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Inaccurate staging of colorectal cancer (CRC) has been
attributed to the failure to detect lymph node metastases by
conventional pathology. We have previously reported the
use of lymphatic mapping to accurately identify those lymph
nodes most likely to harbor micrometastatic disease and
permit focused pathologic examination. Mutation of K-ras
allele at codons 12 or 13 occurs frequently in early stages of
CRC development. The purpose of our study was to assess
sentinel lymph nodes (SLN) for occult CRC micrometastases
using a unique peptide nucleic acid (PNA) clamp PCR assay
specific for K-ras mutations. Seventy-two paraffin-embedded
primary CRC and paired SLN were evaluated by PNA clamp
PCR for K-ras mutations. Thirty primary tumors (42%) were
positive for K-ras mutations, and in 5 of these cases the SLN
were positive for metastases by Hematoxylin and Eosin stain-
ing. PNA clamp PCR identified occult metastases in an addi-
tional 6 patients, upstaging 24% of K-ras positive primary
CRCs (p � 0.014). No K-ras mutations were detected among
the 20 noncancer lymph nodes assessed. This study demon-
strates the utility, specificity and sensitivity of PNA clamp
PCR assay in identifying occult micrometastases in the SLN
of CRC patients by single-base mutation analysis.
© 2004 Wiley-Liss, Inc.
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K-ras, an oncogene mutation often found in adenomas, is con-
sistently associated with CRC progression. The identification of
K-ras mutation in primary tumors and/or subsequent metastasis
may provide prognostic insight into a particular tumor’s biology
and early disease progression.1,2 Mutations of the K-ras allele at
codons 12 and 13 occur frequently at early stages of CRC devel-
opment.3 Because this genetic alteration has been shown to dem-
onstrate stability during disease progression, the detection of K-ras
mutation maybe used to identify metastases associated with pri-
mary tumors that contain this specific genotypic aberration.4–7

The presence of lymph node metastases is the single most
important prognostic factor in patients diagnosed with early stage
CRC. The 5-year survival rate in patients with stage I or II disease
exceeds 80%,8 but once lymph node metastases are present, the
5-year survival rate is reduced to 50–60%.8,9 A variety of ap-
proaches have been proposed to improve the accuracy of staging
the tumor-draining lymphatic basin,10–13 and it has been suggested
that for accurate staging of CRC, a minimum number of lymph
nodes must be obtained for histopathologic examination.14 How-
ever, pathologic processing and histologic assessment of multiple
lymph nodes from a CRC resection is rather cumbersome, time
consuming and costly. Furthermore, reports have found conven-
tional H&E to miss occult metastatic tumor cells during lymph
node evaluation.15–18 More sensitive, accurate and rapid tech-
niques/assays are needed to improve the current diagnostic ap-
proach.

The operative technique of lymphatic mapping and SLN iden-
tification has been shown to accurately reflect the pathologic status
of the tumor-draining nodal basin for a variety of solid neo-

plasms.19–21 This approach provides a more cost-effective and
focused analysis of those lymph nodes most likely to harbor occult
metastases associated with early stage disease.22 Immunohisto-
chemistry (IHC) has demonstrated improved sensitivity for detect-
ing lymph node micrometastases by upstaging an additional 20–
40% of CRC patients.15–18 The clinical implications of these
findings remain controversial, possibly due to the fact that the
results are based on morphology as well as limitations associated
with antibody specificities.15,16,18 However, a molecular assay for
detecting K-ras mutation could be useful in identifying SLN
micrometastases of those primaries with K-ras mutation.

