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ABSTRACT

K-RAS mutation is being developed as a cancer biomarker and tumor K-RAS is being used
to predict therapeutic response. Yet, levels of K-RAS mutation in normal and pathological tis-
sue samples have not been determined rigorously, nor inter-individual variation in these levels
characterized. Therefore, K-RAS codon 12 GAT and GTT mutant fractions were measured in
colonic mucosa of individuals without colon cancer, tumor-distal mucosa, tumor-proximal mu-
cosa, normal tumor-adjacent tissues, colonic adenomas, and carcinomas. The results indicate
K-RAS codon 12 GAT mutation is present at measurable levels in normal appearing mucosa.
All tumors carried K-RAS mutation, in most cases as a mutant subpopulation.

INTRODUCTION

The use of K-RAS mutations as potential biomarkers of can-
cer risk, particularly colon cancer risk, has been intensely inves-
tigated. The detection of K-RAS mutation has been investigated
as a cancer screening approach using plasma and stool DNA
samples (1-4). The detection of the K-RAS codon 12 GTT mu-
tation in colon tumors has been associated with poor prognosis
(5-7). More recently, detection of K-RAS mutation in a patient’s
tumor is being used in selecting a therapeutic approach (8, 9).
Specifically, patients with metastatic colon cancer or non-small
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cell lung cancer, whose tumors carry a K-RAS mutation, fail
to respond to therapies directed against the epidermal growth
factor receptor (e.g., gefitinib, erlotinib, cetuximab, and panitu-
mumab) (8).

Despite broad interest in using K-RAS mutation as a cancer
biomarker, generally, K-RAS mutation has not been evaluated in
a quantitative manner. Most studies describing investigations of
K-RAS mutation report the prevalence of K-RAS mutation (i.e.,
employ plus/minus scoring for mutation and report number of
mutation positive samples relative to the total number of sam-
ples analyzed) (10-14). In addition, some studies investigating
K-RAS as a potential cancer screening biomarker describe an
apparent lack of specificity, as individuals without colon cancer
may produce positive results (15-17).

Using an allele-specific PCR, Zhang ef al. (10) reported
the detection of K-RAS mutation in colon tumors and tumor-
adjacent mucosa, but K-RAS was not detected in normal mucosa.
Using mutant allele-specific PCR, Yamada et al. (18) reported
the detection of K-RAS mutation in tumors and normal colon
from colon cancer patients, but the absence of mutation in the
colonic mucosa of subjects without colon cancer. Using an en-
riched PCR method with a sensitivity of 10~*, Ronai et al. (12)



detected K-RAS mutation in 14/42 (33%) tumors, 2/13 (15%)
tumor distant mucosa samples, and 1/11 (9%) mucosa samples
from control subjects. Using a combination of mutant allele
enrichment and denaturing gradient gel electrophoresis with a
sensitivity of 107 to 107>, Zhu et al. (13) detected K-RAS
mutation in 22/22 (100%) tumors (including one tumor with
two different K-RAS mutations), in 7/13 (54%) tumor-adjacent
mucosa samples (including detection of multiple K-RAS muta-
tions), in 0/13 (0%) tumor-distant mucosa samples, and 0/4 (0%)
mucosa samples from control subjects. Using a PCR-restriction
fragment length polymorphism (PCR-RFLP) approach, Kraus
et al. (14) detected K-RAS mutation in 21/144 (15%) mucosa
samples, 20/22 (91%) polyps, and 34/84 (40%) tumor samples.

A study by Dieterle et al. (19) is the only study that at-
tempted to describe the levels of K-RAS mutation. They used a
semi-quantitative PCR-RFLP method with a sensitivity of 1073
to categorize levels of mutation in tumors and colonic mucosa as
having mutant:wild-type ratios of 0.1, 0.01, 0.001, or <0.001.
Of 199 subjects with a colon tumor, 74 (38%) had a K-RAS
positive tumor. In addition, 3/15 (20%) mucosa samples had
K-RAS mutation at a mutant:wild-type ratio of 10~ or above.
Significantly, Dieterle ef al. (19) showed that the ratio of K-RAS
mutant:wild-type alleles in carcinomas varied over four orders
of magnitude. In summary, K-RAS mutation has rarely been
quantified, has been detected infrequently in mucosa samples
from control subjects, and has been shown to occur as subpop-
ulations within tumors in a single study. However, a rigorous
description of the levels of K-RAS mutation (and the variability
in these levels) in tissues corresponding to various pathological
stages of sporadic colon tumor development using a method-
ology that is both quantitative and sensitive is critical for the
rational use of K-RAS mutation as a cancer biomarker.

A method called Allele-Specific Competitive Blocker Poly-
merase Chain Reaction (ACB-PCR) can quantify specific K-
RAS point mutations (20). The ACB-PCR approach, a type
of allele-specific PCR amplification, permits the quantifica-
tion of specific point mutations when present at a mutant frac-
tion (MF) of 107> or higher (i.e., ratios as low as one mutant
DNA sequence per 100,000 wild-type DNA sequences). The
ACB-PCR approach was developed for the human K-RAS mu-
tation because K-RAS mutations are prevalent in all types of
colonic lesions, including aberrant crypt foci (ACF) (41% mu-
tation positive), adenoma (39% mutation positive), and carcino-
mas (41% mutation positive). Furthermore, two specific K-RAS
codon 12 hotspot mutations (GAT and GTT) are reported to
occur in 14% and 9% of colonic lesions, respectively (com-
bined occurrence in ACF, adenomas, and carcinomas) (Cat-
alogue of Somatic Mutations in Cancer, COSMIC database
(www.sanger.ac.uk/genetics/CPG/cosmic/) search included all
histologies within cecum, and left and right colon; accessed
June 12, 2009).

