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Both benign and malignant tumors represent heter-
ogenous tissue containing tumor cells and non-neo-
plastic mesenchymal and inflammatory cells. To de-
tect a minority of mutant KRAS alleles among
abundant wild-type alleles, we developed a sensitive
DNA sequencing assay using Pyrosequencing, ie, nu-
cleotide extension sequencing with an allele quantifi-
cation capability. We designed our Pyrosequencing
assay for use with whole-genome-amplified DNA from
paraffin-embedded tissue. Assessing various mixtures
of DNA from mutant KRAS cell lines and DNA from a
wild-type KRAS cell line, we found that mutation de-
tection rates for Pyrosequencing were superior to
dideoxy sequencing. In addition, Pyrosequencing
proved superior to dideoxy sequencing in the detec-
tion of KRAS mutations from DNA mixtures of paraf-
fin-embedded colon cancer and normal tissue as well
as from paraffin-embedded pancreatic cancers. Quan-
tification of mutant alleles by Pyrosequencing was
precise and useful for assay validation, monitoring,
and quality assurance. Our Pyrosequencing method is
simple, robust, and sensitive, with a detection limit of
approximately 5% mutant alleles. It is particularly
useful for tumors containing abundant non-neoplas-
tic cells. In addition, the applicability of this assay for
DNA amplified by whole-genome amplification tech-
nique provides an expanded source of DNA for large-
scale studies. (J Mol Diagn 2005, 7:413–421)

Screening and identification of gene mutations in benign
and malignant tumors is commonly performed by poly-
merase chain reaction (PCR) amplification followed by
dideoxy DNA sequencing or conformation-based sepa-
ration such as single-strand conformation polymorphism
(SSCP), denaturing gradient gel electrophoresis (DGGE),

or high performance liquid chromatography (HPLC). Al-
though SSCP, DGGE, and HPLC are useful screening
methods, sequencing technologies remain the gold stan-
dard method to confirm and determine the identity of a
specific mutation. Dideoxy DNA sequencing is the most
commonly used sequencing method; however, it may not
detect a minority of mutant sequences present in a back-
ground of abundant wild-type DNA sequence. Solid tu-
mors are heterogenous tissue that typically contains tu-
mor cells admixed with non-neoplastic cells, including
inflammatory cells, vascular endothelial cells, and mes-
enchymal cells. Detection of gain-of-function mutations in
oncogenes such as KRAS poses a particular challenge.
Not only does each non-neoplastic cell in tumor tissue
contribute two wild-type alleles, but also each tumor cell
may carry one copy of its own wild-type allele. This prob-
lem is particularly evident in tumors with abundant des-
moplastic stroma surrounding a minority of tumor cells,
abundant inflammatory cells, or scanty tumor cells after
chemotherapy or radiation therapy. A sensitive and cost-
effective DNA sequencing assay that can be applied to a
large number of samples is clearly needed.

Pyrosequencing (Biotage AB and Biosystems, Upp-
sala, Sweden) is real-time, nonelectrophoretic, nucleo-
tide extension sequencing for various applications.1–3 In
Pyrosequencing, pyrophosphate is generated only when
a dispensed nucleotide anneals to the template and a
primer extends by DNA polymerase. Subsequently, py-
rophosphate is converted to fluorescence emission, the
intensity of which is proportional to the amounts of an-
nealed and extended nucleotide molecules. The Pyrose-
quencing assay for single-nucleotide polymorphisms
(SNPs) can quantify the relative amount of each allele
very accurately.1 It can also be applied to quantitative
CpG island methylation analysis.4–6

In this study, we developed a sensitive sequencing assay
for the detection of KRAS mutations using Pyrosequencing
technology. Although Pyrosequencing typically reads at most
40 to 50 nucleotides, we demonstrate that it has higher ana-
lytical sensitivity for the detection of mutant DNA mixed in
wild-type DNA when compared with dideoxy (eg, BigDye Ter-
minator) sequencing. The detection limit of our KRAS Pyrose-
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quencing was approximately 3 to 5% of mutant KRAS allele.
Our Pyrosequencing method shows good precision, and its
ability to quantify the amount of a mutant allele is very useful for
assay validation and quality assurance. Moreover, our method
effectively works on paraffin-embedded archival tumor tissue
and on DNA samples after whole-genome amplification
(WGA). High analytical sensitivity is particularly important to
avoid bias caused by different features of tumors, such as
tumors with abundant inflammatory cells seen in colon cancer
with microsatellite instability, desmoplastic pancreatic cancer
with cellular and abundant stroma, or previously treated tu-
mors with only scanty remaining neoplastic cells. Our Pyrose-
quencing assay is a simple, robust, and high-throughput mu-
tation detection assay that can be applied to large
epidemiological studies and clinical trials.