Although genotypic PCR assays can amplify specific nucleic
acid targets for detection, it is often used in conjunction with
sequencing procedures for the detection of single-base mutation
such as K-ras. It is very difficult to accurately detect the scarce
copies of single-base mutated gene(s) of occult tumor cells among
thousands of copies of wild-type DNA (wtDNA) contained in
normal tissues. To date, there is very limited success in detecting
single-base mutation of occult tumor cells in lymph nodes using
DNA PCR assays. In our study, we have developed a unique and
sensitive assay that detects specific K-ras mutations in CRC. To
successfully target the mutated DNA, we designed a PNA oligo as
a clamp to inhibit wtDNA from competing in the PCR as a
template. PNAs are synthetic oligonucleotides with peptide back-
bones that replace sugar groups.23,24 The PNA probe recognizes
and binds to complementary DNA genomic template sequences
with a higher affinity and specificity than DNA-DNA binding. The
unique binding property and the inability to extend like a primer
make PNA the ideal clamp to inhibit PCR of the wtDNA and allow
amplification of the unobstructed K-ras mutant template. This
approach has proven quite sensitive for identification of K-ras
mutations in tumor specimens25 but has yet to be assessed in
conjunction with more modern surgical techniques such as sentinel
lymph node mapping for the detection of occult tumor cells asso-
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ciated with the earliest spread of CRC. The purpose of our study
was to determine whether the use of PNA clamp in PCR can
successfully detect presence of K-ras mutation(s) in primary tu-
mors to provide a selective target for the molecular assessment of
SLN micrometastases in patients with early-stage CRC.

MATERIAL AND METHODS

Patient tumor samples
Seventy-two paraffin-embedded primary tumors and paired

SLN from CRC patients treated at St. John’s Health Center (Santa
Monica, CA), McLaren Regional Medical Center (Flint, MI) and
Century City Hospital (Los Angeles, CA) were evaluated (Table
I). The average patient age was 72 years (range: 37 to 97 years).
Thirty-five patients were female and 37 were males. Mean tumor
size was 4.1 cm (range: 0.2 to 8 cm). Location of the primary
tumor was as follows: right colon 25, transverse colon 12, left
colon 24 and rectum 11. Twenty-five patients were American Joint
Committee on Cancer (AJCC) stage I, 21 patients were AJCC
stage II and 26 patients were AJCC stage III. A mean of 2 SLN
was identified from each patient (range: 1 to 8 SLN).

Primary tumor specimens and non-SLN were processed for
routine microscopic analysis in a standard manner. Each SLN,
noted blue intraoperatively by the surgeon, was submitted in its
entirety or bisected in half along its greatest axis, depending on its
size, for pathologic processing. Two 4 �m sections of the paraffin-
embedded SLN were cut at 2 levels separated by 200 �m. One
section from each level was stained with H&E and another with
cytokeratin IHC using the AE-1/AE-3 cytokeratin antibody cock-
tail (Dako Corporation, Carpinteria, CA). IHC stained slides were
interpreted according to strict histologic criteria that required
strong immunoreactivity combined with microanatomic and cyto-
logic features compatible with CRC.

DNA isolation from cell lines and paraffin-embedded tissues
Established cell lines with known K-ras mutation (colon cancer:

SW480, GGT3GTT and LoVo, GGC3GAC; pancreas cancer:
PANC-1, GGT3GAT and MIA PaCa-2, GGT3TGT) and cell
lines containing wtDNA (pancreas cancer: BxPC-3; melanoma:
MA, MB and MC; and breast cancer: MCF-7) were cultured in
RPMI 1640 or Dulbecco’s Modified Eagle Medium culture media
(Gibco Life Sciences, BRL, Grand Island, NY) with 10% fetal
bovine serum (Gemini Bio-Products, Woodland Hills, CA), Strep-
tomycin (Gibco Life Sciences) and incubated in 5% CO2. Adher-

ent cells were washed with phosphate-buffered saline (PBS), har-
vested in 0.05% trypsin (Gibco Life Sciences), counted and
assessed for viability by trypan blue exclusion. DNA was isolated
from the cell lines using DNAzol (Molecular Research Center,
Inc., Cincinnati, OH).

An additional 10 10 �m-thick sections were cut from each
paraffin-embedded tissue for DNA isolation. Paraffin tissue sec-
tions were deparaffinized with xylene for 5 min, washed once with
100% ethanol and dried. DNA was isolated from the dissected
tissue using QIAamp Tissue Kit (QIAGEN, Hilden, Germany) and
quantified using UV spectrophotometry. DNA from paraffin-em-
bedded normal colon tissues from 10 patients was isolated simi-
larly.

