial ade-
nomatous polyposis or hereditary nonpolyposis colon cancer. The
work was carried out in accordance with the institutional review
board at each participating institution. Oral or written informed
consent, as mandated by the institutional review board, was ob-
tained from all patients.

Purification of DNA

DNA was purified with the use of modifications of procedures
described by Ahlquist et al.3 All stool samples were thawed at
room temperature and homogenized with an Exactor stool shaker
(Exact Laboratories, Maynard, Mass.). After homogenization, a
4-g stool equivalent of each sample was subjected to two centrif-
ugations (5 minutes at 2536 Xy and 10 minutes at 16,500X4) to
remove large and small particulate matter, respectively. Superna-
tants were incubated with 20 ul of RNase (0.5 mg per milliliter)
for 1 hour at 37°C, followed by precipitation with 1,/10 volume
of 3 mol of sodium acetate per liter and an equal volume of iso-
propanol. The crude DNA was dissolved in 10 ml of TRIS—
EDTA (0.01 mol of TRIS per liter [pH 7.4] and 0.001 mol of
EDTA per liter). Hybrid capture of APC genes was performed by
adding 300 ul of sample to an equal volume of 6 M guanidine
isothiocyanate solution (Invitrogen, Carlsbad, Calif)) containing

312 - N Engl ] Med, Vol. 346, No. 5 + January 31, 2002 -

20 pmol of two biotinylated sequence-specific oligonucleotides
(5’'CAGATAGCCCTGGACAAACCATGCCACCAAGCAGAAG-
3" and 5'TTCCAGCAGTGTCACAGCACCCTAGAACCAAATC-
CAG3’; Midland Certified Reagent Company, Midland, Tex.). Af-
ter a 12-hour incubation at 25°C, streptavidin-coated magnetic
beads were added to the solution, and the tubes were incubated
for an additional hour at room temperature. The bead—hybrid-
capture complexes were then washed four times with 1X buffer
and wash solution (1 mol of sodium chloride per liter, 0.01 mol
of TRIS—hydrochloric acid per liter [pH 7.2], 0.001 mol of EDTA
per liter, and 0.1 percent Tween 20), and the sequence-specific cap-
tured DNA was cluted into 40 ul of low TRIS-EDTA (1 mmol
of TRIS per liter [pH 7.4] and 0.1 mol of EDTA per liter), pre-
warmed to 85°C, for four minutes. The concentration of ampli-
fiable APC templates in captured DNA was determined with the
use of limiting dilution, with the use of primers F1 and Rl1, as
defined below, for the polymerase chain reaction (PCR).

Digital Protein Truncation
PCR

Each reaction mixture contained 1X PCR buffer (Invitrogen),
0.9 uM of oligonucleotides F1 and RI1, and 0.015 U of high-
fidelity platinum 7ag DNA polymerase (Invitrogen) per microli-
ter. A single PCR mix was prepared for each stool sample, and
the mix was distributed to 144 wells (12 rows of 12 wells in two
standard 96-well PCR plates); each well contained two to four
APC templates distributed in a Poisson distribution. After an ini-
tial cycle of denaturation at 94°C for 2 minutes, amplifications
were performed as follows: three cycles of denaturation at 94°C
for 30 seconds, annealing at 67°C for 30 seconds, and extension
at 70°C for 1 minute; three cycles of denaturation at 94°C for 30
seconds, annealing at 64°C for 30 seconds, and extension at 70°C
for 1 minute; three cycles of denaturation at 94°C for 30 seconds,
annealing at 61°C for 30 seconds, and extension at 70°C for 1 min-
ute; and 50 cycles of denaturation at 94°C for 30 seconds, an-
nealing at 58°C for 30 seconds, and extension at 70°C for 1 min-
ute. One microliter of the reaction mixture was added to a 10-ul
PCR reaction mixture of the same makeup as the one described
above, except that primers F2 and R2 were used. After a 2-minute
cycle of denaturation at 94°C, the reaction mixture was ampli-
fied for 15 cycles of 94°C for 30 seconds, 58°C for 30 seconds,
and 70°C for 1 minute. The primer sequences were 5'GGT-
AATTTTGAAGCAGTCTGGGC3' in the case of F1, 5’ACG-
TCATGTGGATCAGCCTATTG3' in the case of RI,
5'GGATCCTAATACGACTCACTATAGGGAGACCACCATGA-
TGATGATGATGATGATGATGATGATGATGTCTGGACAAA-
GCAGTAAAACCGS3' in the case of F2, and 5’TTTTTTTTAA-
CGTGATGACTTTGTTGGCATGGC3' in the case of R2.