A quantitative understanding of the levels of mutation com-
monly found in normal and pathological samples is a reason-
able prerequisite to the meaningful application of a mutational
biomarker to cancer screening, for describing patient prognosis,
or for selecting a therapeutic approach. Therefore, the goal of

this study was to use ACB-PCR to quantify K-RAS codon 12
GAT and GTT MF in normal appearing colonic mucosa, normal
appearing mucosa at different distances from a colonic tumor,
normal tumor-adjacent (NTA) tissues, colonic adenomas, and
colonic carcinomas.

MATERIALS AND METHODS

Tissue Collection

This study was reviewed, approved, and conducted in ac-
cordance with the Federal Wide Assurance (FWA) filed by
the UAMS Institutional Review Board (UAMS IRB, FWA
00001119), the FDA Research Involving Human Subjects Com-
mittee (RIHSC, FWA 00006196), and the Central Arkansas
Veterans Healthcare System IRB (CAVHS IRB#1, FWA
00006264). Male colon cancer patients scheduled for a colec-
tomy as a curative treatment for colon cancer were recruited into
the study. Because this study was focused on sporadic colon
cancer, patients having a first-degree relative with colon can-
cer (i.e., familial colon cancer), a previous cancer (other than
non-melanoma skin cancer), ulcerative colitis, or rectal cancer,
were not eligible to participate. A smoking history was elicited
from these subjects. Extra tissues not needed for patient di-
agnosis, along with pathology reports for patient tissues, were
collected from subjects who had given their consent to partici-
pate in the study. The following fresh samples were collected: a
section of normal appearing mucosa 2—5 cm from the subject’s
tumor (referred to as tumor-proximal mucosa or TPM), a section
of normal appearing mucosa 5 cm or more from the subject’s
tumor (referred to as tumor-distal mucosa or TDM), and a por-
tion of the subject’s tumor (later identified as an adenoma or
carcinoma, although in one case both were obtained). Not all
tissue types were available from all subjects. Pathology reports
were reviewed for histological diagnosis and tumor stage. The
second source of tissue samples was the Cooperative Human
Tissue Network (CHTN). Fresh-frozen colon tumor samples,
tumor-adjacent normal appearing mucosa samples (NTA), and
colonic mucosa autopsy samples from males without colon can-
cer (referred to as normal) were collected from the CHTN.

After excising a portion of the fresh TDM sample for DNA
isolation, the remainder was fixed in 2% paraformaldehyde and
stained with 0.2% methylene blue to identify ACF. Mucosa
regions containing ACF were paraffin-embedded and sectioned.

Genomic DNA Isolation and Restriction
Digestion

DNAs from mucosa and tumor tissues were isolated on sep-
arate days, while employing precautions to limit the possibility
of sample cross-contamination. Fresh and frozen tumor sam-
ples and mucosa samples were washed extensively in phosphate
buffered saline. Any submucosa was removed, and the tissues
were homogenized using a tissue tearer (Biospec Products, Inc.,
Bartlesville, OK) and 10 ml of proteinase K buffer (1 mg/ml
proteinase K, 100-mM NaCl, 2.5-mM EDTA (pH 8), and 0.1%
SDS) per gram of tissue, incubated ~16 hr at 37°C, and then

K-RAS Mutant Fraction in Colonic Mucosa and Tumors 365



extracted with an equal volume of a phenol/chloroform/isoamyl
alcohol mixture (25:24:1). Samples were resuspended in
200 uL of RNase buffer: 10 mg/ml RNase A (Sigma, St. Louis,
MO), 4.2 units/uL ribonuclease T1 (Sigma), 100-mM sodium
acetate, and 50-mM Tris-HCI (pH 8), incubated ~16 hr at 37°C,
and again extracted as described above. The DNA was precipi-
tated and resuspended in 20 uL of TE buffer (5-mM Tris, 0.5-
mM EDTA, pH 7.5). DNA was isolated from rehydrated tissue
curls manually microdissected from paraffin-embedded sections
of ACF using conditions identical to those described above, ex-
cept Pefabloc (Roche Applied Science, Indianapolis, IN) was
added to the samples after proteinase K treatment, and then fol-
lowed by RNase treatment. All genomic DNAs were digested
with Afl IT and Ava IT (New England Bioloabs, Beverly, MA).

First-round PCR Amplification

For each mucosal or tumor genomic DNA sample, two
200-uL first-round PCR reactions were performed. A single
200-uL first-round PCR reaction was performed using DNA
samples isolated from ACF. Each 200-uL reaction contained 1
wugof digested genomic DNA, 10-mM KCl, 10-mM (NHy4),SOy,
20-mM Tris-HCI (pH 8.75), 2-mM MgSOy, 0.1% Triton X-
100, 0.1 mg/ml bovine serum albumin, 0.2-mM dNTP, 0.2-uM
RD1 (5TTAAGCGTCGATGGAGGAGTT-3'), 0.2-uM RD2
(5-GTCCTGCACCAGTAATATGC-3'), and 4 units of Cloned
Pfu DNA Polymerase (Stratagene, La Jolla, CA). Amplification
conditions included heating for 2 min at 94°C, followed by 35
cycles of 1 min at 94°C, 1 min at 56°C, and 1 min at 72°C,
with a final extension of 7 min at 72°C. An aliquot of the PCR
product (which included sequence 5’ of exon 1, exon 1, and
part of intron 1) was analyzed by agarose gel electrophoresis
to confirm product length (384 bp) and that the different sam-
ples were amplified to an equivalent extent. The remainder of
the PCR product was isolated following preparative agarose gel
electrophoresis using a Geneclean Spin Kit (Bio 101, Vista, CA)
and frozen as multiple single-use aliquots. The concentration of
each DNA sample was determined by repeated measurement
using a NanoDrop® ND-1000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE); final concentrations were cal-
culated once three determinations that varied by <10% from the
group mean were obtained.

