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ABSTRACT

By using a modified pulymerase chain reaction strategy, we have
devised an approach to detect a K-ras oncogene mutated at codon 12 in
the presence of 1000 normal alÃeles.This is a considerable improvement
in sensitivity on previous assays. Application uf this assay to 15 Cholan
giocarcinomas showed that all contained a K-ras mutation at codon 12
and that nine of the tumors contained two or more mutations. In 11 cases,
mutations were present in less than 10% of the cells in the sample. In
common with pancreatic adenocarcinomas, in which 75 to 95% of cases
contain a mutation in K-ras, Cholangiocarcinomas show a very high
frequency of raÃgene mutation, but within a tumor only a fraction of cells
contain a ras mutation. The presence of multiple mutations and the low
frequency of mutant alÃelesin the samples argue against k-/VÃ•Amutations
being the initiating genetic lesion in this tumor, but suggest that ras gene
mutation is involved in the stepwise progression of neoplastic cells to full
malignancy.

INTRODUCTION

Activating mutations in the ras family of protooncogenes
(H-, K-, and N-ras) occur in a large proportion of some human
tumors (1). The three functional ras genes code for highly
homologous A/r 21,000 guanine nucleotide binding proteins,
comprising 188 or 189 amino acids. The proteins are located
on the inner aspect of the plasma membrane, and they appear
to be involved in a process of mitogenic signal transduction
that is regulated by GTP binding and hydrolysis on the M,
21,000 protein (2, 3). The oncogenic forms of M, protein ras
appear to constitutively activate the signal transduction path
way by being locked in the GTP form, either through mutations
that impair intrinsic GTPase (amino acids 12, 13, and 61) or
that increase the guanine nucleotide exchange rate (amino acids
116to 119).

One of the most striking examples of ras oncogene activation
in human tumors occurs in pancreatic adenocarcinomas (4-6).
Almoguera et al. (4) showed that 95% of pancreatic adenocar
cinomas contain a K-ras oncogene activated by mutation at
codon 12. The general pattern of high frequency of K-ras 12
mutations in pancreatic adenocarcinomas has been extended
and confirmed by Smit et al. (5) and by Mariyama et al. (6). In
clinical practice it is difficult to distinguish an adenocarcinoma
arising in the lower bile duct from one arising in the head of
the pancreas. Since biliary and pancreatic tumors are usually
very different in clinical behavior and prognosis (7, 8), it is of
greater interest to determine whether the same types of genetic
alterations are involved in the two tumors. Furthermore, if
different genetic alterations are involved, this could provide a
means of distinguishing these tumors. To investigate this ques-
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tion, we have examined 15 Cholangiocarcinomas for mutation
in K-ras at codon 12. Various assays have been used to detect
somatic mutations in ras oncogenes. The original gene transfer
experiments, though sensitive, are labor intensive and time
consuming, making them impractical for the study of large
numbers of samples (see Ref. 2). This led to the development
of oligonucleotide hybridization (9) and RNase A mismatch
cleavage assays (10), techniques which were later used in con
junction with the PCR' to improve their sensitivity (4, 11, 12).

None of these techniques can detect ras mutations when the
fraction of DNA containing the mutant alÃeleis less than 10%.
In order to provide a more sensitive means for detecting mu
tations, we have devised a modified PCR procedure based on
mismatched primers (13).

MATERIALS AND METHODS

Tissue Source

Cholangiocarcinoma tissue from 15 patients was obtained from the
Department of Histopathology, Royal Postgraduate Medical School.
All the tumors were of the extrahepatic variety ("Western" type, as
distinct from the "Eastern" or "Oriental" type of intrahepatic Cholan

giocarcinomas). Nonmalignant gallbladder tissue was obtained from 4
patients who had undergone cholecystectomies. Tissues had been fixed
in 10% buffered formalin, and some were then secondary fixed in
formal sublimate, prior to embedding at 56Â°Cin paraffin wax and

storage at room temperature for 1 to 5 yr.

Cell Lines

The FAPI9 cell line was derived from the colonie epithelium of a
patient with familial adenomatous polyposis, a premalignant colonie
disease. Previous analysis (14) has shown this cell line to be heterozy
gous for the K-ras codon 12 valine mutation.