Materials and Methods

Cell Lines, Paraffin-Embedded Tissue Blocks,
Genomic DNA Extraction, and DNA Mixing

This study has been approved by the Dana-Farber/Har-
vard Cancer Center and Brigham and Women’s Hospital
Institutional Review Boards. DNA was extracted using
QIAmp DNA mini kit (Qiagen, Valencia, CA) and quanti-
fied from three cell lines; SW480 with the KRAS mutation
c.35G�T (codon 12 GGT�GTT; p.Gly12Val), LoVo with
the c.38G�A mutation (codon 13 GGC�GAC;
p.Gly13Asp), and OVCAR with wild-type KRAS. DNA
samples from each of the two KRAS-mutant cell lines
were mixed with DNA samples from the KRAS wild-type
cell line in various fractions of mutant DNA (50, 30, 20, 10,
5, 3, and 2%). All cell line DNA mixtures were prepared in
duplicate. Paraffin-embedded tissue blocks of colon cancer
with five different KRAS mutations [c.35G�T (codon 12
GGT�GTT; p.Gly12Val), c.35G�A (codon 12 GGT�GAT;
p.Gly12Asp), c.34G�T (codon 12 GGT�TGT; p.Gly12Cys),
c.34G�A (codon 12 GGT�AGT; p.Gly12Ser), and c.38G�A
(codon 13 GGC�GAC; p.Gly13Asp)] were collected and ano-
nymized from participants in the Nurses’ Health Study and
Health Professionals Follow-Up Study who developed incident
colorectal cancer.7 Tumor tissue on glass slides was manually
dissected, and genomic DNA was extracted using QIAmp
DNA mini kit (Qiagen). Each of these five colon cancer
DNA samples with different KRAS mutations was mixed
with DNA from normal paraffin tissue in various frac-
tions of cancer DNA (50, 30, 20, 10, and 5%). Paraffin
blocks of pancreatic cancers (nine cases) were ran-
domly selected and anonymized from the archival files
of the Department of Pathology at Brigham and Wom-
en’s Hospital and Massachusetts General Hospital.
These pancreatic cancers had not been analyzed for
KRAS mutations. Pancreatic cancer DNA was analyzed
without mixing.

WGA, PCR, and Dideoxy (BigDye Terminator)
Sequencing

Whole genome amplification (WGA) is a useful technique
to preserve original study material for many different as-

says and for future studies. In WGA, genomic DNA is
amplified by PCR using primers consisting of random
sequence of 15 nucleotides.8 We have extensively used
this technique and have shown that WGA does not sig-
nificantly affect results of microsatellite analysis or se-
quencing of KRAS or BRAF by dideoxy sequencing (un-
published data). Each PCR mix contained 20 pmol of the
random primers, 1.69 nmol each of dNTP, 2.5 mmol/L
MgCl2, 1� PCR buffer (Applied Biosystems, Foster City,
CA), 0.5 U of AmpliTaq Gold (Applied Biosystems), and 2
�l of template DNA solution in a total volume of 27 �l.
PCR conditions consisted of initial denaturing at 94°C for
1 minute; 50 cycles of 94°C for 30 seconds, 37°C for 2
minutes, 41.5°C for 30 seconds, 46°C for 30 seconds,
50.5°C for 30 seconds, 55°C for 2 minutes, and 68°C for
30 seconds; and final extension at 72°C for 1 minute. PCR
Primers for KRAS dideoxy sequencing were as follows:
KRAS-F14, forward, 5�-tgt aaa acg acg gcc agt tgt gtg
aca tgt tct aat ata gtc ac-3�; and KRAS-R7, reverse,
5�-aga atg gtc ctg cac cag taa-3�. Each PCR mix con-
tained the forward and reverse primers (each 10 pmol),
1.69 nmol each of dNTP, 3 mmol/L MgCl2, 1� PCR
buffer, 0.75 U of AmpliTaq Gold, and 2 �l of template
WGA product in a total volume of 27 �l. PCR conditions
consisted of initial denaturing at 94°C for 1 minute; 50
cycles of 95°C for 20 seconds, 50°C for 20 seconds, and
72°C for 40 seconds; and final extension at 72°C for 1
minute. The PCR products were purified using QIAquik
PCR Purification kit (Qiagen). Cycle sequencing was per-
formed using BigDye Terminator kit (Applied Biosys-
tems), and analyzed by ABI 3730 (Applied Biosystems).