ACB-PCR

The ACB-PCR approach relies upon parallel analyses of a
set of MF standards and unknowns, all of which contain equal
numbers of K-RAS molecules. Mutant and wild-type standards
were prepared by digestion of cloned mutant or wild-type plas-
mid DNA (wild-type, codon 12 GGT; A mutant, codon 12 GAT;
and T mutant, codon 12 GTT) with Afl II and Ava II and isola-
tion of a DNA segment corresponding in sequence composition
to the first-round PCR product prepared from the isolated colon
DNA samples (20).

For measurement of K-RAS codon 12 GAT MF by ACB-
PCR, mixtures of purified mutant and wild-type standard DNAs
were prepared at a concentration of 5 x 107 copies/uL, with the

K-RAS codon 12 GAT MFs of either 107!, 1072, 1073, 1074,
1073, or 0 (containing only the wild-type codon 12 sequence).
Each ACB-PCR reaction incorporated 10 uL of each DNA
mixture, for a total of 5 x 10% K-RAS copies per reaction. Each
MF standard was analyzed in duplicate, along with a no-DNA
control. The K-RAS codon 12 GAT ACB-PCR reaction em-
ployed three primers: P4 (5'-GATTTACCTCTATTGTTGGA-
3), a 5’ fluorescein-labeled mutant-specific primer (MSP-A,
5'-CTTGTGGTAGTTGGAGCTTA-3'), and a blocker primer
(BP-A, 5-CTTGTGGTAGTTGGAGCTTddAG-3') carrying a 3'-
dideoxy chain terminator. For ACB-PCR, polyacrylamide gel-
purified primers were purchased from Sigma-Genosys (The
Woodlands, TX) (20). Each ACB-PCR reaction was prepared
by placing 10-uL DNA and 35 uL of reaction mix into a 0.5 ml
thin-walled microfuge tube to which 40 pL of mineral oil was
added. The reaction mix was prepared such that the final con-
centration of reagents in each 50-uL. ACB-PCR reaction was
60-uM dNTPs, 1x Stoffel buffer, 1.6-mM MgCl,, 0.1 mg/ml
gelatin, 1.0 mg/ml Triton X-100, 500-nM primer P4, 500-nM
MSP-A, and 375-nM BP-A. Reactions were initiated using a
hot-start procedure by the addition of 3.3 units/reaction of Am-
plitag DNA Polymerase Stoffel fragment and 0.02 units/reaction
of PerfectMatch PCR enhancer that had been diluted into 5 uLL
of reaction mix (20, 21). Thermocycler conditions were 36 cy-
cles of 30 s at 94°C, 45 s at 45°C, and 1 min at 72°C.

The K-RAS codon 12 GTT ACB-PCR reaction employed
three primers: P3 (5'-GTTGGATCATATTCGTCCAC-3'), a
5" fluorescein-labeled mutant-specific primer (MSP-T, 5'-
CTTGTGGTAGTTGGAGCTAT-3'), and a blocker primer (BP-
T, 5-CTTGTGGTAGTTGGAGCTAddG-3") (20). Each ACB-
PCR reaction was prepared by placing 10 uLL DNA and 35 uLL
of reaction mix into a 0.5 ml thin-walled microfuge tube to
which 40 uL of mineral oil was added. The reaction mix was
prepared such that the final concentration of reagents in each 50-
uL ACB-PCR reaction was 40-uM dNTPs, 1x Stoffel buffer,
1.5-mM MgCl,, 0.1 mg/ml gelatin, 1.0 mg/ml Triton X-100,
400-nM primer P3, 300-nM MSP-T, and 240-nM BP-T. Reac-
tions were initiated using a hot-start procedure by the addition
of 3.3 units/reaction of Amplitaq DNA Polymerase Stoffel frag-
ment (Applied Biosystems) and 0.06 units/reaction of Perfect-
Match PCR enhancer (Stratagene) that had been diluted into 5
uL of reaction mix. Thermocycler conditions were 36 cycles of
30 s at 94°C, 45 s at 41°C, and 1 min at 72°C.

Gel Electrophoresis, Image Analysis,
and Data Collection

Equal volumes of ACB-PCR products were analyzed on non-
denaturing, 8% polyacrylamide gels. The fluorescent products
were visualized following excitation at 488 nm by either a
Molecular Dynamics FlourImager (GE Healthcare, Piscataway,
NJ) or a PharosFX imaging system with an external blue laser
(Bio-Rad Laboratories, Hercules, CA). For each MF standard,
the fluorescence of the correct-sized product (GAT ACB-PCR,
103 bp; GTT ACB-PCR, 89 bp) was measured, using Image-
QuaNT software (GE Healthcare/Amersham Biosciences) or
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Quantity One software (Bio-Rad). Specifically, replicate boxes
were drawn around individual bands and an average background
pixel measurement (collected under the outline of each box) was
subtracted from the total pixel count for each box. Log-linear
plots relating MF to fluorescence (in pixels) were constructed
and fit with an exponential function. This function was then
used to calculate the MF in each unknown sample based on
the fluorescence of the ACB-PCR product generated using that
sample and the same quantitation methodology.