In Vitro Transcription and Translation

In vitro transcription and translation of each of the PCR prod-
ucts were performed in 5-ul volumes in 96-well polypropylene
PCR plates. The reaction mixture consisted of 4 ul of TnT T7
Quick for PCR DNA (Promega, Madison, Wis.), 0.25 ul of
35§-Promix (Amersham Pharmacia Biotech, Piscataway, N.J.), 0.25
ul of deionized water, and 0.5 ul of PCR products obtained with
the use of the F2 and R2 primers. The wells were covered with
mineral oil and incubated at 30°C for 90 minutes, and then the
contents were diluted with Laemmli sample buffer and denatured
at 95°C for 2 minutes. Proteins were separated on 10 to 20 per-
cent TRIS—glycine gradient polyacrylamide gels (Invitrogen),
then fixed in ethanol and dried before autoradiography.

Sequencing Studies

PCR products from wells yielding truncated peptides in the
digital-protein-truncation assay were isolated and cloned with the
use of the TOPO Cloning kit (Invitrogen). Sequencing reactions
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TABLE 1. CHARACTERISTICS OF 46 PATIENTS WITH NEOPLASIA.*

MutanT
PATIENT  SEX/ DuKES’ STAGE OR DIAMETER APC
No. Ak (YR) SITE HisToLogic FINDINGS OF Lesion APCGENE  GENES MUTATION IDENTIFIED
copies/mg
cm of stool %
1 F/74  Sigmoid colon Tubulovillous adenoma 3.0 1.4 NF Not applicable
2 M/56 Cecum Tubular adenoma 1.0 0.6 1.2 GGA-TGA at position 1450
3 M/57  Splenic flexure B2 (T3NOMO) 6.7 6.4 NF  Not applicable
4 F/47 Rectum B2 (T3NOMO) NR 75.6 1.3 ATA-TA at position 1286
5 F/67 Rectum B2 (T3NOMO) 1.1 2.5 14.1  CAA-TAA at position 1303
6 F/70 Ascending colon Tubular adenoma 1.0 1.3 1.9 GAG-G at position 1463
7 M/64 Rectum B2 (T3NOMO) 1.3 800.0 04  GAA-TAA at position 1309
8 F/52 Rectum Villous adenoma 3.0 26.6 1.1  GAAAAAACT - GAAAAAAACT at position 1554
9 M/76 Sigmoid colon B2 (T3NOMO) 1.3 2.5 NF Not applicable
10 F/46 Rectum Tubular adenoma 25 5.0 0.5 TCA-TGA at position 1346
11 F/52 Sigmoid colon B2 (T3NOMO) 35 219 5.6 GAA-TAA at position 1295
12 F/36 Rectum B2 (T3NOMO) 1.3 40.6 NF Not applicable
13 M/54 Descending colon Tubular adenoma 2.0 1.6 1.0 TTA-TT at position 1489
14 M/50 Rectum B2 (T3NOMO) 0.9 18.8 NF  Not applicable
15 M/45 Rectum B2 (T3NOMO) 0.5 32.7 NF Not applicable
16 F/61 Rectum B2 (T3NOMO) NR 0.1 NF Not applicable
17 M/64 Rectum B2 (T3NOMO) 1.7 1334 3.1  GAA-TAA at position 1353
18 M/84 Ascending colon, Tubular adenoma 1.0, 1.5¢ 0.1 NF Not applicable
transverse colont
19 M/50 Rectum B2 (T3NOMO) 3.7 0.1 6.6 AAAGAAAAGA-AAAGA at position 1309
20 M/59 Descending colon Tubular adenoma 1.0 0.2 NF  Not applicable
21 F/68 Ascending colon B2 (T3NOMO) 1.7 0.2 NF Not applicable
22 M/64 Rectum B2 (T3NOMO) 2.4 5.1 NF Not applicable
23 M/69 Rectum B2 (T3NOMO) 5.0 1.5 1.2 AAAGAAAAGA - AAAGA at position 1309
24 M/50 Rectum B2 (T3NOMO) 1.6 57.4 NF Not applicable
25 M/58 Sigmoid colon Tubular adenoma 1.0 14 1.2 GAG- G at position 1463
26 M/63 Rectum B2 (T3NOMO) 0.8 9.4 NF Not applicable
27 F/61 Rectum Villous adenoma 4.5 0.2 NF Not applicable
28 F/52 Ascending colon Tubulovillous adenoma 2.0 37 NF  Not applicable
29 F/52 Transverse colon Tubular adenoma 4.5 591.4 0.5 CGA-TGA at position 1450
30 M/47 Rectum B2 (T3NOMO) 3.0 9.7 3.6 CAG-TAG at position 1367, AGT - AG at position
14111