Development of KRAS Pyrosequencing Assay
(Figure 1)

PCR amplification primers for Pyrosequencing were as
follows: KRAS-F, forward, 5�-nnn ggc ctg ctg aaa atg act
gaa-3�; and KRAS-R, reverse biotinylated primer, 5�-tta

Figure 1. KRAS Pyrosequencing assay design. A: PCR amplifies a segment of
KRAS exon 1 containing codons 12 and 13. The reverse PCR primer is
biotinylated. B: KRAS-PF1 Pyrosequencing primer can detect common codon
12 mutations. C: KRAS-PF2 Pyrosequencing primer can detect the rest of the
codon 12 mutations. D: KRAS-PF3 Pyrosequencing primer can detect codon
13 mutations. WT, wild type; Mut, mutant.
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gct gta tcg tca agg cac tct-3�. Each PCR mix contained
the forward and reverse primers (each 20 pmol), 2.81
nmol each of dNTP, 3 mmol/L MgCl2, 1� PCR buffer,
1.25 U of AmpliTaq Gold, and 5 �l of template WGA
product in a total volume of 50 �l. PCR conditions con-
sisted of initial denaturing at 94°C for 1 minute; 50 cycles
of 95°C for 20 seconds, 58°C for 20 seconds, and 72°C
for 40 seconds; and final extension at 72°C for 1 minute.
The PCR products were electrophoresed in an agarose
gel to confirm successful amplification of the 82-bp PCR
product. The PCR products (each 10 �l) were sequenced
by Pyrosequencing PSQ96 HS System (Biotage AB) fol-
lowing the manufacturer’s instructions, using all three
Pyrosequencing primers (see below). Nucleotide dispen-
sation order was cyclic (CTAG from 5� to 3�).

To increase sensitivity for the detection of all mutations
in KRAS codons 12 and 13, we designed three slightly
different Pyrosequencing primers, using software ADSW
(Biotage AB) (Figure 1, B to D). One can use KRAS-PF2
primer to sequence all nucleotides of KRAS codons 12/13
and beyond; however, we found that the use of KRAS-
PF1 and KRAS-PF3 primers increases the sensitivity of
detection for specific KRAS mutations (data not shown).

Moreover, the use of three different primers serves as a
quality control measure because all codon 12/13 muta-
tions, except for those in the first nucleotide of codon 12,
can be detected by more than one primer. Pyrograms of
wild-type KRAS codons 12 and 13 sequence by these
primers are shown in Figure 2, A, D, and G. The primer
KRAS-PF1 (5�-tgt ggt agt tgg agc tg-3�) ends at the first
nucleotide of codon 12 to detect mutations in the second
nucleotide of codon 12 [c.35G�A (codon 12 GAT),
c.35G�T (codon 12 GTT), and c.35G�C (codon 12
GCT)] (Figure 1B). Because of cyclic CTAG nucleotide
dispensation, all three mutations in the second nucleotide
of codon 12 can be detected by dispensation of the first
three nucleotides CTA with the highest signal-to-noise
ratio (Figure 2, B and C). Pyrosequencing using KRAS-
PF1 for the c.35G�T (codon 12 GTT) mutation is partic-
ularly sensitive, because the c.35G�T mutation (codon
12 GTT) creates a T dinucleotide run so that the first T
peak on a Pyrogram by KRAS-PF1 primer is twice as high
as a peak for one nucleotide change such as c.35G�A.

