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Abstract
Despite widespread interest in the application of next-generation-sequencing (NGS) to the
mutation profiling of individual cancer specimens, the onset of personalized clinical genomics is
currently stalled due in part to technical hurdles. As tumors are genetically-heterogeneous and
often mixed with normal/stromal cells, the resulting low-abundance DNA somatic mutations often
produce ambiguous results or fall below the current NGS detection limit, thus hindering mutation
calling that abides to clinical sensitivity/specificity standards. Here we examine the feasibility of
applying COLD-PCR, a form of PCR that magnifies selectively the mutations, to boost the
detection of unknown rare somatic mutations prior to applying NGS-based amplicon re-
sequencing to clinical samples. We amplified DNA from serially-diluted mutation-containing
human cell-lines into wild-type (WT) DNA, as well as lung adenocarcinoma and colorectal cancer
specimens using COLD-PCR or conventional PCR for comparison. Following individual
amplification of TP53, KRAS, IDH1, and EGFR regions, PCR products were barcoded, pooled for
library preparation and sequenced on the Illumina-HiSeq2000 platform. Regardless of sequencing
depth, sequencing errors dictated a mutation-detection limit of ~1–2% mutation abundance in
conventional PCR amplicons analyzed by NGS. In contrast, COLD-PCR amplicons enabled
genuine mutations to exceed the sequence noise levels, thus allowing reliable identification of
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mutation abundances of ~0.04%. Sequencing depth was not a significant factor in the
identification of COLD-PCR-magnified mutations. The analyzed clinical specimens revealed
several TP53 and KRAS missense mutations that could not be called following NGS of
conventional amplicons, yet were clearly detectable in COLD-PCR amplicons. Extensive tumor
heterogeneity in the TP53 gene was revealed in some samples. As cancer care shifts toward
personalized intervention, based on the unique genetic abnormalities in each patient’s tumor
genome, we anticipate that COLD-PCR-NGS will elucidate the role of rare mutations in tumors,
enable NGS-based analysis of diverse clinical specimens and the broad inter-phasing of NGS with
clinical practice.
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INTRODUCTION
Rapidly evolving sequencing technologies have empowered enormous growth in the breadth
and depth of cancer genome characterization. Second generation massively parallel
sequencing approaches are increasing the throughput and decreasing the cost of nucleotide
resolution oncogenomics, making whole transcriptomes, exomes and genomes readily
achievable [1,2]. At present, the pace of acquisition of genomic data in cancer patients far
outstrips the utility of that information to oncologists in choosing specific therapeutic
avenues for their patients in most tumor types [1]. Focused amplicon re-sequencing is
another alternative that provides a balance between the amount of information obtained,
affordability, and the ability to include mutation profiling of the most meaningful genes [3–
5]. The opportunity afforded by clinical genomics is unique, as clinical decision-making for
patients diagnosed with a growing number of tumor types will increasingly be driven by the
status of mutant cancer genes [1]. Whether these new approaches will impact routine clinical
practice and the treatment of disease is no longer debatable, but how precisely this will
happen is a source of ongoing speculation and development [1].

Yet, as comprehensively described in a recent review by Taylor and Ladanyi [1] there are
both conceptual and technical challenges on how to assess the wealth of information
obtained using next generation sequencing (NGS) technologies for individual tumors. For
example, the majority of validated somatic mutations are unique, private mutations specific
to the sequenced cancer genome [1]. While most can be passenger mutations in the classical
sense, it is not likely that they are universally functionally insignificant in that patient’s
cancer, i.e. some of these mutations can be driving the individual tumor. Further, the clinical
significance of the frequently encountered minor alleles in key cancer genes, often appearing
at abundances of <10% in the tumor cell population appears to be case-dependent. Low-
abundance TET2 mutant clones in chronic myelomonocytic leukemia patients confers no
prognostic value [6]. In contrast, detection of low-level KRAS mutations in metastatic
colorectal cancer (CRC) enhances the prediction of anti-EGFR (epidermal growth factor
receptor) monoclonal antibody resistance [7]. Mutations in 1–5% of cells in primary breast
tumors can be found at prevalent (clonal) status in the secondary metastasis consistent with
obtaining ‘driver’ status in the micro-environment of the metastatic site [8]. Clearly a
fraction of the low-abundance genetic alterations encompass precious clinical information
that one should be able to capture.