The ACB-PCR mutational analysis of the ten tumors with the
highest K-RAS codon 12 MFs was confirmed by DNA sequenc-
ing of the corresponding first-round PCR products. The DNA
sequencing was performed using a BigDye terminator v3.1 cy-
cle sequencing kit and a 3130 x 1 Genetic Analyzer (Applied
Biosystems, Foster City, CA).

Statistical Analyses

The K-RAS MF for each sample was calculated as the
arithmetic average of three replicate assays. In order to stan-
dardize variability of measurements distributed over a logo-
scale, the average MF measurement for each sample was logjo-
transformed. For each type of tissue, the average of the logjo-
transformed MF measurements were calculated and then con-
verted back to MF to obtain the geometric mean MF.

Analysis of variance was performed on log;,-transformed
data using SigmaStat 3.11 (Systat Software Inc., Chicago, IL).
Analysis of variance on ranks was performed because the log-
transformed data were not normally distributed. Pair-wise com-
parisons between TPM versus TDM and adenoma versus car-
cinoma were performed using Fisher’s exact test. Because the
tumor K-RAS MF might influence the observed MF in NTA
mucosa, the relationships between K-RAS MF and age were ex-
amined using only normal, TPM, and TDM MF measurements.
The relationships between K-RAS MFs and smoking history
were examined using the data collected from the TPM and TDM
samples. Significant relationships between age or smoking and
K-RAS MF were examined by Spearman rank order correla-
tion, in single-tailed tests performed using GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, CA).

RESULTS

A total of 89 normal appearing colonic mucosa and colon tu-
mor samples were collected and analyzed using ACB-PCR. The
number and types of samples are described in Table 1. Although
characterization of K-RAS codon 12 MF in ACF was a goal of
this study, only three ACF from a single subject (7160-25)
were detected and analyzed by ACB-PCR. For each tissue sam-
ple, genomic DNA was isolated, a segment of K-RAS2 exon 1
was amplified in a high-fidelity, first-round PCR, and then gel-
purified, with mucosa samples and tumor samples processed
separately to minimize potential cross-contamination. The DNA
concentrations of the first-round PCR products were quantified
and ACB-PCR reactions were performed using equal copies of
K-RAS MF standards (defined mixtures of K-RAS mutant and
wild-type sequence, with MFs of 10~1,1072,1073, 1074, 1073,
and 0 analyzed in duplicate), and first-round PCR products pre-
pared from the colon tissue samples. Because the MSP used in
the ACB-PCR was labeled with a 5'-fluorescein molecule, the
ACB-PCR products were fluorescent and were visualized as the
expected-size band following polyacrylamide gel electrophore-
sis (Figures 1(A) and (B)). The fluorescent intensities (in pix-
els) of the PCR products amplified from the MF standards were
quantified and used to construct standard curves (Figures 1(C)
and (D)). For each experiment, the concurrently run wild-type
standard (no-mutant control) defines the assay-specific ACB-
PCR background signal. Using the linear regression formula
derived from the standard curves and the fluorescent intensities
of the ACB-PCR products generated from each colon tissue
sample, the K-RAS codon 12 MF in each colon DNA sample
was calculated.

Every unknown sample was quantified based on three inde-
pendent ACB-PCR experiments including three different sets
of MF standards. For each K-RAS mutation, 21 gels were used
to analyze all the study samples (with sets of 12 MF standards
per gel, as given above). For the GAT MF measurements, three
of 252 MF standard samples appeared to be technical failures
and were not used in the construction of a standard curve. For
the GTT MF measurements, seven of 252 MF standard sam-
ples appeared to be technical failures and were not used in the
construction of a standard curve. A standard was considered

Table 1. Human Colon Tissue Samples Analyzed by ACB-PCR

Sample Designation Sample Type Numbers Analyzed

Normal mucosa Normal appearing mucosa from subjects without colon cancer 6
(CHTN)

Tumor-distal mucosa Normal appearing mucosa >5 cm from tumor (CAVHS subjects) 16

Tumor-proximal mucosa Normal appearing mucosa 2 to 5 cm from tumor (CAVHS subjects) 15

Mucosa of indeterminate distance from tumor (MID) Mucosa of unknown distance from tumor (CHTN and CAVHS 5
subject)

Normal tumor-adjacent Normal tumor-adjacent (CHTN, matched with tumor) 10

Adenoma Tumors described as tubular, villous, and tubulovillous adenomas 15
(CAVHS and CHTN)

Carcinoma Adenocarcinomas, except one non-small cell carcinoma (CAVHS 22
and CHTN)

Number of samples All types 89
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Figure 1. Fluorescent ACB-PCR products were quantified following polyacrylamide gel electrophoresis. Equal volumes of the ACB-PCR
reactions (MF standards and unknowns) were electrophoresed through polyacrylamide gels, along with a DNA length marker (not shown),
and analyzed by fluorescent imaging. (A) K-RAS codon 12 GAT ACB-PCR products; (B) K-RAS codon 12 GTT ACB-PCR products. Two of
the three replicate ACB-PCR analyses are presented. Mucosa samples are labeled as follows: Nor: normal mucosa from individuals without
colon cancer; TDM: tumor-distal mucosa (>5 cm from a tumor); TPM: tumor-proximal mucosa (2—5 cm from a tumor); and NTA: normal tumor-
adjacent. Examples of the standard curves used to quantify the levels of K-RAS MF in each unknown sample are provided. (C) K-RAS codon
12 GAT standard curve; (D) K-RAS codon 12 GTT standard curve. The dotted lines in (C) and (D) correspond to the average pixel intensity of
the two no-mutant control samples (i.e., the technical background of the assay).