The primer KRAS-PF2 (5�-tgt ggt agt tgg agc t-3�) ends
at the third nucleotide of codon 11 to detect mutations in
the first nucleotide of codon 12 [c.34G�A (codon 12

Figure 2. Pyrograms of wild-type and mutant KRAS. A: Wild-type codon 12 by the KRAS-PF1 primer. B: c.35G�T (codon 12 GTT) mutation by the KRAS-PF1
primer. C: c.35G�A (codon 12 GAT) mutation by the KRAS-PF1 primer. D: Wild-type codon 12 by the KRAS-PF2 primer. E: c.34G�T (codon 12 TGT) mutation
by the KRAS-PF2 primer. F: c.34G�A (codon 12 AGT) mutation by the KRAS-PF2 primer. G: Wild-type codon 13 by the KRAS-PF3 primer. H: c.38G�A (codon
13 GAC) mutation by the KRAS-PF3 primer. Arrows indicate the presence of mutant alleles. Note that B, C, E, F, and H show the presence of wild-type sequence,
which is derived from non-neoplastic cells in tumor (and a normal allele in tumor cells).
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AGT), c.34G�T (codon 12 TGT), and c.34G�C (codon
12 CGT)] (Figure 1C). Because of cyclic CTAG nucleo-
tide dispensation, all three mutations in the first nucleo-
tide of codon 12 can be detected by the first three nu-
cleotides CTA with the highest signal-to-noise ratio
(Figure 2, E and F). The primer KRAS-PF3 (5�-tgg tag ttg
gag ctg gt-3�) ends at the third nucleotide of codon 12 to
detect all mutations in codon 13 [particularly c.38G�A
(codon 13 GAC)] with high sensitivity (Figures 1D, 2H).

Comparison of Analytical Sensitivities of
Pyrosequencing and BigDye Terminator
Sequencing and Statistical Analysis

For cell line DNA mixing study (Figure 3), each mutant
cell line DNA sample (SW480 or LoVo) was mixed with a
wild-type DNA sample (OVCAR) in dilutions of 50, 30, 20,
10, 5, 3, and 2%. All cell line DNA mixtures were pre-
pared in duplicate. All cell line DNA mixtures were am-
plified by WGA in triplicate. Subsequently, three aliquots
from each triplicate WGA were independently amplified
by PCR for KRAS and sequenced by Pyrosequencing
and BigDye Terminator methods. In addition, three ali-
quots from each original DNA mixture without WGA were
independently amplified by PCR for KRAS and se-
quenced by Pyrosequencing and BigDye Terminator
methods. Thus, there were a total of 24 [� 2 cell lines �
2 duplicate � (3 � 3) aliquots] independent results by
both sequencing methods for each dilution.

For paraffin colon cancer mixing study (Figure 4), each
mutant DNA was mixed with normal DNA in dilutions of
50, 30, 20, 10, and 5%. From each DNA mixture and from
each pancreatic cancer sample with unknown KRAS sta-
tus, DNA was amplified by WGA in triplicate, and three
aliquots (each from triplicate WGA) were subsequently
amplified by PCR for KRAS, followed by Pyrosequencing
and BigDye sequencing. Thus, for paraffin colon cancer
mixing study, there were 15 (� 5 samples with different
mutations � 3 aliquots) independent results by both se-
quencing methods for each dilution. For pancreatic can-

cers, there were 27 (� 9 tumors � 3 aliquots) indepen-
dent results. Results of both sequencing methods were
compared. Statistical analysis was performed using Fish-
er’s exact test on categorical data by SAS program (ver-
sion 8.2; SAS Institute, Cary, NC).

Results

Precision and Reproducibility of Allele
Quantification by KRAS Pyrosequencing

One of the advantages of Pyrosequencing is its ability to
easily quantify amounts of a mutant allele or a SNP vari-
ant. To demonstrate assay precision and reproducibility,
we quantified KRAS mutant alleles by Pyrosequencing in
the various mixtures of DNA extracted from cell lines that
contained mutated and wild-type KRAS, respectively (50,
30, 20, 10, and 5% mutant mixtures). Results are shown
in Figure 5. SDs of the mutant allele quantifications in six
repeated runs for each DNA mixing ratio ranged from 0.8
to 3.1%. WGA appeared to decrease the amounts of the
mutant alleles detected by Pyrosequencing compared
with KRAS Pyrosequencing without WGA, indicating sub-
tle, but consistent bias introduced by WGA. Nonetheless,
allele quantifications by Pyrosequencing assay were very
precise and reproducible, even when whole-genome-

Figure 3. Cell line DNA mixing study.

Figure 4. Paraffin colon cancer DNA mixing study.