Polymerase Chain Reaction

DNA Preparation. Single 8-^m tissue sections were cut from each of
the tissue blocks. Adjacent sections were stained with hematoxylin and
eosin to confirm the presence of carcinoma tissue at this location. The
section was incubated in 400 ^1 of lysis buffer (10 IDMTris-HCl (pH
8.3)-50 mM KC1-2.5 mM MgCI2-0.45% Tween-20) containing protein-
ase K (0.5 mg/ml) for 2 h at 55Â°C,with regular shaking. The mixture

was then boiled for 15 min. and 10 ^1 of this preparation were used as
the substrate for DNA amplification. The remaining mixture was stored
at 4Â°Cafter addition of 1.0 mM EDTA; this preparation remained a

useful source of genomic template for 4 to 6 wk.
This method for DNA preparation avoids the use of xylene and

ethanol to remove paraffin from the tissue section. Paraffin melts and
floats to the top during the 55Â°Cincubation and boiling steps. The

method enables a large number of amplifications to be performed from
DNA from a single section, which is especially useful when the tissue
is in limited supply.

Polymerase Chain Reaction. Amplifications with Taq polymerase
were performed in 100-Ail reaction mixtures containing 2 units of
polymerase, 50 pmol of each primer, deoxyribonucleoside triphos-
phates (dATP. dCTP. dGTP. dTTP) at 50 uu each, 2.0 mM Mg:% 60
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Table I Oliifonucleotide primen used lo effect PCR
Underlined bases represenl mismatches from the Kirsten ras DNA sequence. The following primers were synthesized on an Applied Biosyslems 381A DNA

synthesizer.

Primer
(sense) Sequence(5'-.V)

B(-)
C(-)

E(-)

ACTGAATATAAACTTGTGGTAGTTGGACCT
TCAAAGAATGGTCCTGGACC
TAATATGTCGACTAAAACAAGATTTACCTC
GGACGACGAATTC ACTGAATATAAACTTGTGGTAGTTGGAGC T
TGTTGGATCATATTCGTCCA
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Fig. 1. Schematic diagram showing the consequences of PCR with the primers
indicated. PCR with Primers A and B gives rise to a 157-base pair fragment
containing two &ÃNIrestriction sites if codon 12 is normal (gly 12) and just one
BslN\ site if codon 12 contains a mutation in either of its first two bases.
Therefore, wild-type fragments cleave to yield 29-, 114-, and 14-base pair prod
ucts, whereas mutant fragments cleave to yield 143- and 14-base pair products.
When a second PC'R is performed with Primers A and C. only 143-base pair

fragments amplify. Thus, there is heavy selection in this PCR for mutations in
the first two bases of K-ras codon 12. The second amplification gives rise to a
135-base pair product, which cleaves with Â¿biNIat one site if the codon 12
sequence is normal, but fails to cleave Â¡filiereis a mutation in the first two bases
of codon 12. The symbol (â€¢)on the primer indicates a mismatch from the
genomic normal K-ru.vsequence, which gives rise to a BstNl restriction site under
the conditions indicated.

imi KCI. and 10 imi Tris-HCl (pH 8.8). The reaction mixtures were
overlaid with 75 n\ of mineral oil and then subjected to amplification,
each cycle comprising 96Â°Cfor 1 min. 55Â°Cfor 1 min, and 73Â°Cfor

0.5 min. The number of cycles used in the PCRs is discussed below. A
negative (no DNA) control was run with each PCR analysis. The
primers used to effect PCR are shown in Table 1. Their features are
discussed below. For experiments in which a single PCR was performed,
this comprised 30 cycles. For experiments in which two PCR amplifi
cations were performed, the first PCR comprised 12 cycles, followed
by a Ã„sfNIdigestion and then a second PCR of 24 cycles; Vio1of the

first digest was used as template for the second PCR.

Restriction Fragment Length Polymorphism Analysis

Restriction enzyme digests with BstNl were performed using the
conditions recommended by the manufacturer (New England Biolabs).