31 M/70 Sigmoid colon B2 (T3NOMO) 1.7 9.0 0.5 CAG-TAG at position 1480
32 M/53 Rectum B2 (T3NOMO) 1.4 18.7 12.8  CAG-TAG at position 1406
33 M/54 Rectum B2 (T3NOMO) 2.4 757.8 NF Not applicable
34 M/49 Descending colon,  Tubular adenoma 1.0, 1.0t 1.2 NF Not applicable
descending colont
35 F/62 Rectum Villous adenoma 3.0 1.2 NF Not applicable
36 M/78 Hepatic flexure Tubulovillous adenoma 25 5.8 NF Not applicable
37 F/74 Ascending colon, Tubular adenoma 1.0, 1.0t 0.2 5.7  CAG-TAG at position 1294
cecum
38 F/42 Rectum f B2 (T3NOMO) 0.2 309.8 1.3 TCC-TC at position 1319
39 M/72  Ascending colon, Tubular adenoma 1.0, 0.8t 0.3 NF Not applicable
ascending colont
40 M/76 Rectum B2 (T3NOMO) 1.4 35 1.6 GAA-TAA at position 1408
41 F/73 Ascending colon Tubulovillous adenoma 1.0 0.2 1.8 GGA-TGA at position 1412
42 M/67 Rectum B2 (T3NOMO) 24 300.0 1.9 CTTGATAGTT-CTTGAGTT at position 1394
43 M/60 Rectum B2 (T3NOMO) 4.3 0.4 2.0 GAA-TAA at position 1317
44 M/70 Rectum B2 (T3NOMO) 1.6 1.5 5.8 GAAAAAACT - GAAAAAAACT at position 1554
45 M/75 Rectum B2 (T3NOMO) NR 59.2 0.9 TCA-TAA at position 1315
46 F/62 Rectum B2 (T3NOMO) 0.6 6.6 2.3  AGA-TGA at position 1435

*NF denotes none found, and NR not recorded.

tTwo adenomas were found on colonoscopy.

1Two different mutations were identified by the digital-protein-truncation test and confirmed by sequencing. It is not unusual for a single tumor to
harbor mutations of both parental alleles.18:41
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from cloned DNA were analyzed on a SCE-9610 96-well capil-
lary electrophoresis system (SpectruMedix, State College, Pa.). In
19 cases, DNA was prepared from archived tumors, and APC
fragments of approximately 200 bp were amplified and subjected
to manual sequence analysis with ThermoSequinase (Amersham
Pharmacia Biotech).

Statistical Analysis

All statistical analyses employed Fisher’s exact test to compare
proportions. All reported P values are two-sided.

RESULTS
Development of the Digital-Protein-Truncation Assay

In order to detect APC mutations in fecal DNA
we had to surmount two major technical obstacles.
The first involved purification of DNA templates
that were large enough to allow us to perform PCR
on a substantial region of the APC gene. About 83
percent of the APC mutations in sporadic tumors
occur between codons 1210 and 1581, an expanse
of 1113 nucleotides.#! For our analysis, it was impor-
tant to amplify this region within a single PCR
product rather than in multiple overlapping PCR
products. The DNA molecules to be assessed must
therefore be considerably larger than 1100 nucleo-
tides. However, stool contains numerous inhibitors
of DNA polymerase, and long PCR products, such
as those of 1100 bp, are particularly sensitive to such
inhibitors. The method we developed captured APC
genes on magnetic beads that were coated with oli-
gonucleotides corresponding to the region between
codons 1210 and 1581. This allowed amplification
of DNA fragments of the required size and concen-
tration from all 74 stool samples analyzed. Patients
with colorectal cancer had a median of 4.3 copies of
the APC gene per milligram of stool (Table 1), and
patients without colorectal neoplasia had a median
of 2.3 copies of the APC gene per milligram of stool
(Table 2).

