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We have developed a procedure for massively parallel resequenc-
ing of multiple human genes by combining a highly multiplexed
and target-specific amplification process with a high-throughput
parallel sequencing technology. The amplification process is based
on oligonucleotide constructs, called selectors, that guide the
circularization of specific DNA target regions. Subsequently, the
circularized target sequences are amplified in multiplex and ana-
lyzed by using a highly parallel sequencing-by-synthesis technol-
ogy. As a proof-of-concept study, we demonstrate parallel rese-
quencing of 10 cancer genes covering 177 exons with average
sequence coverage per sample of 93%. Seven cancer cell lines and
one normal genomic DNA sample were studied with multiple
mutations and polymorphisms identified among the 10 genes.
Mutations and polymorphisms in the TP53 gene were confirmed by
traditional sequencing.

cancer analysis � high-throughput sequencing � multiplex amplification

S ignificant progress has been made in identifying the molec-
ular genetic events underlying cancer. For nearly all malig-

nancies, the cause of neoplastic development results from the
accumulation of somatic mutations within specific genes, for
example, the effect being inappropriate inactivation of tumor
suppressors or constitutive activation of oncogenes (1). Not only
is the accumulation of mutations causative for cancer in many
cases, but it also contributes to cancer phenotype such as overall
aggressiveness as seen in recurrence and resistance to molecular-
targeted therapies. These cancer-related genes have a large
number of functions, including growth regulation, adhesion, cell
cycle control, DNA repair processes, and other cellular processes
mediated by a variety of signal transduction pathways. More
recently, mutations that lead to drug sensitivity or resistance
have been discovered in specific kinases like the EGFR gene (2,
3). Undoubtedly, there are many other critical gene mutations to
be discovered, and comprehensive mutation discovery from
individual genomes will increase our understanding of the
genetics underlying any individual tumor’s phenotype. This
mutation profile may translate into prognostic and predictive
genetic biomarkers.

A recently published study examined the consensus coding
sequences of a large number of human genes in colorectal and
breast cancer (4). However, such large-scale surveys of candidate
genes for mutations require preparation of thousands of indi-
vidual PCRs followed by traditional Sanger sequencing using
capillary-based automated instruments. The requirements for
these projects include some degree of robotics to handle reagent
processing of multiple samples, maintenance of capillary-based
sequencers, and extensive bioinformatics infrastructure to han-
dle the flow of data. As a result, high-throughput resequencing
studies involving multiple genes are limited to relatively few
genome centers and commercial companies that have the nec-
essary extensive and expensive infrastructure. Even with such

infrastructure in place, this sequencing approach incurs high cost
for the analysis of multiple genes.

Significant efforts are being invested in developing a new class
of massively parallel DNA sequencing technologies that have the
potential to dramatically reduce cost and time required to carry
out large-scale sequencing projects. Some of these technologies
are available commercially, such as the sequencing-by-
hybridization platform from Affymetrix Inc. (Sunnyvale, CA) (5,
6) and the sequencing-by-synthesis platform from 454 Life
Sciences (7) (Bradford, CT). Other technologies and instruments
are soon expected to become available, such as the sequencing-
by-ligation platform from Applied Biosystems (8) (Foster City,
CA) and the sequencing-by-synthesis platforms from Solexa
(Hayward, CA) and Helicos Biosciences (9) (Cambridge, MA).
These new technologies have proven to be useful in high-
throughput de novo sequencing of microorganisms (10, 11) and
sensitive mutation detection in single genes in heterogeneous
cancer specimens (12). It also has been proposed that highly
parallel resequencing can be used for large-scale mutation scans
of a multitude of human genes simultaneously. However, efforts
have been limited in resequencing candidate genes in cancer with
these technologies. In part, this limitation is related to the need
for traditional PCR amplification of sequences of interest, which
require the same level of amplification reactions necessary for
large-scale Sanger sequencing projects.

One approach to increase resequencing throughput and allow
more efficient use of DNA samples is simultaneous amplification
of many genomic DNA targets, which can be carried out by
combining many specific PCR primer pairs in individual reac-
tions (13, 14). However, one of the crucial problems with PCR
is that when large numbers of specific primer pairs are added to
the same reaction, undesired amplification products arise (15).
Even with a careful primer design, PCR usually is limited to 10
simultaneous reactions before amplification yield is compro-
mised by the accumulation of irrelevant products (16, 17).