Before we can even begin identifying which low-abundance DNA variations revealed by
NGS are clinically meaningful, the question of confidence in the generated data must be
addressed. While reliable NGS for DNA with high-prevalence tumor somatic mutations has
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been demonstrated [3,8,9], the required depth of sequence interrogation remains problematic
[10] and detection of low-prevalence somatic mutations at levels below ~2–5% in tumors
with heterogeneity, stromal contamination or in bodily fluids is fraught with false-positives
irrespective of coverage [5,11]. Because physicians are not likely to make clinical decisions
based on DNA mutation signals that are close to background levels, it is important to
develop procedures that enable separation of signals coming from low-abundance mutations
versus background noise, thereby boosting the confidence in NGS results.

Herein we evaluate the use of COLD-PCR, a newly developed methodology from our
laboratory [12,13] to enhance mutation detection via massively parallel sequencing using the
Illumina HiSeq2000. This approach enables genuine low-abundance mutations to be
magnified by enrichment prior to NGS-based amplicon re-sequencing, thereby enabling a
clear distinction of mutations from background sequencing noise. COLD-PCR modifies
thermocycling parameters such that minor variant alleles (such as low-abundance mutations)
are selectively enriched throughout the course of PCR, by an average of two orders of
magnitude (~100-fold; e.g. a 0.1% mutation becomes ~10% mutation) or more, thus greatly
improving the mutation detection sensitivity of downstream technologies. We demonstrate
that the combination of COLD-PCR with next generation sequencing improves the detection
limit of targeted amplicon resequencing of low-abundances of mutations. This enables rare
mutations in clinical lung adenocarcinoma and CRC specimens, which were previously
undetectable, to be clearly revealed and provides an experimental solution to overcome the
problem of mutations in genetically heterogeneous tumors.

MATERIALS AND METHODS
DNA template and mutant serial dilutions

Human cell-line DNA was obtained from the American Type Culture Collection (Manassas,
VA) and Dana-Farber Cancer Institute (DFCI, Boston, MA). Frozen tissue was obtained
from clinical glioblastoma, lung, and colon tumor specimens following Internal Review
Board (IRB) approval. Genomic DNA was isolated using the DNeasy™ tissue kit (Qiagen
Inc., Valencia, CA); quality and concentration were determined using the NanoDrop1000
(Thermo Scientific, Wilmington, DE). All evaluated DNA is presented in Supplementary
Table 1.

Genomic DNA from cell-lines and one previously evaluated glioblastoma specimen [14]
was serially diluted into human male wild-type genomic DNA (item# G1471; Promega
Corp., Madison, WI) to generate pre-amplification mutant abundances, as follows: 2%, 1%,
0.5%, 0.2%, 0.1%, 0.05%, 0.02%, and 0%. In each PCR reaction, 100 ng of genomic DNA
was used to ensure an efficient representation of minor alleles.

In a proof-of-concept evaluation, clinical lung tumor (TL) and colorectal tumor (CT)
specimens samples containing naturally occurring medium and low-level somatic mutations
previously documented by at least one more independent method in addition to COLD-PCR
[12,15–17] were analyzed in parallel with their paired, putatively normal specimen, obtained
during tumor surgery. Naturally occurring mutation abundances in the clinical specimens
varied from <1% to heterozygous status.