The second technical hurdle was identifying mu-
tations within these PCR products. Virtually all
APC mutations result in stop codons caused by
nonsense substitutions or small, out-of-frame dele-
tions or insertions.*! APC mutations can therefore
be identified through in vitro transcription and
translation of suitably engineered PCR products.+445
This “in vitro synthesized protein,” or “protein-
truncation,” test is the standard method for genetic
diagnosis of familial adenomatous polyposis. How-
ever, it could not be used to evaluate fecal DNA
samples, because of the preponderance of wild-type
sequences in such samples. In particular, the sensi-
tivity of the conventional method is limited to mu-
tations that occur in more than 15 percent of tem-
plate molecules, whereas mutant APC genes were
expected to be present at much lower frequency in
tecal DNA (Fig. 1). We therefore developed a mod-
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ification of the protein-truncation test, called digital
protein truncation, which has considerably increased
sensitivity (Fig. 1). In brief, a small number of tem-
plate molecules were included in each reaction, and
the protein products of each reaction were separated
by polyacrylamide-gel electrophoresis. To increase
the specificity of the digital-protein-truncation test
and to control for polymerase-generated errors, we
considered the test result to be positive for a muta-
tion only when a truncated protein product of the
same size was identified at least twice among the
144 reactions carried out on each sample.

Analysis of Data from Patients with Cancer
and Control Patients

Mutations were identified in 26 of the 46 stool
samples from patients with neoplasia (57 percent;

TABLE 2. CHARACTERISTICS OF 28 CONTROL PATIENTS.

PATIENT SEx/

No. AGE (YR) REASON FOR COLONOSCOPY APC GENE

copies/mg of stool

47 M/26 Abdominal pain, rectal bleeding 40.1
48 F/27 Positive fecal occult-blood test 39
49 M/35 Rectal bleeding 6.1
50 ¥/36 Low abdominal pain 0.3
51 F/36 Family history of attenuated 2.3
polyposis
52 F/41 Positive fecal occult-blood test 1.8
53 M/42  Family history of colorectal cancer 7.4
54 F/44 Rectal bleeding 2.3
55 F/44 Family history of colorectal cancer 17 .4
56 F/47 DPositive fecal occult-blood test 14
57 M/50  Family history of colorectal cancer 2.6
58 F/53  Family history of colorectal cancer 3.8
59 F/53 Family history of colorectal cancer 12.3
60 F/54 Family history of colorectal cancer 59
6l F/55 Family history of polyps 1.1
62 F/55 History of adenomas and 11.8
nonadenomatous polyps
63 F/56 Family history of colorectal cancer 2.0
64 F/56 Low abdominal pain 1.0
65 F/58 Rectal bleeding 35.7
66 E/61 DPositive fecal occult-blood test 0.7
67 F/62 DPositive fecal occult-blood test 2.4
68 F/62  Family history of colorectal cancer 0.1
69 F/66 Rectal bleeding 1.0
70 F/69  Family history of colorectal cancer 0.6
71 M/69  Screening 0.3
72 F/70  Family history of colorectal cancer 0.5
73 F/72 Rectal bleeding 4.7
74 ¥/73  Low abdominal pain 0.4
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Figure 1. The Digital-Protein-Truncation Test.