As recently presented, the selector technology (18, 19) enables
highly multiplexed amplification of specific DNA sequences
while generating few amplification artifacts. The selector system
requires one selector probe (�80 nt in length) per amplification
target and a general vector oligonucleotide (�40 nt). Each
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selector probe has two single-stranded, target-complementary
end sequences (�20 nt each) that are linked by a general
sequence motif, and the vector oligonucleotide is complemen-
tary to this motif. Combined with denatured restriction-digested
DNA, each selector probe hybridizes to a specific target together
with the vector oligonucleotide, resulting in a circular complex
that can be covalently closed by DNA ligase. The general
sequence that is introduced into the circularized fragments then
allows PCR by using a single universal primer pair. Hundreds of
individual selector constructs can readily be multiplexed in a
single reaction volume.

By combining selector technology with high-throughput par-
allel sequencers, rapid resequencing can be accomplished from
multiple genes with significantly less infrastructure needed
compared with a traditional Sanger sequencing approach. In this
proof-of-concept study, we have developed a selector assay that
enables parallel sequencing of 10 genes involved in cancer
development. We demonstrate that the integration of selector
technology with massively parallel sequencing can be used to
perform efficient resequencing analysis for discovery of somatic
mutations and germ-line polymorphisms.

Results
The general workflow for selector-based amplification and
454-sequencing procedure is illustrated in Fig. 1. The 454-system

we used, GS-20, generates �20 million bases per run with
average sequencing read lengths of �100 bases.

We initially designed a set of selectors targeting the coding
exons and a portion of the adjacent introns of 10 genes (FRAP1,
AKT1, AKT2, TGFBR2, TP53, KRAS, APC, SMAD4, EGFR, and
MARK3). These genes where chosen based on their contribution
to colorectal cancer development. In addition, we had a larger
number of colorectal cancer cell lines that previously had been
characterized for mutations in the TP53 gene (20). These genes
comprised �49 kb of genomic DNA sequence that was targeted
for amplification by a set of 425 selectors.

Multiplexed genomic circularization and amplification of the
10-gene set was first carried out on six different DNA samples
(five colorectal cancer cell lines and one breast cancer cell line)
and interrogated with 454-sequencing. Unlike Sanger sequenc-
ing, massively parallel sequencers such as the GS20 produce
multiple sequence reads from the same individual amplicon.
Therefore, to analyze any given region of interest for genetic
variants, one needs to assemble a consensus sequence from these
multiple reads. The consensus sequence quality depends on the
depth of sequence reads from any given amplicon. We analyzed
the sequence data by using software being developed specifically
for this purpose (J.S., F.D., and H.J., unpublished data), as
described in Materials and Methods. The average fraction of the

Fig. 1. The selector and sequencing assay. (A) A DNA sample is digested to defined fragments by using restriction enzyme(s). The color bars represent the targets
of interest. (B) Targeted circularization is performed by using selectors. (I) Selectors contain two oligonucleotides: a selector probe and a general vector
oligonucleotide. The selector probe has two single-stranded target-complementary end sequences (orange) that are linked by a general sequence motif (gray)
and the vector oligonucleotide that is complementary to the general sequence motif in the selector probes (gray). (II) The circularization reaction can be carried
out by using two different approaches. Either both ends of the selected fragment connect to the vector oligonucleotide by hybridizing and ligation or the vector
oligonucleotide forms a branched structure in an optional position at the 5� end of the fragment. This latter structure is recognized and processed by the added
endonucleolytic enzyme, forming ends suitable for ligation. (C) The circles are amplified in a multiplex PCR by using a primer pair complementary to the general
vector sequence introduced in every circle. (D) The first step in the 454-sequencing procedure is to attach general, 454-optimized, adaptor sequences to each
end of each PCR product. (E) The PCR products are separated into single strands and bound to beads in limiting dilutions, resulting in one unique fragment per
bead. (F) The beads are clonally amplified in droplets of an oil-emulsion-based PCR, resulting in beads carrying millions of target sequences. (G) The beads are
finally deposited into picoliter-sized wells, one bead per well, where solid-phase pyrosequencing is performed and monitored.

9388 � www.pnas.org�cgi�doi�10.1073�pnas.0702165104 Dahl et al.



region of interest for which there was at least one sequencing
read was 74% for the six sequenced samples.

To increase the total sequence coverage, we designed another
83 selectors targeting genomic regions for which there were no
sequencing reads in any of the samples analyzed in the first
experiment. Using the combined set of 508 selectors, we per-
formed the assay on a normal sample and on an additional
colorectal cancer cell line sample. To determine the sequence
quality, the normal sample was analyzed in triplicate reactions.
For these four reactions, the average fraction of nucleotides in
the target region covered by at least one sequencing read was
93%. The sequencing depth distributions for the four reactions
are displayed in Fig. 2.