DNA Sequencing

After the second amplification, PCR products were sequenced di
rectly in all cases, as well as after subcloning into plasmid.

Direct PCR Sequencing. PCR products were purified by passage
through a Sephadex G50 spin column. A total of 100 ng of DNA were
used as template for the direct sequencing reaction using modified T7
DNA polymerase (Sequenase). The protocol used was that of Keoha-
vong and Thilly ( 15). with the following modification. Chain extension
was performed in the presence of 2 mM MnCI2 and 15 HIMsodium d.l-
isocitrate.

Cloning. PCT fragments were digested with Sail and Â£coRI,enabling
unidirectional cloning into pBS II (KS~). Plasmid sequencing was

performed according to standard protocols (16) using the T3 primer.

RESULTS

It has been shown that primers containing mismatches can
be effectively used for PCR amplification, provided that the
mismatch is not at the extreme 3' end of the primer (17). Jiang

et al. (13) used this technology to detect K-ras codon 12
mutations. Using a primer incorporating a C residue at the first
position of codon 11, PCR amplification of the normal alÃele
created a BstNl restriction enzyme cleavage site (CCTGG)
overlapping the first two nucleotides of codon 12. Amplification
of K-ras mutant at either of the first two positions of codon 12
does not create this BstNl site (Fig. 1). To test the sensitivity
of the procedure, genomic DNA from the FAP19 cell line was
mixed in varying dilutions with genomic DNA purified from
normal human placenta and then subjected to PCR with
Primers A and B, followed by digestion with BstNl. The 143-
base pair band, diagnostic of mutation in K-ras codon 12, was
still detectable in the 1:10 dilution (Fig. 2). a sensitivity similar
to the Vi6figure obtained by Jiang et al. (13) using DNA from
the SW480 colon carcinoma cell line (homozygous for the
mutant codon 12 valine alÃele).Gel analysis of BstNl digests of
the amplified fragment from the first PCR of FAP19 DNA at
first sight appears to suggest that less than 50% of the DNA
contains the wild-type sequence (see Fig. 2); this appears to
contradict the known heterozygous nature of the mutation in
this cell line (14). This is because on annealing a mixture of
normal and mutant DNA, heterohybrids form which the en
zyme is unable to cleave.

We have taken this method a step further to enhance its
sensitivity. A second PCR following the BstNl digest was
performed to selectively rearnplify the mutant species which
were left uncut by BstNl. Twenty % of the product of the first
PCR (now performed to 12 cycles) was digested with BstNl,
and 1 x 10 ' of this DNA was subjected to a second PCR with
Primers A and C. This gives rise to a 135-base pair product
(see Fig. 1). This product arises from the amplification of four
molecular species: (a) the original genomic template, which is
not a quantitatively significant source, as it has been diluted by
a factor of 10'; (b) mutant fragments which resisted digestion
by BstNl; (c) uncut wild-type fragments, left undigested by
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Fig. 2. Gcnomic DNA from the FAPI9 cell line (helero/.ygous for the eodon
12 \aline alÃele)was mixed with geminile DNA purified from normal human
placenta in the ratios indicated. One fig of DNA was then subjected to 30 cycles
of PCR Â«Â¡ihPrimers A and B. digested with Av/N'l. and electrophoresed through

a 4.0'. agarose gel. Lane M show s ihe fragment mixture from cleavage of plasmili

pBR322 DNA Â«ith //Â«fill. .\umhers on the left denote the sizes of two of the
DNA marker bands. Arrows (righi) indicale the positions on the mutant (m) and
wild-t\pc ( M')hands.

â€¢'â€¢:

124

Fig. 3. Genomic DNA from the FAP19 cell line (heterozygous for the codun
12 valine alÃele)was mixed with genomic DNA purified from normal human
placenta in Ihe ratios indicated. One /ig of DNA was then subjected to 12 cycles
of PCR with Primers A and B and digested with Av/NI; a second PCR of 24
cycles was performed with Primers A and ('. and this was followed by a further
Bst\\ digest and eleclrophoresis through a 4.0'V agarose gel. Lane M, fragment

mixture from cleavage of plasmid pBR322 DNA with //arili. \umhers on ihe
left denote the si/es of two of the DNA marker bands. Arrows (rifzht) indicate the
positions of the mutant (upper arrow) and wild-type (lower arrow) bands.