PNA clamp directed PCR
Biotinylated oligonucleotide sense primer and tris (2,2�-bipyri-

dine) ruthenium(II) (TBR)-labeled oligonucleotide antisense
primer for PCR were synthesized by The Midland Certified Re-
agent Company (Midland, TX). PNA clamps were synthesized
from Perkin Elmer Biosystems (Framingham, MA). Genomic
DNA extracted from cell lines and paraffin-embedded tissues was
amplified using PCR in a 20 �l reaction containing 16 mM
Tris-HCl (pH �8.3), 80 mM KCl, 2.4 mM MgCl2, 800 �M
dNTPs, 75 nM K-ras sense primer, 75 nM K-ras antisense primer,
400 nM PNA, 0.5 U of AmpliTaq Gold DNA polymerase (Perkin
Elmer Biosystems) and 20 ng of genomic DNA. PCR thermocy-
cling after a 12 min enzyme activation at 94°C was as follows: 60
sec at 94°C, 50 sec at 70°C, 50 sec at 58°C and 60 sec at 72°C for
a total of 40 cycles followed by a 7 min final extension at 72°C. In
each experiment, cell lines verified to contain mutant K-ras, nor-
mal colon tissue and noncancer lymph nodes, and PCR reagents
without template were run in parallel as positive, negative and no
template controls, respectively.

The PNA clamp was designed to hybridize complimentary to the
wild-type K-ras allele surrounding codon 12 and 13.25 PCR was
performed using a biotin labeled sense primer, 5�-(Biotin)-ATCGT-
CAAGGCACTCTTGCCTAC-3�, a TBR labeled antisense pri-
mer, 5�-(TBR)-GTACTGGTGGAGTATTTGATAGTG-3� and PNA
clamp, H2N-TACGCCACCAG CTCC-CON2N. PNA hybridizes to
the wtDNA template securely inhibiting annealing of the partially
overlapping reverse primer and inhibit the amplification of the
wtDNA at the K-ras allele (Fig. 1). As for any of the K-ras mutant
allele variants at codons 12 and 13, the PNA/DNA hybrid is unstable
due to the base pair mismatch and therefore does not inhibit the Taq
polymerase from extending the reverse primer on the mutated tumor
DNA.TABLE I – PATIENT DEMOGRAPHICS

Patient characteristics Study population (n � 72)

Gender
F 35
M 37

Age
Mean 72
Range (37–97)

Primary site
Right colon 25
Transverse colon 12
Left colon 24
Rectum 11

AJCC stage
I 25
II 21
III 26

Tumor size
Mean 4.1 cm
Range (0.2–11 cm)

Number of SLN
Mean 2.2
Range (1–8)

Number of non-SLN
Mean 11.5
Range 0–36

FIGURE 1 – Schematic pictorial of PNA clamp directed PCR. Upper
figure denotes PNA/wtDNA complex, no amplification. Lower figure
demonstrates amplification of DNA template containing K-ras muta-
tion.
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Gel electrophoresis and electrochemiluminescence detection
PCR products (5 �l) were electrophoresed on a 2% agarose gel

to verify the presence of amplified product of the expected size.
For the electrochemiluminescence (ECL) assay, post-PCR prod-
ucts (5 �l) were incubated in 50 �l of M280 streptavidin coated
Dynabeads� (0.125 mg/ml) (Dynal Biotech, Lake Success, NY)
for 30 min at room temperature with constant vortexing followed
by the addition of 300 �l of ORIGEN� Assay Buffer prior to
starting the Origen� Analyzer. The Origen� Analyzer (IGEN,
International, Gaithersburg, MD) measures the ECL activity gen-
erated by the electrochemical oxidation reaction of the TBR and
assay buffer as previously described.26 At least 3 paraffin-embed-
ded normal colon tissue DNA samples were incorporated through-
out each PCR/ECL assay to determine the background ECL level
and as a reference control. Samples were considered positive if the
ECL level detected was greater than 2 standard deviations above
the mean of ECL level of the paraffin-embedded normal colon
tissue DNA samples (cut-off point). The assay was optimized and
the cut-off point is determined using the controls included in each
assay. Assays were repeated at least 2 times to verify the results.