The amount of sequence generated per sample varied signif-
icantly between the two experiments, depending on the use of
different picotiter plate-loading gaskets. In the first sequencing
experiment, the eight-lane loading gasket was used. In the
second experiment, the four-lane gasket was used, resulting in
more than twice the amount of sequence per sample. The total
number of sequencing reads per sample, number of sequenced
nucleotides per sample, and average sequence read lengths
generated in the two experiments are presented in Table 1.

We investigated whether the increased coverage in the second
experiment was generated by the additional selectors or by the
increased sequencing output per sample. The data from the
second experiment were analyzed excluding the reads generated
by the additional 83 selectors. This analysis resulted in an average
coverage of 88%, indicating that the additional selectors in-
creased the covered region by �2,200 bases, whereas the in-
creased number of sequenced reads per sample added �7,100
bases.

To determine the reproducibility of the sequence generated in
our assay, we compared the consensus base calls of the three
replicate reactions on a normal genomic DNA sample. Of the
43,730 nt that were sequenced with a depth of at least 5 reads in
each of the three samples, we found that 99.72% yielded the
same consensus base call in all replicate reactions. To investigate
the accuracy of our assay, we compared the consensus base calls
from all of the sequencing experiments with sequence generated
from double-stranded Sanger sequencing of the TP53 gene exons
amplified by simplex PCR. In the total of 7,805 nt of sequence

Fig. 2. Sequencing depth. A normal sample, circularized and amplified in
triplicate reactions, and a cancer cell line sample, PC/JW, were sequenced in
one 454-experiment. The x axis shows number of reads (n), and the y axis
shows the fraction of the target region with a sequencing depth of n or more.
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covered by five reads or more in the 454 data, and for which there
also was Sanger data, the sequence calls of the two methods were
concordant to 99.94%.

When analyzing each of the 10 genes in all samples from the
454-experiments, with the same base-calling rules as above, we
found a total of 437 positions where the consensus base call
differed from the reference sequence. Among these, 158 indi-
cated single-base substitutions, of which 104 were annotated in
the dbSNP database (www.ncbi.nlm.nih.gov/projects/SNP).
There were also 279 positions where insertions or deletions were
indicated. On manual inspection of these variants, we found and
discarded 237 that were located in homopolymer motif se-
quences (three or more consecutive nucleotides of the same
type).

Liu and Bodmer (20) report six mutations in the colorectal
cancer cell lines that we analyzed. One of these (in PC/JW) is
located outside the region targeted in our assay. Three mutations
(C80 codon 52, SW1417 codon 238, and VACO429 codon 58)
were in locations not sequenced to a depth of 5 or more, which
was our minimum requirement for assembling a consensus. In
our data, the mutation in VACO429 codon 306 corresponded to
the previously reported data, whereas the COLO741 codon 321
insertion was called heterozygous but was previously reported as
homozygous by Liu and Bodmer (20).

In our analysis of the eight samples, we found nine additional
variations in the TP53 gene. Four of these matched an entry in
dbSNP (refSNP ID rs1042522), three were confirmed by Sanger
sequencing, and two were contradicted by Sanger data. The
number of sequence reads, location, nature, and effect of the
TP53 variants are described in Table 2. The findings in the nine
other genes remain to be confirmed.

Discussion
Given their importance for neoplastic development and pheno-
type, increasing effort is being placed on characterizing the
mutations that are responsible for causing cancer and influenc-
ing its phenotype (21). There are several major efforts underway
to create extensive catalogs of somatic cancer mutations from
cancer cell lines and primary tumors (22). For example, Parsons
et al. (23) selected 340 genes encoding tyrosine kinase from the
human genome and resequenced them for mutations from
primary colorectal carcinoma samples. They amplified individ-
ual exons by using PCR followed by Sanger sequencing. A total
of 20 nonsynonymous point mutations, one insertion, and one
splice-site alteration, were identified. A larger resequencing
project involved the analysis of 13,023 genes in 11 breast and 11
colorectal cancers and identified 189 genes that were mutated at

significant frequency (4). The majority of these genes were not
previously known to be a frequent target of mutations. This
project also relied on Sanger sequencing of simplex PCR
products.