a technical failure when its pixel intensity was lower than its
replicate standard, as well as other lower MF standards (e.g.,
a 10™* standard lower than the other 10~* standard and the
1073 standards analyzed in parallel). For the GAT MF mea-
surement, the average squared correlation coefficient (*) value
for the set of 21 standard curves was 0.9786 (range 0.9516 to

368

0.9924). For the GTT MF measurement, the average r* value
for the set of standard curves was 0.9830 (range 0.9660 to
0.9971).

The K-RAS codon 12 GAT and GTT MFs in colonic mu-
cosa and tumor samples were each measured in three replicate
ACB-PCR experiments, producing a dataset of 534 individual
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Figure 2. K-RAS codon 12 GAT and GTT MF measurements by sample type and subject. (A) The average K-RAS GAT MFs (black circles)
and K-RAS GTT MFs (grey circles) calculated from the three independent ACB-PCR measurements are plotted. Error bars denote standard
deviation. The dashed line at a MF of 0.5 corresponds to the MF expected in monoclonal tumors initiated by a single K-RAS mutant cell. (B)
MFs are plotted for the different tissue types (TDM: tumor-distal mucosa; TPM: tumor-proximal mucosa; adenoma; and carcinoma) measured in
particular subjects (left panel) and for normal tumor adjacent (NTA), adenoma, and carcinoma samples collected from the CHTN (right panel).
The dotted line at 10~5 corresponds to the limit of accurate ACB-PCR quantification.

ACB-PCR measurements on the 89 samples. The average MF
measurement and standard deviation for each MF measurement
are plotted in Figure 2(A). Given that there were infrequent
failures in the mutant fraction standards, it seems likely that oc-
casional ACB-PCR failures could be expected among the mea-
surements of unknowns. For this reason each unknown sample

K-RAS Mutant Fraction in Colonic Mucosa and Tumors

was measured in three independent experiments. The fact that
the standard deviations were, on average, 55% and 56% of the
MF measurements for the codon 12 GAT and GTT mutations,
respectively, suggests that such errors did not have a significant
impact. Figure 2(A), however, does include a few examples (like
the first adenoma), for which the standard deviation is quite large

369



Table 2.

Summary of K-RAS Mutant Fraction Measurements by Tissue Type

Sample Type GAT Geometric Mean MF GAT Median MF GTT Geometric Mean MF GTT Median MF
Normal mucosa 1.44 x 10~* 1.59 x 1074 1.15 x 10~° 1.13 x 1073
Tumor-distal mucosa 6.90 x 1075 6.74 x 1075 6.42 x 1078 6.62 x 1076
Tumor-proximal mucosa 1.38 x 104 1.48 x 1074 6.98 x 10~ 6.15 x 107
MID mucosa 1.26 x 10~* 1.18 x 10~ 1.03 x 102 1.37 x 103
Normal tumor-adjacent 7.87 x 1075 6.26 x 1075 3.95 x 1075 1.39 x 1075
Adenoma 1.08 x 1073 2.07 x 1074 8.30 x 1074 2.54 x 1073
Carcinoma 1.15 x 1073 4.83 x 1074 4.37 x 107° 7.73 x 1076
Stage | (n = 6) 3.44 x 1078 1.20 x 1073 3.31 x 1074 4.47 x 1074
Stage Il (n = 8) 517 x 1074 7.71 x 1075 1.49 x 1073 6.17 x 1076
Stage Il (n = 6) 3.50 x 1078 211 x 1073 481 x 107° 9.62 x 1076
Stage IV (n = 2) 3.75 x 1075 5.66 x 1075 5.50 x 10~ 5.52 x 1076

and likely reflects a technical failure in one of the three replicate
measurements.

The geometric mean and median GAT and GTT MFs for
the different tissue types are given in Table 2. Many tissues,
especially the pathological tissues, had measurable levels of both
mutations (1/6 normal mucosa samples, 4/16 TDM samples,
2/15 TPM samples, 8/14 NTA samples, 12/15 adenomas, and
8/22 carcinomas carried both mutations). Only one of the three
ACF analyzed had measurable K-RAS mutation, with MFs of
1 x 1072 and 2 x 1072 for the GAT and GTT mutations,
respectively.

Within-subject measurements of K-RAS MFs in different tis-
sue types are shown in Figure 2(B). There does not appear to