Sequencing analysis
Sixteen K-ras mutation positive samples and 17 K-ras mutation

negative samples from primary tumors were analyzed by sequenc-
ing. DNA (�10 ng) was amplified using PCR in a 50 �l reaction
volume containing 10 mM Tris-HCl (pH 8.3), 10 mM KCl, 1.5
mM MgCl2, 800 �M dNTPs, 75 nM K-ras forward primer, 75 nM
K-ras reverse primer and 1.25 U of AmpliTaq Gold DNA poly-
merase (Perkin Elmer, Norwalk, CT). Thermocycling steps were
30 sec at 94°C, 30 sec at 50°C and 30 sec at 72°C for a total of 35
cycles followed by a 7 min final extension at 72°C with a 12 min
at 94°C step before the first cycle. PCR products were electropho-
resed on a 2% agarose gel and the DNA fragment was excised and
purified using the QIAquick Gel Extraction Kit (QIAGEN, Inc.,
Valencia, CA). Sequence analysis was performed on extracted and
purified DNA by an automated DNA sequencer (Applied Biosys-
tem Model 377, Foster City, CA) using the dideoxy terminator
reaction method.

RESULTS

Detection of K-ras mutations in cell lines
To assess the PNA clamp directed PCR assay’s detection ability,

we performed the assay with DNA from 4 established cell lines
with known K-ras mutations and 5 established cell lines with no
known mutations. PCR products were only detected in the 4 cell
line samples containing the known K-ras mutations at codons 12
or 13 (Fig. 2). These PCR samples were analyzed using a semi-
quantitative ECL ORIGEN� detection system. All 4 cell lines
containing K-ras mutations produced very high ECL signals,
whereas cell lines containing wtDNA produced minimal back-
ground signal. Four different K-ras point mutations in codon 12
and 13 were successfully detected in all K-ras mutant cell lines
(Fig. 2).

Two different in vitro assays were carried out to assess the
sensitivity and specificity of the K-ras detection system. Various
dilutions of genomic DNA (1 � 106 to 1 pg) in molecular grade
water from SW480 with K-ras mutation (GGT3GTT: codon 12)
were prepared and assessed by PNA clamp PCR. The assay was
sensitive at detecting K-ras mutation in as low as 100 pg of DNA
without any carrier supplement (Fig. 3). For specificity, genomic
DNA from SW480 cells was mixed in wtDNA from normal colon
tissues in different ratios: 1:1, 1:10, 1:100, 1:500, 1:1,000 and
1:2,000. The PNA clamp PCR assay was carried out using 20 ng
of DNA from the each of the mixtures preparation as template.
K-ras mutation could be specifically detected at a dilution of
1:2,000 mutant to wild-type ratio (Fig. 4). These studies demon-
strated the high specificity and sensitivity of the PNA clamp PCR
method for detecting small amount of K-ras mutated DNA among
a large pool of wtDNA. This approach provided an optimized and

robust PCR-based assay for assessing primary CRC tumor cells for
single-base K-ras mutations.

Detection of K-ras mutation in primary tumors and paired SLN
The PNA clamp PCR assay was then optimized for the assess-

ment of paraffin-embedded tissues. Initially, paraffin-embedded
colon tumors, normal colon and noncancer lymph nodes were
evaluated with this technique. All normal colon (n�10) and non-
cancer lymph nodes (n�20) were negative for K-ras mutation.

The histopathology of the SLN with H&E accurately reflected
the pathologic status of the nodal basin in 67 (93%) of the 72
patients. Twenty-one (29%) of 72 patients’ SLN were positive by
H&E. IHC analysis of SLN using cytokeratin antibody staining
identified metastases in an additional 16 of 46 patients, upstaging
35% of CRC. Furthermore, 4 of 5 patients with H&E negative
SLN and positive non-SLN demonstrated occult tumor cells in the
SLN by IHC. Seventy-two paraffin-embedded primary CRC spec-
imens from patients who had undergone lymphatic mapping and
SLN identification were assessed for the presence of K-ras muta-
tions on codons 12 or 13 using the PNA clamp PCR technique
(Fig. 5). Thirty (42%) of 72 patients’ CRC primary tumors dem-
onstrated K-ras mutations with this approach.