Herein, we present a strategy for large-scale resequencing of
human genes by combining the recently developed selector
technology with one of the currently available high-throughput
sequencing technologies. This enables rapid resequencing from
multiple genes with significantly less infrastructure required
compared with a traditional resequencing procedure. We have
applied this resequencing strategy for mutation identification
from cancer cell lines.

To achieve cost-efficient high-throughput sequencing of mul-
tiplexed amplified sequences, it is essential that the target
amplification step generates minimal artifacts and an even
distribution of amplified target sequences. In our 10-gene ex-
periments, an average of 90% of the generated sequence reads
could be mapped to our reference sequence, illustrating the high
specificity of the selector technology. The second 454-
experiment generated �240,000 sequencing reads, and we were
able to sequence four samples with average sequence coverage
of 93%. However, because we required a sequencing depth of 5
or more to establish a consensus sequence, we only performed
mutation analysis on an average of 81% of the total target
sequence.

Improving sequencing coverage and depth is critical in the
practical application of cancer genome resequencing and rep-
resents a limitation of the selector technology in its present form.
Reasons for not obtaining full coverage may include poor
digestion and/or denaturation of targets, inefficient circulariza-
tion, and uneven amplification, which results in under- or
overrepresentation of a given selector amplicon.

By performing a second iteration of selector design for target
sequences that were not successfully sequenced in the first
analysis, and adding the resulting selector probes to the existing
set, we were able to increase the amount of sequence covered.
This shows that the failure of one selector can be rescued by
other selectors targeting the same region. This procedure could
be repeated to further increase coverage. In addition, when
developing new assays, a larger set of selectors could be designed
initially, increasing the likelihood of success at any position. As
more and larger sets of selectors are designed and used, we will
learn to recognize sequence motifs that influence the probability
of success. This knowledge then can be incorporated into the
selector design procedure to increase the overall success rate,
e.g., by designing a larger number of selectors for particularly
difficult target regions.

Table 2. TP53 Mutations and germ-line variants found in the eight samples analyzed

Sample
Chromosome

position Ref. sequence
Observed
genotype Location Codon Effect

Sequence
depth 1st call 2nd call Note

N523 7520197 C C/G Exon 4 72 P3R 95 C (53) G (41) 1
PC/JW 7520197 C G/G Exon 4 72 P3R 6 G (6) 1
RKO 7520197 C C/G Exon 4 72 P3R 7 G (5) C (2) 1
VACO429 7520197 C G/G Exon 4 72 P3R 7 G (7) 1
SW1417 7519306 A A/— Exons 5–27 — Intron 8 A (6) — (2) 4
RKO 7518341 T T/A Exons 7–8 — Intron 16 T (10) A (5) 4
HTB-20D 7517810 G A/A Exon 8 285 E3K 36 A (33) G (3) 3
VACO429 7517747 C C/T Exon 8 306 R3Stop 154 T (94) C (59) 2
HTB-20D 7517717 G C/C Exons 8 � 29 — Intron 394 C (391) G (2) 3
COLO741 7517610 — —/AA Exon 9 321 Frameshift 14 AA (10) — (3) 2*
RKO 7517562 A A/G Exons 9 � 18 — Intron 29 G (17) A (12) 3

Chromosome positions refer to sequence NC�000017.9. Sequences are presented in the TP53 coding strand polarity. Notes indicate the following: 1, Variation
matches dbSNP entry rs1042522. 2, Mutation reported by Liu and Bodmer (20). 3, Confirmed by Sanger sequencing. 4, Contradicted by Sanger sequencing.
*This mutation is reported as homozygous by Liu and Bodmer (20).
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In the present approach, some selectors generate more of their
corresponding amplification product compared with others in
the pool. This phenomenon decreases the overall sequence
coverage by reducing the likelihood of sampling the underrep-
resented amplicons in the sequencing assay. A more even
distribution of amplified targets will thus increase the overall
sequence coverage. This could be achieved by increasing the
concentration of individual selector probes that generate low
amounts of amplification product and vice versa. Another
potential approach to normalizing the distribution of amplified
targets is to separate the pool of probes in one high-abundant
and one low-abundant reaction, before PCR amplification.
Furthermore, we recently developed an alternative sample prep-
aration strategy, called ‘‘gene-collector,’’ which potentially gen-
erates a more uniformly distributed multiplexed amplification
product compared with selector technology (24).

Our data show that the sequence coverage also can be
increased by acquiring more sequence per sample. In the present
study, each sample was sequenced by using approximately
one-eighth and one-fourth of the GS20 instrument capacity in
the first and second experiments, respectively. This increased
sampling was the main contributor to the improved coverage in
the second experiment. Improvements in parallel sequencing
technologies have led to higher capacities, which can increase the
sequence coverage, average sequence depth, and, ultimately, the
number of genes targeted for analysis.