be a correlation between the tumor mutation and mutation with
the highest level in the TPM or TDM. Most often, the K-RAS
codon 12 GAT mutation was the more common mutation in the
mucosa, even when the codon 12 GTT mutation was present in
the subject’s tumor. A carcinoma and an adenoma were obtained
from one subject (7160-24). Both tumors were found to carry
both mutations, with the codon 12 GAT mutation more abun-
dant than the GTT mutation in the adenoma, and the reverse in
the carcinoma. Box plots illustrating the distributions of K-RAS
codon 12 GAT and GTT MFs observed in each type of tissue
are shown in Figure 3. Analysis of variance on ranks detected
statistically significant differences in the median K-RAS GAT
MFs among the different tissue types (analysis included normal,
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Figure 3. Box and whisker plots of the frequency distributions for the K-RAS codon 12 GAT and GTT MFs measured for each type of tissue.
Whiskers denote the 10th and 90th percentiles of each distribution, with all outliers indicated by black circles. The dotted line corresponds to
the limit of accurate ACB-PCR quantitation, a MF of 10~3.
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TDM, TPM, NTA, adenoma, and carcinoma, p = .045), but the
differences were too small to identify any statistically signifi-
cant differences in GAT MF between particular sample types
using Dunn’s method for multiple pair-wise comparisons. With
respect to K-RAS GTT MEF, analysis of variance showed there
were statistically significant differences in the median K-RAS
GTT MF between the different tissue types (p = .002) and mul-
tiple pair-wise comparison indicated the K-RAS GTT MF was
significantly higher in adenomas than in either TPM (2-5 cm
from tumor) or TDM (5 cm or more from the tumor) samples
(»p < .05). In 9/12 within-subject comparisons, a higher level
of K-RAS GAT MF was present in TPM than TDM (see Fig-
ure 2(B)). In 5/12 within-subject comparisons, a higher level of
K-RAS GTT MF was observed in TPM than in TDM. In nei-
ther case, the relative distribution of mutation was statistically
significant (Fisher’s exact test, observed distribution was com-
pared to the null hypothesis of equivalent distribution of high
MFs between sample types, performed using a two-sided test,
p = .2059 and p = .6820, respectively).

Every human colonic mucosa sample had a measurable level
of K-RAS codon 12 GAT mutation. Twenty of the 52 mucosa
samples had measurable levels of the K-RAS codon 12 GTT
mutation, including 4/6 normal, 4/16 TDM, 2/15 TPM, 3/5 mu-
cosa samples of unknown distance from the tumor, and 7/10
tumor-adjacent samples. Levels of K-RAS codon 12 GAT muta-
tion were significantly higher than the levels of K-RAS codon 12
GTT mutation within all classes of colonic mucosa except NTA
samples (Mann-Whitney Rank Sum Test; normal mucosa, p <
.001; TDM, p < .001; TPM, p < .001; mucosa of indeterminate
distance, p = .008; and NTA, p = .121).

The K-RAS GAT or GTT MFs in colonic mucosa samples
(normal, TDM, and TPM) were analyzed relative to subject’s
age and smoking history. No evidence of an association be-
tween subject’s age and K-RAS codon 12 GAT or GTT MF
was apparent from the data (see Figure 4, Spearman rank or-
der correlation, p = .1300 and p = .3043, respectively in one-
tailed tests). No significant correlation was observed between
smoking history and K-RAS codon 12 MF in colonic mucosa
(Spearman rank order correlation of pack years of smoking as
reported by subject in a single-tailed test; GAT, p = .2083; GTT,
p =.2012).

All tumors had measurable levels (>107°) of K-RAS codon
12 GAT mutation (see Figures 2(A) and 3). Twelve of the 15
adenomas and 8 of the 22 carcinomas had measurable levels of
K-RAS codon 12 GTT mutation. The first-round PCR products
generated from the DNAs of the 10 tumors with the highest
K-RAS codon 12 MFs (see Figure 2(A)) were analyzed by DNA
sequencing. DNA sequencing results confirmed the mutation
identified by ACB-PCR and were consistent with the ACB-PCR
quantification of the mutations.

Since Figure 3 shows a difference in K-RAS codon 12 GTT
MF between adenomas and carcinomas, the distribution of MFs
above the geometric mean for all tumors was analyzed across
the two tumor types. The K-RAS codon 12 GAT geometric
mean MF for all tumors was 1.12 x 1073, Five of the 15 ade-
nomas and nine of the 21 carcinomas had a MF above the
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Figure 4. K-RAS codon 12 GAT and GTT MFs are plotted as a
function of subject age. (A) The average K-RAS codon 12 GAT
MFs measured in individuals without a colon tumor, in tumor-distal
mucosa samples, and tumor-proximal mucosa samples are plotted
relative to subject’s age. (B) The average K-RAS codon 12 GTT
MFs measured in individuals without a colon tumor, in tumor-distal
mucosa samples, and tumor-proximal mucosa samples are plotted
relative to subject’s age. Dashed lines indicate the limit of accurate
ACB-PCR quantitation (10~5).

geometric mean GAT MF for all tumors, a nonsignificant dis-
tribution (Fisher’s exact test, two-sided test, p = .7317). The K-
RAS codon 12 GTT geometric mean MF for all tumors was 1.44
x 107%. Ten of the 15 adenomas and five of the 21 carcinomas
had MFs above the geometric mean MF for all tumors, which
was a significant distribution (Fisher’s exact test, two-sided test,
p = .0167).