Digital protein truncation relies on the amplification of a small number of APC gene templates in each polymerase chain reaction
(PCR), and the detection of truncated polypeptides generated by in vitro transcription and translation of the PCR products. The term
“digital” is used to indicate that each well either contains or does not contain APC gene templates and that each protein-truncation
test is therefore positive (1) or negative (0). The lines within each large circle represent single-stranded APC templates present in
a population of DNA, with black and red lines indicating wild-type (normal) and mutant APC gene copies, respectively. In circle A,
the mutant APC genes represent a large fraction of the total APC genes, as would be found in a tumor or in the blood cells of a
patient with familial adenomatous polyposis. Analysis of the entire population of molecules with the use of PCR and in vitro tran-
scription and translation readily reveals the mutant product, which is equivalent in intensity to the normal APC product (as shown
in lane A of the schematic gel on the right). In circle B, the mutant APC genes represent only a small fraction of the total APC genes,
as would be found in the feces of a patient with colorectal cancer. Analysis of the entire population of molecules with the use of
PCR and in vitro transcription and translation does not reveal the mutant product, because it is present in too small a proportion
of the molecules to create a detectable signal in the assay (as shown in lane B of the gel on the right). To reduce the complexity
and thereby increase the ratio of mutant genes to normal genes, we sampled two to four molecules in each well, as indicated by
the circles labeled C through G within circle B. Lanes D, F, and G represent wells with no mutant products; lane C represents a well
in which one of the two APC templates was mutant; and lane E represents a well in which one of the four APC templates was
mutant. The number of copies of the APC gene per well varies stochastically according to a Poisson distribution.
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95 percent confidence interval, 41 to 71 percent)
with use of the digital-protein-truncation assay.
Representative positive results are shown in Figure
2. The average number of abnormal reactions in pa-
tients with positive results was 7.5 and ranged from
2 to 39 (of 144 total reactions carried out in each
patient). No mutations were identified by the digi-
tal-protein-truncation assay in stools from the 28
control patients who did not have neoplastic disease
(0 percent; 95 percent confidence interval, 0 to 12
percent; P<<0.001). Positive results were obtained in
17 of the 28 patients with Dukes’ stage B2 cancer
(61 percent; 95 percent confidence interval, 41 to
79 percent) and 9 of the 18 patients who had ade-
nomas that were at least 1 cm in diameter (50 per-
cent; 95 percent confidence interval, 26 to 74 per-
cent). In addition, 20 of 36 patients with neoplasms
distal to the splenic flexure (56 percent; 95 percent
confidence interval, 38 to 72 percent) had positive
results, as did 6 of 10 patients with more proximal
lesions (60 percent; 95 percent confidence interval,
26 to 88 percent). In the positive stool samples, 0.4
to 14.1 percent of all APC genes had mutations (Ta-
ble 1).

Confirmation of Mutations

To confirm that the abnormal polypeptides de-
tected by the digital-protein-truncation assay repre-
sented APC mutations, we determined the sequence
of corresponding PCR products. In each of the 26
patients with positive tests, we found a mutation
that was predicted to result in a truncated polypep-
tide of exactly the size found in the digital-protein-
truncation assay (Fig. 3). The spectrum of mutations
was broad (Fig. 4 and Table 1) and closely resembled
those in sporadic colorectal neoplasms.*!

We next sought to confirm that mutations identi-
fied in the stool were also present in the patients’ tu-
mors. Although in the majority of patients, tumor
material suitable for mutational analyses was not
available, we were able to evaluate APC mutations in
the tumors of seven patients who had positive results
on the digital-protein-truncation assay. The muta-
tions in these tumors were identical to those found
in the stool (Fig. 3). We also assessed the nature of
APC mutations in tumors from 12 patients with
negative results on the digital-protein-truncation as-
say. Tumors from 6 of these 12 patients had truncat-
ing mutations (at codons 1284, 1291, 1309, 1376,
1464, and 1488). Thus, 36 of the 46 patients with
neoplasia (78 percent; 95 percent confidence inter-
val, 65 to 89 percent) in our study were estimated
to have mutations that could have been detected by
the digital-protein-truncation assay (26 of the pa-
tients with positive test results plus 10 of the 20 pa-
tients with negative test results). This estimate of 78
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percent is quite close to the value of 75 percent ex-
pected on the basis of previous studies.35:41

DISCUSSION

Our results show that PCR-amplifiable DNA frag-
ments of more than 1100 bp could be purified from
the stools of all patients studied, regardless of the
presence or absence of a colorectal tumor or colonic
adenoma. The fraction of mutant APC molecules in
the samples from patients with neoplasia ranged
from 0.4 to 14.1 percent. Knowledge gained from
our study should be helpful in the design of future
studies. For example, any technique to assess mutant
DNA molecules in fecal DNA must have the capac-
ity to distinguish 1 mutant molecule from more
than 250 wild-type molecules if a sensitivity compa-
rable to the one achieved in this study is to be
achieved. By increasing the number of copies of APC
examined, further increases in sensitivity should be
achievable. Furthermore, our study focused on rela-
tively early-stage lesions. Because of the high poten-
tial for cure by surgical or endoscopic removal of
these lesions, their detection by noninvasive meth-
ods such as the digital-protein-truncation assay has
the capacity to reduce morbidity and mortality in
the future.