Figure 5. Allele quantifications by KRAS Pyrosequencing. The horizontal
axis shows expected value of the fraction of mutant KRAS based on various
cell line DNA mixtures. The vertical axis shows observed quantification
results by Pyrosequencing. “Regular DNA” indicates results without WGA.
The vertical bar from each dot indicates �1 SD.
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amplified DNA samples were used. Allele quantification
by Pyrosequencing allows us to perform quality control
and quality assurance easily and objectively.

Comparison of KRAS Pyrosequencing and
BigDye Sequencing Using Mixed DNA
Samples (Figure 6)

To test analytical sensitivity of our KRAS Pyrosequencing
method, we performed both Pyrosequencing and BigDye
Terminator sequencing for KRAS on the same set of DNA
mix samples containing various amounts of known KRAS
mutation. Figure 6A shows representative results of cell
line mixing study on the 3 and 2% mixes. In the cell line
mixing study, there were no or insignificant differences

between BigDye sequencing and Pyrosequencing when
examining mixtures in which the proportion of mutant
DNA was either high or very low (ie, mixtures of 50, 30,
and 20% as well as 3 and 2%). However, there were
significant differences in detection rates in the 24 runs for
the 10 and 5% mutant mixtures (Table 1). Particularly, in
the 5% mix, BigDye sequencing could detect mutations
only in 8 of 24 runs, whereas Pyrosequencing could
detect mutations in 23 of 24 runs (P � 0.000008).

When we repeated our analyses using whole-genome-
amplified DNA, we found virtually identical results to
those we obtained using the DNA mixtures without WGA.
For the 5% mutant mixtures, Pyrosequencing detected
mutations in 11 (92%) of 12 runs with whole-genome-
amplified DNA and in 12 (100%) of 12 runs without WGA.
In contrast, BigDye sequencing detected mutations in 7

Figure 6. Comparison of Pyrosequencing and BigDye Terminator sequencing. A: Cell line DNA mixing study. A1: The c.35G�T (codon 12 GTT) mutation can
be observed by both methods. A2: The c.35G�T (codon 12 GTT) mutation in the 2% mix can easily be observed by Pyrosequencing (left) but is subtle in BigDye
sequencing (right). A3 and A4: The c.38G�A (codon 13 GAC) mutation can barely be observed by Pyrosequencing (left) but cannot be detected by BigDye
sequencing (right). B: Paraffin colon tumor DNA mixing study. B1 and B2: The c.35G�T (codon 12 GTT) mutation can be barely observed by Pyrosequencing
(left) but cannot be detected by BigDye sequencing (right). B3 and B4: The c.35G�A (codon 12 GAT) mutation can barely be observed by Pyrosequencing
(left) but cannot be detected by BigDye sequencing (right). B5 and B6: The c.34G�A (codon 12 AGT) mutation can readily be observed by Pyrosequencing
(left) but cannot be detected by BigDye sequencing (right).
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(58%) of 12 runs with whole-genome-amplified DNA and
in 9 (75%) of 12 runs without WGA. For the 3% mutant
mixtures, Pyrosequencing detected mutations in 6 (50%)
of 12 runs with whole-genome-amplified DNA and in 5
(42%) of 12 runs without WGA. In contrast, BigDye se-
quencing detected mutations in only 2 (17%) of 12 runs
with whole-genome-amplified DNA and in 3 (25%) of 12
runs without WGA. Thus, the use of WGA did not signif-
icantly affect sensitivity of detection by Pyrosequencing
or BigDye sequencing.

In the paraffin colon cancer mixing study, we re-
peated WGA reactions in triplicate using each DNA
mixture as a template, followed by specific PCR for
KRAS. There were no significant differences between
BigDye sequencing results and Pyrosequencing re-

sults for the 50 and 30% mutant mixtures. However, for
both the 20 and 10% mutant mixtures, significant dif-
ferences were evident (Table 2). Figure 6B shows rep-
resentative Pyrograms and corresponding BigDye se-
quencing results on the 20, 10, and 5% mutant
mixtures. Pyrosequencing detected mutations in all
(100%) of the 15 runs for the 20 and 10% mixtures,
whereas BigDye sequencing detected mutations in
only 8 (53%) of the 15 runs for the 20% mixture (P �
0.006 for the comparison between Pyrosequencing
and BigDye sequencing) and in only 6 (40%) of the 15
runs for the 10% mixture (P � 0.0007). For the 5%
mixture, Pyrosequencing could still detect mutations in
10 (67%) of the 15 runs, whereas BigDye sequencing
could detect mutations in only 7 (47%) of the 15 runs;