DISCUSSION

The rational use of K-RAS mutation as a cancer biomarker
requires knowledge of the levels of K-RAS mutation in nor-
mal and pathological tissues. Therefore, this study ascertained
K-RAS codon 12 GAT and GTT MF in colon tumor tissues
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and in normal appearing colonic mucosa. Because ACB-PCR
is both sensitive and quantitative, this study provides a more
detailed and precise understanding regarding the occurrence of
K-RAS mutation in the human colon than previously available.
To our knowledge, this is the first study employing statistical
analyses based on the levels of K-RAS mutation (i.e., MF) in
different types of colon tissues. This study had several key find-
ings. First, it clarifies the conflicting literature regarding the
presence of K-RAS mutation in normal colon and in subjects
without colon cancer (10-14, 19). Some studies have detected
K-RAS mutation in normal appearing colon, while others did
not, and only one study detected K-RAS mutation in control
subjects (12). Previously, the best quantification of K-RAS mu-
tation in colonic mucosa was in a study conducted by Dieterle
et al. (19), who reported K-RAS codon 12 mutations (one each
of GTT, GCT, and GAT) at mutant:wild-type ratio of 1072 in
3/15 samples analyzed by PCR-RFLP. The current results show
that when an assay with sufficient sensitivity is employed, K-
RAS codon 12 GAT mutation is detected in all colonic mucosa
samples. The background level of K-RAS codon 12 GAT muta-
tion in normal appearing colonic mucosa should not be confused
with the technical background of the assay. In each experiment
the technical background of the assay is established by the in-
ternal no-mutant control (see Figure 1). Further evidence that
the observed background level of mutation in colonic mucosa
is not technical in nature comes from ACB-PCR analyses of
rodent tissues, where similar analyses have identified tissue
samples without measurable K-RAS mutation (unpublished ob-
servations). The background level of K-RAS mutation (~10~*
for GAT and ~107> for GTT) may explain why spiking one
mutant copy per 10* colonic mucosa cells was necessary to see
a discernable difference in mutated bands by PCR-RFLP assay,
when, using the same technique, a discernable difference could
be observed after spiking one mutant copy per 10* liver cells
(19).

The biological significance of low levels of mutant cells in
normal appearing colonic mucosa is unclear. Ras transforms
most immortalized cell lines, but does not transform primary
cells, where instead it may cause cell cycle arrest and apoptosis
(22). Heterozygous K-RAS mutant mouse cells (expressing nor-
mal levels of K-RAS transcript) are phenotypically altered and
have increased cell proliferation but do not grow in soft agar
(23). Transgenic mouse models have demonstrated that K-RAS
mutation can initiate carcinogenesis, including colon carcino-
genesis (22, 24). Because mutant K-RAS cooperates with other
genetic lesions, the biological consequences of low levels of K-
RAS mutation may depend on whether additional genetic and/or
epigenetic lesions are present. Also, cellular context is likely to
influence the biological consequences of K-RAS mutation (22).
For example, a mutant crypt stem cell may develop into a tumor,
whereas a mutant colonocyte about to be shed may not. The fact
that K-RAS mutation was measurable in all mucosa samples an-
alyzed suggests the presence of low levels of K-RAS mutation
should not be interpreted as early detection of a disease state,
as it seems exceedingly unlikely that a tumor would have devel-
oped within every mucosa sample that was collected. Instead,

K-RAS should be interpreted as one factor contributing to the
stochastic risk of tumor development.

Figure 3 provides the description of the population distribu-
tion of K-RAS MFs across a variety of different mucosa samples.
Sample sizes were relatively small, yet proved sufficient to de-
tect statistically significant differences across tissues types (ade-
noma versus TPM, adenoma versus TDM, and adenoma versus
carcinoma, for the GTT mutation). Also, this study demonstrates
that the GAT mutation is present at significantly higher levels
than the GTT mutation. This is consistent with a previous study
showing that the GAT mutation was detected more frequently
than the GTT mutation in colonic mucosa (14). A higher level
of K-RAS GAT MF was detected in sigmoid colon than the left
colon, which is consistent with the relatively high frequency of
K-RAS mutant tumors observed in the sigmoid colon.

Another key finding of this study is that all the tumors exam-
ined had a measurable K-RAS MF. In most cases, the level of
mutation was below that which could be explained as contami-
nation with normal tissue or infiltration by inflammatory cells.
A MF of 2.5 x 107! is expected for a single mutant copy of
K-RAS in a tumor mass where 50% of the cells are not “tumor
cells.” Ten of the 37 tumors had K-RAS MFs plus one standard
deviation (top error bar in Figure 2) as high as 2.5 x 107!
Another 19 of the 37 tumors had K-RAS MFs plus one stan-
dard deviation (top error bar) within the range of 1073 to 10~'.
These results are consistent with the earlier results reported by
Dieterle et al. (19), who reported 11/74 K-RAS-positive tumors
had mutant:wild-type ratios >2.5 x 107!, but another 58/74
K-RAS-positive tumors had mutant:wild-type ratios within the
range of 10~ to 1073, Thus, a significant number of colon tu-
mors carry K-RAS mutation as a subpopulation of tumor cells.
There are several potential explanations for K-RAS mutant sub-
populations within tumors. K-RAS mutations could occur after
a tumor mass has reached a certain size and then persist in a
subset of tumor cells. Alternatively, K-RAS mutation could be
an initiating event in the development of a tumor from more
than one cell lineage (polyclonal tumor origin). Considerable
evidence now exists that colon tumors are polyclonal in ori-
gin and that K-RAS mutation can be an initiating mutation in
polyclonal tumor development (25-31). However, the observed
K-RAS MF distribution within tumors could be a consequence
of both mutational pathways occurring in different tumors or
even the same tumor. In this regard, it is important to note that
many tumors carried more than one K-RAS mutation.