The selector design used in this study generates an amplifi-
cation product with a size range of 138–238 bp, well suited for
454-analysis. If unspecific fragmentation of template DNA was
performed before the sequencing reaction, the method would be
less dependent on amplicon size. By selecting larger fragments
with each selector, it would then be possible to decrease the
number of selector probes required. We have shown previously
that up to 1,000 bp fragments can be selected and amplified (19).

In the sequence data analysis, we identified a number of
mutations and polymorphisms, including substitutions, dele-
tions, and insertions, among the 10 genes. As a control, we used
the Sanger method to sequence the TP53 gene in all of the
samples. Double-stranded Sanger and 454-sequencing data were
concordant to 99.94%, which agrees well with what has been
reported for 454-seqeuncing (7). Where we had adequate se-
quence depth, we identified the previously characterized TP53
mutations, although the COLO741 AA insertion was called
heterozygous instead of homozygous as described by Liu and
Bodmer (20). In total, we confirmed 9 of the 11 variations we
found. Furthermore, a number of genetic variants were found in
the other nine genes and this represents an intriguing finding
because these mutations may have functional effects on, e.g.,
kinase activity and sensitivity to inhibitors. We are pursuing
additional studies to confirm these mutations and characterize
their functional effects.

With the parameters used in our mutation screen, a large
number of insertion/deletion variations were indicated. The vast
majority of these represent the addition or removal of a single
nucleotide at a position in or adjacent to a stretch of homopoly-
meric sequence containing that nucleotide. The 454-sequencing
technology relies on a sequencing-by-synthesis process, pyrose-
quencing, well known to be susceptible to sequencing errors in
homopolymer regions (25). The majority of the indicated inser-
tion/deletions are thus likely to be artifacts from the pyrose-
quencing process. This type of error could be avoided by
combining the selector technology with another sequencing
platform. Also, as we refine our analysis algorithms and param-
eters, it will likely be possible to increase the fidelity of the
consensus base-calling in these regions by using different base-
calling criteria in different sequence contexts and analyzing the
frequency of errors in a larger set of data. We currently are
improving software to this end.

Massively parallel sequencing technologies have been pro-
posed as means to carry out fast and cost-efficient mutation
scans of complete human genomes. We propose to combine such
technologies with methods for sequence-specific multiplex am-
plification to resequence genomic regions of particular interest,
such as the coding sequences of cancer-related genes. For many
applications, we believe this concept to have a number of
advantages, including lower cost and greater sequencing depth
per target than whole-genome sequencing.

Materials and Methods
Selector Design and Synthesis. For each of the 10 target genes
(FRAP1, AKT1, AKT2, TGFBR2, TP53, KRAS, APC, SMAD4,
EGFR, and MARK3), all coding sequences including 50 adjacent
nucleotides on either side were targeted for amplification. For
each such target, the sequence and an additional 1,000 nt of
sequence to either side was downloaded from the National
Center for Biotechnology Information RefSeq database (26).
Furthermore, dbSNP (27) was queried for known single-
nucleotide polymorphisms in these regions, and the downloaded
sequences were adjusted to reflect these polymorphisms by using
the appropriate nucleotide degeneracy symbol.

The PieceMaker program (19) was used to select suitable
restriction reactions and restriction fragments that fully covered
the targeted regions, using a minimum fragment length of 100,
a maximum fragment length of 200, and a maximum flap length
of 500. The ProbeMaker software (28) was then used to design
selector probe sequences for each of the selected restriction
fragments.

All oligonucleotides were synthesized at the Stanford Univer-
sity Genome Technology Center. Selector probe sequences and
their corresponding restriction enzymes, the vector sequence,
and the PCR primer pair are described in supporting informa-
tion (SI) Table 3.

Genomic DNA Samples. Genomic DNA was extracted from six
colorectal cancer cell lines (SW1417, VACO429, COLO741,
C80, RKO1, and PC/JW) (20), one breast cancer cell line
(HTB-20D), and one normal peripheral blood sample. Colorec-
tal cancer cell lines were grown with 10% FBS (Autogen
Bioclear, Wiltshire, U.K.) and 6 mM L-glutamine (CRUK). All
cultures were mycoplasma-free and maintained in a humidified
atmosphere with controlled CO2 content as indicated.