Table 1. Results of Cell Line DNA Mixing Study

Fraction of mutant DNA Diagnosis Dideoxy (BigDye) sequencing Pyrosequencing

50% Correct 23/24 (96%) 24/24 (100%)
Wild type (incorrect) 0/24 (0%) 0/24 (0%)

Indeterminate 1/24 (4%) 0/24 (0%)
30% Correct 23/24 (96%) 24/24 (100%)

Wild type (incorrect) 0/24 (0%) 0/24 (0%)
Indeterminate 1/24 (4%) 0/24 (0%)

20% Correct 21/24 (88%) 24/24 (100%)
Wild type (incorrect) 0/24 (0%) 0/24 (0%)

Indeterminate 3/24 (12%) 0/24 (0%)
10% Correct 16/24 (67%)* 24/24 (100%)*

Wild type (incorrect) 0/24 (0%) 0/24 (0%)
Indeterminate 8/24 (33%) 0/24 (0%)

5% Correct 8/24 (33%)† 23/24 (96%)†

Wild type (incorrect) 4/24 (17%) 0/24 (0%)
Indeterminate 12/24 (50%) 1/24 (4%)

3% Correct 5/24 (21%) 11/24 (46%)
Wild type (incorrect) 14/24 (58%) 9/24 (38%)

Indeterminate 5/24 (21%) 4/24 (17%)
2% Correct 1/24 (4%) 4/24 (17%)

Wild type (incorrect) 21/24 (88%) 16/24 (67%)
Indeterminate 2/24 (8%) 4/24 (17%)

The numbers in the first, second, and third row for each mixture represent the fractions of individual runs with correct diagnosis, with wild-type
diagnosis, and with indeterminate diagnosis, respectively.

*Statistical significance, P � 0.004.
†Statistical significance, P � 0.000008.

Table 2. Results of Paraffin Colon Cancer Tissue DNA Mixing Study

Fraction of cancer DNA Diagnosis Dideoxy (BigDye) sequencing Pyrosequencing

50% Correct 15/15 (100%) 15/15 (100%)
Wild type (incorrect) 0/15 (0%) 0/15 (0%)

Indeterminate 0/15 (0%) 0/15 (0%)
30% Correct 14/15 (93%) 15/15 (100%)

Wild type (incorrect) 0/15 (0%) 0/15 (0%)
Indeterminate 1/15 (7%) 0/15 (0%)

20% Correct 8/15 (53%)* 15/15 (100%)*
Wild type (incorrect) 5/15 (33%) 0/15 (0%)

Indeterminate 2/15 (13%) 0/15 (0%)
10% Correct 6/15 (40%)† 15/15 (100%)†

Wild type (incorrect) 6/15 (40%) 0/15 (0%)
Indeterminate 3/15 (20%) 0/15 (0%)

5% Correct 7/15 (47%) 10/15 (67%)
Wild type (incorrect) 6/15 (40%) 5/15 (33%)

Indeterminate 2/15 (3%) 0/15 (0%)

The numbers in the first, second, and third row for each mixture represent the fractions of individual runs with correct diagnosis, with wild-type
diagnosis, and with indeterminate diagnosis, respectively.

*Statistical significance, P � 0.006.
†Statistical significance, P � 0.0007.
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however, this difference did not reach the level of
statistical significance.

Detection of KRAS Mutations in Paraffin-
Embedded Pancreatic Cancer Samples

For pancreatic cancer samples, we repeated WGA reac-
tions in triplicate using template DNA extracted from
each pancreatic tumor, followed by specific PCR for
KRAS. Among all nine cases, Pyrosequencing demon-
strated concordant results for each set of triplicates,
whereas BigDye sequencing showed such triplicate con-
cordant results in only five of nine cases. Of the nine
cases, seven cases had KRAS mutations. By Pyrose-
quencing, KRAS mutations were identified in 21 of 21
runs for the seven mutant tumors, whereas for BigDye
sequencing, KRAS mutations were identified in only 14 of
21 runs (P � 0.01 for the comparison of Pyrosequencing
with BigDye sequencing). These results suggest that for
pancreatic carcinoma, in which tumor cells tend to be
sparsely admixed in desmoplastic stroma, Pyrosequenc-
ing appeared more sensitive for the detection of KRAS
mutations than BigDye sequencing.