BstNl because the digest fails to reach 100'V completion: and

(</) linearly amplified PCR fragments which fail to incorporate
the mismatch in Primer A. Source c would give rise to products
in the second PCR which again contain the Ã„v/NI restriction
site at codon 12. This is the case when normal DNA is ampli
fied, digested, and then reamplified in this way. Fig. 3 shows
that all of the 135-base pair product from this PCR, as detected

by cthidium bromide staining of agarose gels, cuts again with
AyfNI at codon 12, this time generating a 106-base pair frag

ment, and that there is once again no visible mutant band.
However, DNA mutant at K-ra.v 12 (Source b) would give rise

to products which fail to cut on the second PCR. With FAP19,
where mutant and wild-type fragments are initially in equal
mix, the digestion of most of the wild-type fragments forces

selection of the fragments containing the mutation in the second
PCR. A titration experiment (Fig. 3) shows that the sensitivity
obtained by the use of the second PCR is 'Ai:, that is. 50-fold

greater than that obtained after the first PCR. This represents
the ability to detect one cell heterozygous for K-ras codon 12

mutation in the presence of over 500 normal cells and is

equivalent to a sensitivity of one mutant alÃelein the presence
of 1000 normal alÃeles.

DNA from samples of cholangiocarcinoma and gallbladder
was amplified with Primers A and B and digested with ÃŸsfNI
(Fig. 4). It is immediately clear from the first PCR and digest
that four of the cholangiocarcinomas (Nos. 4, 6, 13. and 15)
contain mutations at codon 12. Two of the other tumors (Nos.
2 and 12) showed mutant bands only faintly visible on close
inspection of the gel: these bands are not readily apparent on
photographic prints. Of the Ã„v/NI-digested DNA. '/m3was then

subjected to a second PCR with Primers A and C and then
digested again with Ã„srNI. FAPI9 DNA, known to be mutated
at K-ra.v codon 12. gave a 135-base pair product which is not

digested with Av/NI. while normal (gallbladder) DNA gives a
135-base pair product which again fully cuts with A.v/NI to give
a 106-base pair fragment. All of the tumor DNA samples
yielded noncutting 135-base pair fragments which now predom

inated over the wild type. This suggests that all the tumor
samples contained either first or second base mutations in K-

ras codon 12 (Fig. 5). In order to facilitate the identification of
mutations, direct DNA sequencing was carried out: '/to3 of the

product of the first PCR and Ã„v/NI digest was reamplified with
Primers D and C.

Primer D reverses the mismatch induced by Primer A in the
first PCR and contains an EcoRl site. Fig. 6 shows typical
autoradiograms of direct sequencing gels. In each tumor, mu
tations at codon 12 were readily demonstrable by direct se
quencing. As Table 2 shows, four different substitutions were
detected, and 9 of the 15 tumors showed multiple mutations at
codon 12. One tumor (No. 12) contained 3 different mutations.
A small proportion of wild-type sequence was also apparent in

many of the sequencing autoradiograms. This is because direct

184

124

124

Fig. 4. Screening of cholangiocarcinomas 1 to 8 (a) and 9 to 15 (/>) for the
presence of K-ras codon 12 mutations. DNA from the tumors was amplified with
Primers A and B (30 cycles), digested with Av/NI, and run on a 4.0r; agarose gel.