An important component of our study was the
high specificity of the test: no APC alterations were
identified in any of the 28 control samples from pa-
tients without neoplasia. Among the published stud-
ies of fecal-DNA mutations,!9-33 few used more than
three stool samples from normal subjects as controls.
In one such study, c-Ki-7as mutations were identi-
fied in 7 percent of the controls.?® Nondysplastic ab-
errant crypt foci and small hyperplastic polyps, which
occur relatively frequently in normal people but are
not thought to be precursors of cancer, often con-
tain ¢-Ki-7as mutations but not APC mutations,38-40
a finding further emphasizing the value of APC for
stool-based testing.

In summary, it is possible to detect APC muta-
tions in fecal DNA in patients with potentially cur-
able colorectal tumors. It is important to emphasize,
however, that our study does not demonstrate that

Figure 2 (facing page). Examples of the Results of the Digital-
Protein-Truncation Test in Six Patients with Truncating Muta-
tions in APC.

The wild-type protein product is 43 kD. The products of in vitro
transcription and translation from 30 individual reactions (15
reactions per panel) are shown for each patient, and the abnor-
mal polypeptides are indicated by arrowheads. Because of the
Poisson distribution of template molecules, an occasional lane
contains no templates and is blank (e.g., lane 2 of the sample
from Patient 5).
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Figure 4. Spectrum of APC Mutations Identified between Codons 1210 and 1581 in Fecal DNA.

Twenty-seven different mutations were identified among the 26 patients with positive digital-protein-truncation tests.
Mutations occurred in the form of deletions (red triangles), insertions (green squares), and base substitutions (yellow
circles). The numbers within each symbol refer to the patient numbers shown in Table 1.

the digital-protein-truncation test is a clinically use-
ful screening test. It was of interest that five of the
control patients in our study underwent colonosco-
py because of a positive fecal occult-blood test,
whereas in another six, the reason for undergoing
colonoscopy was rectal bleeding, which precludes fe-
cal occult-blood testing. Although this result points
to the potential value of a more specific genetically
based test for screening feces, further studies will be
required to determine whether the digital-protein-
truncation test is as sensitive and specific as the fecal
occult-blood test in persons at average risk. Because
the digital-protein-truncation test is based on the

Figure 3 (facing page). Mutations Producing Truncated Poly-
peptides in the Digital-Protein-Truncation Test.

Polymerase-chain-reaction (PCR) products that generated ab-
normal polypeptides in the digital-protein-truncation test were
used for sequence analyses, as described in the Methods sec-
tion. In each case, primers were chosen on the basis of the posi-
tion of the mutation expected from the digital-protein-truncation
results. For each patient, the upper chromatogram represents
the wild-type sequence and the lower chromatogram depicts
the mutant sequence (arrowheads indicate the site of the genet-
ic alteration). Autoradiograms of sequencing gels from PCR
products derived from tumor samples from the four patients
are also shown; arrowheads indicate the mutations, which were
identical to those observed in the stool samples. As expected,
sequences of tumor-derived templates revealed the simultane-
ous presence of wild-type and mutant sequences. Examples of
a base substitution (in the case of Patient 11), a 5-bp deletion (in
the case of Patient 23), and an insertion of one base (in the case
of Patient 44) are illustrated. All mutations resulted in stop
codons (solid circles) immediately downstream from the muta-
tions, as indicated on the right.

N Engl ] Med, Vol. 346, No. 5 - January 31, 2002 -

identification of abnormal proteins synthesized from
mutant genes, the powerful new tools being devel-
oped for proteomics should be directly applicable to
this approach in the future, further increasing its
power.
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