Discussion

Pyrosequencing is nonelectrophoretic nucleotide exten-
sion sequencing for various applications,1,9 including
SNP genotyping,2 bacterial strain typing,3 mutation de-
tection in tumor,10,11 and quantitative CpG island meth-
ylation analyses.4–6 In this study, we developed a sensi-
tive sequencing assay for the detection of KRAS
mutations using Pyrosequencing technology. Pyrose-
quencing reads a relatively shorter length of nucleotides
(up to 40 to 50) than dideoxy sequencing. However, the
relatively shorter reading length of Pyrosequencing as
compared with dideoxy sequencing does not represent
any real disadvantage for KRAS sequencing, because
KRAS mutations are concentrated in codons 12 and 13.
We demonstrate that Pyrosequencing has a higher ana-
lytical sensitivity (a lower detection limit) than dideoxy
(BigDye) sequencing for the detection of mutant KRAS
mixed with wild-type KRAS DNA. Pyrosequencing offered
significantly greater sensitivity across a variety of mutant/
wild-type mixtures for DNA derived from paraffin-embed-
ded tissue.

WGA procedures have the potential to provide an un-
limited source of DNA for large-scale genetic studies. We
have optimized our Pyrosequencing methods so that we
can use whole-genome-amplified DNA from paraffin-em-
bedded tissue. By allele quantification, we demonstrated
that fractions of mutant KRAS slightly decreased in
whole-genome-amplified DNA samples, indicating that
WGA reactions amplify the KRAS wild-type allele slightly
better than the KRAS mutant allele (Figure 5). However,
allele quantification on whole-genome-amplified DNA
samples was still very precise, and mutation detection
rates for whole-genome-amplified DNA samples were not
significantly different from DNA samples that did not un-

dergo WGA. Pyrosequencing showed superior sensitivi-
ties to dideoxy sequencing for both whole-genome-am-
plified DNA samples and those without WGA, including
DNA samples from paraffin-embedded tissue. We have
used PCR-based random oligonucleotide primed WGA
(also known as primer extension preamplification) de-
scribed by Zhang et al.12 Dietmaier et al8 showed that
this method could effectively be used for paraffin-embed-
ded tissue. Of note, Dean et al13 also described WGA by
multiple displacement amplification (MDA) using phi 29
DNA polymerase that works optimally at room tempera-
ture and can amplify even high molecular weight DNA.13

WGA by MDA has a potential for use in common clinical
molecular assays.14 However, the MDA WGA method
failed to efficiently amplify DNA extracted from formalin-
fixed paraffin-embedded tissue (unpublished data). Re-
gardless of techniques, the use of WGA is potentially
useful in both research and clinical settings, because it
spares original samples and because many biomarkers
can be tested even when the amounts of samples are
limited.

A number of alternative KRAS mutation detection meth-
ods have been described in the literature. Similar to
Pyrosequencing, single-nucleotide extension methods
such as solid-phase minisequencing15–17 can accurately
measure mutant allele relative to wild-type allele. How-
ever, the use of radioisotope greatly limits clinical useful-
ness of solid-phase minisequencing assay. Moreover,
the technique is limited to single-nucleotide reading. Py-
rosequencing represents a similar nucleotide extension
technology with nonradioisotopic fluorescence detection
platform that can read up to 40 to 50 nucleotides.

In addition, a variety of nonsequencing methods for
KRAS mutation detection have been developed. Such
methods include PCR-reverse dot blot,18 allele-specific
oligonucleotide hybridization,19 activated RAS-GTP spe-
cific biosensor,20 real-time allele specific PCR,21 PCR
followed by denaturing HPLC,22 oligonucleotide ligation
assay,23 PCR-SSCP,24 PCR-DGGE,25 restriction endonu-
clease-mediated selective PCR,26 and PCR followed by
HPLC-electrospray ionization tandem mass spectrome-
try.27 Innovative approaches for the detection of somatic
mutations in general have been reviewed.28–31 Although
extreme sensitivity can be achieved, a general problem
with nonsequencing methods is that it is difficult or im-
possible to confirm independently the existence of any
mutations that are identified.32 In this regard, sequencing
methods to determine the exact identity of a specific
mutation have a definitive advantage. Compared with
nonsequencing methods, sequencing methods such as
dideoxy sequencing and Pyrosequencing can serve as
confirmatory tests to identify a specific mutation, even a
rare variant. In fact, nonsequencing methods may have
difficulty in detecting rare mutations, including two muta-
tions in one allele, unless one uses an expanded panel of
primers or probes to detect those rare variants. Further-
more, sequencing methods can demonstrate DNA se-
quence around specific nucleotide(s) of interest, provid-
ing a quality assurance measure that is especially
important in clinical settings.
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Digital PCR described by Vogelstein and Kinzler32