Nonmalignant gallbladder (GB) tissue was similar!) treated, as was DNA from
FA P19 and the negative control (H;O). Lane M, fragment mixture from cleavage
of plasmid pBR322 DNA with //arili, \umbers on the left denote the sizes of
two of the DNA marker bands. Arrows (rÂ¡%hl)indicate the positions of the mutant
(m) and wild-type (w) bands.
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Fig. 5. Screening of cholangiocarcinomas 1 to 9 (a) and 10 to 15 (A) for the
presence of K-ras codon 12 mutations. DNA from the tumors was subjected to
12 cycles of PCR with Primers A and B and digested with AsrNl: a second PCR
of 24 cycles was performed with Primers A and C. and this was followed by a
further BslNl digest and electrophoresis through a 4.0rÂ¿agarose gel. Nonmalig-
nant gallbladder (dB) tissue was similarly treated, as was DNA from FAP19 and
the negative control (H2O). Lane M, fragment mixture from cleavage of plasmid
pBR322 DNA with Haclll. Numbers on the left denote the sizes of two of the
DNA marker bands. Arrows (right} indicate the positions of the mutant (m) and
wild-type (ir) bands.

sequencing was carried out following the second PCR with
Primers D and C, without a further BstNl digest. There will
always be some wild-type sequence in the sequencing gels
because the product of the first PCR will always contain hete-
rohybrids of normal and mutant DNA. As expected, all the
mutations were at either the first or second base of the codon,
where the positive selection was applied.

The multiple mutations detected by direct sequencing could
potentially arise from 2 or more substitutions within one alÃele
or from mixtures of alÃeleswith single substitutions. To inves
tigate this question the PCR products were subcloned into pBS
II, making use of Â£c'oRIand Sail sites in Primers D and C, and

individual clones were sequenced. For each tumor (Nos. 1, 9,
11, and 12) where this procedure was carried out, sequencing
showed that the mutant alÃelescontained single substitutions
(Fig. 6) and confirmed the base substitutions identified on the
direct sequencing autoradiograms.

Because the two-step procedure we have described selects for
mutant alÃelesafter the first PCR, we were concerned that the
finite error rate of Taq polymerase (15) could lead to the
introduction and selection of mutations that were not present
in the tumor DNA. Two arguments mitigate against this pos
sibility, (a) On repeated amplification of gallbladder DNA from
4 patients and of normal human placental DNA, no evidence
of mutation was found after the second PCR. (b) The two-step
procedure of amplification-digestion was repeated with new

samples of DNA from the same 15 cholangiocarcinomas. Direct
sequencing of the products of the second PCR showed that, in
this independent experiment, each tumor contained the same
set of mutations found in the first experiment. This was partic
ularly striking with the tumors that contained multiple muta
tions. If the mutations were being introduced by PCR, it is
unlikely that a second independent PCR would induce the same
set of mutations, particularly with those tumors that contained
multiple mutations.

DISCUSSION

We have shown that all 15 cholangiocarcinomas tested con
tained mutations in the first two bases of codon 12 of the K-
ras gene. The mutations resulted from substitutions of the wild-
type glycine (GGT) for either valine (GTT), serine (AGT),
aspartic acid (GAT), or arginine (CGT). Therefore, both G to
A and G to C substitutions were noted for the first base and G
to T and G to A substitutions for the second base. In four of
the tumors studied, we estimate that about 20 to 40% of the
cells in the sample contained a K-ras codon 12 mutation;
however, in the remaining 11 tumors, cells containing mutant
K-ras codon 12 alÃelesrepresented 10% or less of the cells in

the sample. In the latter tumors, a second selective PCR was
required to unequivocally demonstrate the presence of muta
tions. It is interesting that 9 of the 15 tumors studied contain
more than one mutation at K-ras codon 12. One of these tumors
contained three different mutations. Multiple mutations in a
single tumor have been noted before. The first such report was
from Forrester et al. (18) who found activated N- and K-ras
oncogenes in a preinvasive villous adenoma of the colon; later,
Farr et al. (12) found multiple mutations at N-ras codon 12 in
acute myeloid leukemias. Neri et al. (19) have described a case
of acute lymphoblastic leukemia containing two distinct N-ras
mutations. Mariyama et al. (6) found multiple mutations in
pancreatic carcinomas, using PCR followed by subcloning and
sequencing. The specific base substitutions and high frequency
of mutation occurrence at K-ras codon 12 in pancreatic aden-
ocarcinomas (4-6) are similar to those found by us in cholan
giocarcinomas. In this respect it is interesting to note that both
the bile duct and pancreas share a common developmental
origin in the embryonic foregut. Unfortunately the presence of
K-ras codon 12 mutations in both cholangiocarcinomas and

pancreatic adenocarcinomas means that mutations at this lo
cation cannot be used diagnostically to distinguish between the
two tumors when they originate in the head of the pancreas.