Genomic DNA was extracted from the colorectal cancer cell
lines by using the DNeasy Tissue Kit (Qiagen, Crawley, U.K.)
following the manufacturer’s protocols. Genomic DNA was
isolated from peripheral leukocytes by using the Gentra genomic
DNA preparation kit (Minneapolis, MN). Genomic DNA from
HTB-20D was obtained from the Coriell Institute for Medical
Research (Camden, NJ).

Multiplex Amplification. Five restriction digestion reactions were
required to obtain full target sequence coverage. The enzymes
used in the five reactions were FspBI/AluI, HpyCH4V, CviAII/
BccI, DdeI/Bsp1286I, and MlyI/Hpy188I (New England Biolabs,
Ipswich, MA). For each reaction, 10 units of each enzyme was
used to digest the genomic DNA in recommended buffer and
temperature for 1 h to a final concentration of 100 ng/�l. To
ensure efficient denaturation of the digested DNA before the
circularization reaction, the samples were heated to 105°C for 15
min by using a thermal cycler with heated lid (MJ Research,
Waltham, MA). From each reaction, 250 ng of DNA was added
to separate circularization reactions containing pooled selector
probes in a total concentration of 10 nM, 100 nM of vector
oligonucleotide, 1� Ampligase buffer (Epicentre, Madison,
WI), 1 mM NAD, 5 units of TaqDNA polymerase (Invitrogen,
Carlsbad, CA), 2 mM MgCl2, and 5 units of Ampligase (Epi-
centre) to a final volume of 20 �l. The circularization reaction
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was incubated at 95°C for 5 min, followed by 5 cycles of 95°C for
5 min, 75°C for 15 min, 65°C for 15 min, 55°C for 15 min, and
45°C for 15 min. Selector probes and vector oligonucleotides
interfere with the PCR by generating a probe-dependent am-
plification artifact. To avoid this artifact, the uracil-containing
probes were degraded by adding 10 �l of each circularization mix
to individual 10-�l mixtures of 1� Uracil-Excision Buffer (Epi-
centre), 5 mM MgCl2, 0.01 �g/�l BSA, and 1 �l Uracil-Excision
Mix (Epicentre) and incubated for 1 h at 37°C followed by 80°C
for 20 min. Amplification was performed by adding 4 �l of each
of the five uracil degraded circularization mixes to individual
21-�l mixes of 1� PCR buffer (Invitrogen), 0.25 mM dNTP, 3
mM MgCl2, 400 nM forward and reverse primers, respectively,
and 0.02 units/�l Platinum Taq Polymerase (Invitrogen). Tem-
perature cycling was performed as follows: 95°C for 5 min,
followed by 40 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for
1 min. The five PCR products finally were pooled and purified
in a PCR purification column (Qiagen).

454-Sequencing. The purified PCR products were analyzed ac-
cording to the protocols described by Rothberg and coworkers
(7), by using the GS 20 sequencing system (Roche, Indianapolis,
IN). The large sequencing plate with either the four- or eight-
lane gasket was used.

Sanger Sequencing. Double-stranded Sanger sequencing on am-
plified exons was carried out on the TP53 gene for all samples
described previously. Standard PCR and Sanger sequencing was
performed similarly as presented in Liu and Bodmer (20). PCR
primers are described in SI Table 4.

Sequence Data Analysis. Sequence read data sets generated by
454-sequencing were reduced by grouping reads with identical
sequence. Reference sequences for all regions targeted for

amplification were downloaded from the National Center for
Biotechnology Information RefSeq database (26). All unique
reads were aligned to this set of reference sequences by using
blastn (29) by executing the blastall program (version 2.2.15)
with the default parameters except for gap open penalty 2, gap
extend penalty 1, word size 16, and no filtering. If a sequence
read generated multiple hits within the reference sequence set,
the hit generating the highest blast score was used. For each
position within the target regions, a sequencing depth was
calculated as the sum of the sizes of all read groups with a hit
covering that nucleotide position.

Consensus base-calling was performed for all positions with a
sequence depth of 5 or more, by comparing the calls from all
aligned hits at each position of the reference sequence. For each
such position, the call of an individual aligned read could be
either a single base, a gap (indicating loss of that base), or two
or more bases if the alignment indicated an insertion of one or
more bases between this position and the next. For positions
where all reads yielded the same call, that base was immediately
called. For positions with different calls from individual reads,
the following rules were applied. If the second most common call
was indicated in two or more reads, and in �20% of the total
number of reads for that position, a heterozygote was called. In
all other cases, the call most commonly made for the individual
reads was used as the consensus call.
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