does offer the capability of quantifying mutant allele very
accurately. However, its application to a large-scale
study is currently limited because of the cost and labor-
intensive nature of this technology. Alternatively, the ar-
ray-based KRAS mutation detection system described by
Prix et al33 uses peptide nucleic acid-mediated PCR
clamping followed by biochip array hybridization. None-
theless, this method may fail to detect some rare muta-
tions. Moreover, the applicability of this technique to par-
affin-embedded tissue and its cost effectiveness and
limited throughput remain important issues.

One considerable advantage of Pyrosequencing is its
ability to accurately quantify the amount of each allele.
This is particularly useful in assay validation, quality con-
trol, and quality assurance, as we validated our KRAS
Pyrosequencing by demonstrating good assay precision
and reproducibility in quantifying the KRAS mutant allele
in each one of the DNA mixtures. Allele quantification by
Pyrosequencing allows objective quality control and
quality assurance, and assay performance can be easily
monitored by appropriate controls.

Another advantage of Pyrosequencing is that it can
read a nucleotide sequence starting from the first nucle-
otide right next to a Pyrosequencing primer, so that one
can design relatively small PCR products. Designing
smaller PCR products is especially useful for degraded
DNA samples, particularly DNA derived from paraffin-
embedded tissue, in which DNA is typically fragmented
into short fragments.

Compared with dideoxy sequencing, we believe that
the Pyrosequencing assay offers simplicity and cost ef-
fectiveness, particularly in the setting of large-scale
projects and clinical assays. Whereas dideoxy (BigDye
Terminator) sequencing requires purification of PCR
products, there is no need for a separate purification step
with Pyrosequencing after PCR products are obtained.
Thus, KRAS Pyrosequencing may be more cost effective
than dideoxy (BigDye Terminator) sequencing in terms of
both reagents and labor time.

As an alternative to Pyrosequencing, laser capture
microdissection technique can collect pure population of
tumor cells to increase sensitivity for DNA sequencing.
However, performing laser capture microdissection is
time consuming and labor intensive and yields less of
DNA than manual tissue dissection, thereby limiting a
menu of biomarkers that can be investigated.

Previous Pyrosequencing methods for NRAS mutation
detection showed a detection limit of 15% of mutation-to-
wild type ratio (ie, �13% of mutant allele among total
alleles).34 This detection limit cannot be simply com-
pared with that of our KRAS Pyrosequencing, because
the detection limit is influenced by many different factors
including specimens, the sequence to be analyzed (eg,
KRAS vs. NRAS), primer design, the number of PCR
cycles, and PCR bias. In fact, we showed evidence of a
slight WGA PCR bias in favor of the wild-type KRAS allele.
Consistent PCR bias may have some impact on gene
copy number determinations in quantitative molecular
genetic assays.35 Nonetheless, because of our carefully
designed Pyrosequencing primer set, our KRAS Pyrose-

quencing assay achieves remarkable sensitivity of de-
tecting approximately 5% of mutant KRAS alleles. Our
data indicate that Pyrosequencing offers a superior ana-
lytical sensitivity when compared with dideoxy (BigDye
Terminator) sequencing.

In conclusion, we developed a simple, robust, and
sensitive sequencing assay for KRAS mutation detection
using high-throughput Pyrosequencing technology. Our
assay can be used for paraffin-embedded archival tissue
in clinical settings and large population-based studies.
The use of WGA can significantly limit the amounts of
DNA required for analysis and allows many biomarkers to
be tested on the same sample set.

Note Added in Proof

Nucleotide dispensation orders have been further opti-
mized as follows (from 5� to 3�): ATCG ATCG . . . for the
KRAS-PF1 and KRAS-PF2 primers, and G ATGC ATGC
. . . for the KRAS-PF3 primer.
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