The universal finding of K-ras codon-12 mutations in the
cholangiocarcinomas studied is at variance with a recent report
from Tada et al. (20) where only 5 of 9 tumors (56%) were
found to contain a ras gene mutation. This group used PCR
and direct sequencing to reveal mutations; however, this tech
nique can detect a mutant alÃeleonly if at least 20% of the cells
in the sample contain it.4 This strategy would have failed to

reveal the mutations at codon 12 in 11 of our 15 patients. To
our knowledge the only other group to consider the involvement
of ras genes in cancers of the biliary tree is Almoguera et al.
(4), who found no activating mutations in 5 gallbladder cancers
using the RNase A mismatch cleavage technique.

It is curious that the tumors we studied contained the codon-
12 mutation at such variable frequencies. There are four possi
ble explanations for this, (a) The first possibility is that the

4 A. Ashworth. personal communication.
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Fig. 6. Direct sequences (a lo i*) and sub-
cloncd plasmili sequences (/to h) of amplified
K-i-a.vDNA after second PCR with Primers C
and D in cholangiocarcinomas. The sequenc
ing primer used for direct sequencing was
nested (Primer K). so thai the sequence shown
is that of the negatile strand. The consensus
sequence in this region should heTAC'CiCCACCAGCT (a), where the codon 12

sequence is underlined. Â¡ruckb shows the di
rect sequence for Tumor 15 (serine. ACT):
Track c. Tumor 11 (aspartic acid. ATC: and
arginine. ACG); Track il. Tumor 13 (aspartic
acid. ATC): Track e. Tumor 9 (valine. AAC:and serine. A( ' 1). The "split" hands al the first
and second hases of codon 12 (<'.#.. Tracks c
and c) indicate the presence of more than one
molecular species of mutant at thai position.
Tracks f and K show lite sequences of clones
obtained from Tumor 9 (\aline. AAC: and
serine. ACT. respectively). Track h shows a
clone from Tumor 13 (aspartic acid. ATC).

G A T

r

G A A T C

efficiency of amplification of mutant and wild-type DNA dif
fered from one tumor to the next. However, this possibility
seems unlikely and shall not be considered further.

(Â¿>)It is possible that the tumor sections contained variable
amounts of "contaminating" normal cells, such as fibroblasts.

leukocytes, endothelial cells, hepatocytes, etc. We feel that this
is unlikely because scrutiny of adjacent sections in the tissue
block showed that the percentage of malignant cells in the
blocks varied between 30 and 80fV. whereas we found that many
tumors contained the mutation in less than 10'V of cells.

However, it is possible that a small number of malignant cells
containing the ras oncogene may orchestrate the transformed
phenotype in surrounding cells, giving the appearance of a high
proportion of tumor cells in the section. There is some experi
mental evidence to support this view. Thompson et ai. (21)
showed that, in reconstituted mouse prostate glands, the intro
duction of a ras oncogene induced a dysplastic phenotype when
present in only a small fraction of the cells.

(c) The third explanation, which we favor, is that not all
malignant cells in a tissue section contained the mutation. If
this is so. we must conclude that it is unlikely that this particular
activating mutation is responsible for initiating this cancer:
instead, the mutation must be a later event occurring at some
point during the evolution of the tumor. The finding ol multiple
mutations in tumors is most compatible with a model in which
ras mutation is not the initiating lesion in these tumors, but
occurs during donai evolution of a tumor from the progeny of
the initiated cell. It is also possible that tumors with only a

small fraction of A'-ra.vcondÃ³n alÃeleshave other activating raÃ

mutations, either at other locations in the K-ras gene, or in H-
or N-rai.

(d) A fourth possibility is that the tumors were initiated by
raÃgene mutations but then, during evolution of the tumor,
there was selection against cells containing ra.v mutations. Al
though there is no direct evidence against this hypothesis, the
observation in colorectal tumors that small polyps do not
contain mutant ra.vgenes, but large polyps and carcinomas do.