FIGURE 2 – ECL (bottom) and ethidium bromide stained gel (top)
analysis of cell lines containing K-ras mutation (A–D), wtDNA (E–I)
and blank control (J). Cell line allele mutation listed (A, GGT3GTT,
codon 12; B, GGC3GAC, codon 13; C, GGT3TGT, codon 12 and
D, GGT3TGT, codon 12).

FIGURE 3 – Serial DNA dilution assay. ECL detection of DNA
extracted from SW480 cells containing K-ras mutation diluted in
molecular biology grade water. Ten-fold dilutions of DNA from
1�106 pg to 1 pg.
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Among the 30 patients with K-ras mutations in their primary
CRC tumors, 5 (17%) patients demonstrated metastases on H&E
staining of their SLN and 7 patients (23%) demonstrated metas-
tases on IHC analysis of their SLN. For the remainder 18 patients,
their SLN had no evidence of metastases by both histopathology
staining methods. PNA clamp PCR was performed on the SLN
from all 30 patients with primary tumors demonstrating K-ras
mutations. PNA clamp PCR analysis was positive in all 5 patients
with H&E positive SLN and in 6 of 7 patients with IHC positive
SLN. PNA clamp directed PCR detected more occult metastasis
than standard H&E analysis of K-ras positive CRC, which was
statistically significant (McNemar test, p � 0.014). In 1 case, PCR
did not detect K-ras tumor cells in an IHC positive SLN; subse-
quent to the negative PCR result, the SLN block was reassessed,
and no tumor cells were detected on repeat IHC confirming accu-
rate PCR analysis. The negative PCR and subsequent IHC results
on the 1 case may be caused by the depletion of tumor cells in the
tissue specimen from the previous serial sectioning for IHC inves-
tigation. In our study, correlation of K-ras expression to known
histopathologic prognostic factors such as tumor size, grade, depth
of invasion, lymph node involvement etc., and patient outcome
was assessed. Although significant correlations were not found,
this pilot study demonstrated the accuracy and potential utility of
the PNA clamp directed PCR in detecting metastases of K-ras
mutation positive tumors.

K-ras sequencing
Sequence analysis was performed on 33 primary tumors found

to be either K-ras positive (n�16) or K-ras negative (n�17) by
PNA clamp PCR. In all instances, direct sequencing of the PCR
product confirmed the presence or absence of the mutation as
initially detected by the PNA clamp PCR. Four different patterns
of K-ras mutation were detected at codon 12: GGT3GAT oc-
curred in 6 patients; GGT3AGT in 2 patients; GGT3GTT in 5
patients and GGT3TGT in 1 patient. Tumors from 2 patients
demonstrated the same mutation at codon 13: GGC3GAC. These
results verified the accuracy of the PNA clamp PCR for detecting
K-ras mutant tumor cells relative to the specific point mutation
(Fig. 2).

DISCUSSION

Following the identification of multiple genetic alterations as-
sociated with the initiation and progression of CRC, molecular
based assays have become the technique of choice for detecting
these genetic events in occult tumor cells. Because mutation in
K-ras is a relatively frequent occurrence in CRC (40–50%), de-
velop early during tumorigenesis and remain consistently present
during disease progression, this oncogene provides a unique ge-

netic marker for the molecular assessment of early stage metastasis
to the regional lymph nodes.3 In our study, we found 42% of
primary CRC tumors contained K-ras mutation(s). K- ras mutation
was detected by PNA clamp PCR in 6 of 25 patients with SLN
considered tumor-free by H&E. There was only 1 case where PNA
clamp PCR did not detect metastasis noted on IHC, and when we
reassessed the SLN block by IHC, we identified no metastases
suggesting that tumor cells may not have been in the sample
evaluated by the PNA clamp PCR reaction.