Establishing that K-RAS mutant subpopulations exist within
tumors may have clinical significance. Currently, tumor tissues
from colon cancer patients are being analyzed as a means to
stratify patient prognosis and select therapeutic approach. Gefi-
tinib, erlotinib, cetuximab, and panitumumab are therapies in-
tended to reduce signaling through the epidermal growth factor
receptor (EGFR). Because K-RAS is a downstream effector of
EGFR signaling, K-RAS mutant tumors are not predicted to
respond to these therapies and, indeed, K-RAS mutation has
been associated with failure to respond to these therapies (8,
32, 33). However, such studies generally report that a portion
of patients characterized as being wild-type for K-RAS also do
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Figure 5. A spatially based model of polyclonal colon tumor
initiation and progression. The model is based on the con-
cept of polyclonal tumor initiation and features of the model
represent the ideas that (1) mutations and epigenetic le-
sions pre-exist within normal colonic mucosa (APC, adeno-
matous polyposis coli); (2) additional mutations (both sponta-
neous and chemically induced) occur over time, along with
expansion of pre-existing lesions; (3) tumor initiation occurs
when complementing mutant clones or epigenetic lesions arise

not respond to therapy. One potential explanation of this re-
sult is that some portion of patients classified as wild-type for
K-RAS have low, but clinically significant, levels of K-RAS mu-
tation. The current study, as well as the study by Dieterle et
al. (19), demonstrate that K-RAS mutations are often present at
levels that will be missed by the approaches typically used, like
DNA sequencing or even quantitative PCR. Currently, there is
no evidence that small K-RAS mutant subpopulations are af-
fecting clinical outcomes with respect to EGFR-directed ther-
apies. However, it will be necessary to measure levels of K-
RAS mutation in studies examining clinical responses to EGFR-
directed therapies to determine what level of K-RAS mutation
does predict failure to respond to therapies directed against the
EGFR.

A third, somewhat unexpected, finding of this study is that
carcinomas have lower levels of K-RAS codon 12 GTT mu-
tation than adenomas (see Figure 3). The quantitative anal-
ysis demonstrated that the adenomas encompassed a larger
proportion of the high (above the geometric mean for all tu-
mors) K-RAS codon 12 GTT MFs than would be expected by
chance. This distribution of higher MFs in adenomas compared
to carcinomas is consistent with the greater prevalence of K-
RAS codon 12 GTT mutation detection in adenomas as com-
pared to carcinomas evident in the COSMIC database (34).
Specifically, the codon 12 GTT mutation has been detected in
43/381 (11.3%) adenomas, but in only 223/2,594 (8.6%) car-
cinomas (www.sanger.ac.uk/genetics/CPG/cosmic/, search pa-
rameters included all histologies for cecum, right, and left colon;
accessed June 12, 2009). No decrease in the frequency of K-
RAS codon 12 GAT MF was apparent by ACB-PCR, which
is again consistent with the prevalence data in the COSMIC
database (K-RAS codon 12 GAT mutation is detected in 43/281
(11.3%) adenomas and 371/2,594 (14.3%) carcinomas). There
are at least two possible explanations for the observed de-
crease in K-RAS codon 12 GGT to GTT mutation. One po-
tential explanation is that some K-RAS mutant carcinomas (car-
rying other than the K-RAS codon 12 GTT mutation) develop
along the pathway that doesn’t include adenoma, and these car-
cinomas decrease the apparent percentage of carcinomas car-
rying the K-RAS codon 12 GTT. The second explanation is
that the K-RAS codon 12 GTT mutant subpopulation is lost
during the adenoma to carcinoma progression of polyclonal
tumors. A model describing polyclonal colon tumor develop-
ment and progression in terms of the acquisition, accumulation,
and loss of K-RAS and other mutations has been presented in

Figure 5. within close proximity, creating a competitive advantage for
cells at the boundary of the two or more cell lineages (a process that may
be manifested in the appearance of ACF); (4) additional genetic lesions
accumulate in these hyper-proliferating cells (subsequent mutations de-
noted by colored outline and cross-hatch); and (5) oncogene-induced
senescence and/or cell selection may eventually lead to the loss of par-
ticular cell lineages during tumor progression (e.g., K-RAS GTT mutation
during adenoma to carcinomas progression).
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Figure 5. With the added characteristic of polyclonal tumor
initiation, this model is otherwise consistent with documented
pathways of lesion progression, including the heteroplastic
ACF to adenoma to carcinoma sequence and the heteroplas-
tic ACF to hyperplastic polyp/serrated adenoma to carcinoma
sequence (35).

In conclusion, precise information regarding the occurrence
of K-RAS mutation in normal and pathological human colon
tissue samples was obtained. Such information is critical for us-
ing tumor-associated mutations in cancer screening strategies.
Considerable efforts have been directed toward using K-RAS
mutation as a cancer screening biomarker, including screen-
ing blood, plasma, serum, urine, stool, pancreatic juice, spu-
tum, and bronchoalveolar lavage fluid (36). Yet, in the analysis
of stool DNA, K-RAS mutation was found to be the greatest
contributor to apparent “false positive” results (37). K-RAS mu-
tation has been detected in blood, plasma, serum, and pancre-
atic juice samples from non-cancer control subjects, suggesting
that the detection of K-RAS mutation cannot be equated with
malignancy (36). Consequently, the successful use of tumor-
associated mutations (like K-RAS) as cancer screening biomark-
ers will require sensitive quantitative analyses and knowledge
regarding levels in normal and pathological tissues. Because
ACB-PCR is quite sensitive and quantitative, it is an excellent
research tool. In its current format, however, it involves mul-
tiple procedures and requires strict quality controls, resulting
in insufficient throughput for use in the clinical setting. Some
promising quantitative approaches to mutation analysis have
been described recently (36). Work is in progress to streamline
the ACB-PCR approach and to extend these analyses to addi-
tional colon tissue and tumor samples, to complementing mu-
tations involved in colon carcinogenesis, and to investigations
of other cancers where K-RAS is implicated in tumor etiology
(e.g., lung and pancreatic cancer).
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