Table 2 Results of direct sciiiicncitix ami suhclonitig tÃ¬fl'CR producÃsobtained
after the secami amplification with /'rimers I) and (

Munitions as revealed In

Tumor123456789IO11\2131415PCRsequencingVVVVv

+sv
+sv
+sv
+sv
+sD
+SR
+DR
+ V +SDD

+RSSubcloning7

V(7)*8V.

3S. 1\\TII2)4

R. 5 D(9)2V.
3R. 5S. 2\VT(12)

" V. valine: S. serine: VST. wild type: D, aspartic acid: R. arginine.
ANumbers in parentheses, total number of clones sequenced.
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shows that in this cancer ras mutation is an early but not
initiating event (22).

Many investigators have shown that primers containing mis
matches can be effectively used for PCR amplification (17).
Newton et al. (23) used an "amplification refractory mutation
system" to demonstrate the presence of mutations in DNA.

All-or-none amplification of specific DNA sequences can be
achieved by altering the 3' ends of the primers used to effect

PCR. However, a different primer for every mutation is required
to fully characterize the sample being studied. Kumar and Dunn
(24) also used a single-PCR method for the detection of ras
mutations, depending on the ability of mismatched primers to
generate restriction sites when the codon of interest contained
a mutation. This technique allowed for the identification of
point mutations in the amplified DNA without the use of
radioactive probes. However, not all possible mutations can be
detected in this way because not all mutations generate a
restriction enzyme site.

Kumar and Barbacid (25) provided the first report of the use
of mismatched primers to create a novel restriction fragment
length polymorphism in the normal H-ras gene at codon 12,
resulting in a sensitive assay for codon 12 mutation, since
mutant DNA was not cut by the restriction enzyme and could
be detected with a radioactive probe. Haliassos et al. (26) have
similarly devised a sensitive method involving Southern analysis
of restriction fragment length polymorphisms obtained follow
ing digestion of PCR products with Msp\, but this method does
not allow for DNA sequence analysis.

We have shown that, where the mutation results in the
restriction enzyme leaving the amplified DNA uncut, it is
possible to selectively amplify that mutation in a second PCR
using appropriate primers. This enhances the sensitivity of the
method originally described by Jiang et al. (13) from I of 10 to
1 of 512, a level unsurpassed by other "rapid" assays of ras

mutation. The sensitivity obtainable by this strategy is limited
by the fidelity of the polymerase used to perform the amplifi
cations. This is because our approach leads to a heavy positive
selection for noncutting fragments. Various studies have con
sidered the error rate of Tag polymerase during in vitro DNA
amplification and shown this to be approximately 1 to 2 x IO""4

misincorporations per base (for example, see Ref. 15). Follow
ing our procedures, we have not seen evidence of mutation at
K-ras codon 12 in samples of normal gallbladder (see Fig. 4),
blood, placenta, and colonie epithelium (data not shown). How
ever, if the number of cycles in the first PCR is increased to 30,
weak bands in the mutant position are occasionally seen, but
these are never the predominant band, in contrast to the situa
tion with tumor DNA (Fig. 5). This indicates that the genera
tion of artifactual mutations through Tag polymerase error is
not a problem with this assay. In this respect, it is worth noting
that Tag polymerase-induced base misincorporations are
mainly A to G transitions, the errors are often sequence specific
(15), and the fidelity is better when the deoxynucleotide tri-
phosphate and magnesium ion concentrations are kept low, as
in our studies.

The enhanced sensitivity obtained with our method would be
particularly valuable in situations where the mutation of interest
occurs at low frequency. This is the case not only in the study
of oncogenes in cancer. A recent report by McMahon et al. (27)
showed the presence of c-K-ras 12th codon mutations in dis
eased livers of winter flounder from Boston Harbor. Low levels
of the mutation were detected using the NIH 3T3 transfection
assay, and the mutations were identified by sequencing the

DNA from tumors generated from transfected cells in nude
mice. The use of the second PCR technique could potentially
shorten and simplify this procedure for toxicology studies.
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