In comparison, other studies that demonstrated upstaging of
patients’ lymph nodes with K-ras PCR did not perform IHC.27–29

We would have upstaged 24% of the lymph nodes if IHC data was
not considered (Table II). Furthermore, this technique would have
accurately identified 4 of the 5 SLN patients considered false-
negative using conventional H&E as an assessment tool. Cur-
rently, IHC is not routinely used to assess lymph nodes from CRC
patients because it is impractical and costly. In combination with
SLN mapping, IHC analysis would be a logistically feasible and
cost-effective approach. However, the clinical implications of IHC
detectable occult metastatic tumor cells in regional lymph nodes
remains unclear.15,17,30

Thus, in our study we demonstrated a new, sensitive and accu-
rate strategy in identifying micrometastases in paraffin-embedded
SLN using a genetic marker. PNA clamp PCR for K-ras mutation
was compared to the universally accepted technique of H&E for
detection of SLN metastases and found to upstage a statistically
significant greater number of patients. Although the combination
of H&E and IHC improved the detection to equivalent level of
PNA clamp directed PCR, the advantage of this innovative ap-
proach is that it is less labor intensive, highly accurate and not
subjective to observer interpretation. Additionally, this assay can
be performed on paraffin-embedded tissue sections allowing a
practical application. Furthermore, the PNA clamp PCR can po-
tentially be used to detect tumor progression in other cancers
associated with specific single-base mutations. In contrast to cy-
tokeratin antibody staining, which can be nonspecific for epithelial
cells, molecular assays can accurately identify metastases in lymph
nodes based on a consistent genetic aberration found in the corre-
sponding primary tumor. This may also provide a method to
validate metastatic tumor cells in the lymph node.

We assessed CRC patients using the highly comprehensive
technique of lymphatic mapping, SLN identification, and IHC
analysis of the SLN for identifying metastatic disease.31 It has been
shown that discordance can exist between K-ras mutations iden-
tified in the primary tumor and those found in paired bone marrow
micrometastases from CRC patients.32 These findings suggest that
metastatic tumor cells may not always have a clonal relationship

FIGURE 5 – Representative examples of K-ras mutation detection in
CRC biopsies. Samples: A-L, colorectal cancer tumors; M and N,
K-ras positive cell lines; and O and P, normal colon tissues. Positive
sample cut-off point is 2 standard deviations above mean ECL U of the
normal colon tissue controls.

FIGURE 4 – Dilutions of DNA from SW480 cells containing K-ras
mutation in DNA from normal colon tissues. ECL detected K-ras
mutant DNA with a sensitivity of 1:2,000, mutant to wtDNA.

412 TABACK ET AL.



with the primary tumor’s genetic status or that the primary tumor
can be of multifocal origin.33,34 This finding may account for a
false-negative result and must be considered in the development
of any diagnostic assay. In addition, it is also suggested that
tumors may acquire the K-ras mutation during progression;35

therefore K-ras mutation may have potential use in identifying
metastases even in patients whose primary tumors did not have
the mutation.

This is the first report on the use of a genetic based assay to
identify occult CRC metastases in SLN, which has been shown to
be the first site of early stage metastases. Unlike RT-PCR methods
of occult disease detection, genomic DNA templates are limited to
2 copies per cell, much fewer and therefore more difficult to
detect.36 However, DNA assays provide unique specificity that is
difficult to achieve for RT-PCR markers.37 Quantitative molecular
assays also provide a facile tool that circumvents the subjectivity
associated with morphologic methods that screen multiple sections
for those rare tumor cells hidden among a background of other cell
types. Because almost half of all CRC malignancies contain K-ras
mutations, the presence of this alteration in primary tumors pro-
vides a uniquely specific target by which to search for occult

metastases. More recently, it has been suggested that the type of
mutation on codon 12 (i.e., glycine to valine) may be associated
with more aggressive disease in patients with CRC.34,38 Thus, in
addition to the utility for assessing genetic events associated with
cancer initiation and progression as a sensitive mutation detection
tool, DNA based detection assays may have prognostic value when
employed for the detection of occult metastasis. The clinical sig-
nificance of these findings will require longer-term prospective
follow-up, which is currently underway. Nonetheless, the hypoth-
esis our pilot study evaluated is an important one, and a larger
investigation would need to be undertaken to evaluate the clinical
utility of detecting K-ras mutation using PNA clamp directed
PCR. We have successfully demonstrated in our study the clini-
copathological utility of SLN mapping combined with the PNA
clamp PCR technique to efficiently identify micrometastases in the
SLN of CRC patients. These findings provide the groundwork for
a multiple gene-based detection assay which would improve occult
tumor cell identification in a larger patient population This ap-
proach may serve as a valuable complement to conventional his-
topathologic analysis for micrometastatic disease detection and
patient prognosis.
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