Target amplicon regions
Nine regions in four frequently mutated oncogenes were evaluated: exons 5 through 10 of
tumor suppressor protein 53 (TP53), exon 2 of v-Ki-ras2 Kirsten rat sarcoma viral oncogene
homolog (KRAS), exon 4 of isocitrate dehydrogenase subunit 1 (IDH1), and exon 20 of
epidermal growth factor receptor (EGFR). Amplicon locations and primers are presented in
Supplementary Table 2.
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Amplification strategies
COLD-PCR (CO-amplification of major and minor alleles at Lower Denaturation
temperature) is a recently-developed PCR-based approach to enrich low-abundance DNA
mutations and minor allele variants [12]. COLD-PCR enriches unknown mutations at any
position within the amplicon through the use of a critical denaturation temperature during
PCR amplification. The critical denaturation temperature (Tc) is lower than standard
denaturation temperatures such that it preferentially denatures heteroduplexed molecules
(those formed by hybridization of mutant and wild type sequences) and amplicons
possessing mutations that lower the amplicon melting temperature (Tm), such as G:C>A:T
or G:C>T:A. Minor allele enrichment by COLD-PCR has been demonstrated in combination
with several downstream approaches such as Sanger sequencing, dHPLC/Surveyor,
MALDI-TOF, Pyrosequencing, real-time TaqMan analyses, SSCP, PCR-based mutation-
specific restriction enzyme digestion, and high resolution melting [12,14,15,18–21]. The
combination and impact of COLD-PCR on next generation sequencing has not been
previously reported.

Detailed thermocycling conditions and amplification protocols applied herein are presented
in Supplementary Table 3. Two platforms of COLD-PCR were evaluated herein, fast-
COLD-PCR and ice-COLD-PCR. COLD-PCR amplifications were performed using a
critical denaturation temperature (Tc) to preferentially denature and enrich allelic variants
containing a lower melting temperature (Tm) as previously described [13–17,22–26]. PCR
reactions were performed on SmartCycler II thermocyclers (Cepheid Inc., Sunnyvale, CA).
To reduce the incidence of PCR errors, all reactions (25 μl final volume) were performed
using Phusion™ polymerase (New England Biolabs, Ipswich, MA), which possesses a very
high replication fidelity. Conventional and COLD-PCR reactions were performed using 1X
manufacturer-supplied HF buffer, 0.2 mM each dNTP, 0.3 μM primers, 1.0X LCGreen+®
dye, and 0.02 U/μl Phusion™ polymerase. Ice-COLD-PCR reactions were performed using
1X manufacturer-supplied HF buffer, 0.2 mM each dNTP, 0.9 μM primers, 1.0X LCGreen
+® dye, 0.02 U/μl Phusion™ polymerase, and 25nM reference sequence oligonucleotide.

Sanger sequencing confirmation
PCR products from wild type and from 1% and 0.2% pre-amplification mutant abundances
were digested with exonuclease I (New England Biolabs) and shrimp alkaline phosphatase
(Affymetrix Inc., Cleveland, OH). Products were processed for Sanger sequencing at the
DFCI Molecular Biology Core Facility (primers listed in Supplementary Table 2).

Amplicon library preparation for Illumina NGS
Amplicons were purified using the QIAquik™ PCR purification kit (Qiagen Inc.) and
quantified on the NanoDrop1000 (Thermo Scientific, Wilmington, DE). Purified PCR
products were pooled in equivalent concentrations across the serially-diluted mutant
abundances. Final amplicon mixtures (~1–2 μg) were precipitated in ethanol and sodium
acetate (0.3M), washed in 70% ethanol, dried, and resuspended in 30 μl water.

Library preparation for paired-end next generation sequencing on the Illumina HiSeq2000
was performed at the DFCI Center for Cancer Computational Biology (CCCB). PCR
products underwent end-repair and A-tailing following outlined protocols. Products were
purified using the Agencourt AMPure® XP Bead system. Paired-end adaptors (TruSeq Kit,
Illumina Inc., San Diego, CA) were ligated to the products following the multiplex paired-
end protocols as outlined. Ligation products were purified via the AMPure system, and
target bands (ranging 220–270 bp) were collected and purified (MinElute Gel Extraction
Kit, Qiagen Inc.). Using Phusion polymerase, PCR was performed to enrich the Adapter-
Modified products. In each case, twelve barcodes were multiplexed per pool of amplicons.
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Library validation for quality and concentration was performed on the Bioanalyzer (Agilent
Inc., Santa Clara CA) prior to immobilization on the flow cell and sequencing on the
HiSeq2000 (Illumina Inc.). Products were paired-end sequenced with 100 cycles and an
index read.

Data analysis
Primary analysis, including base calling, read filtering, and de-multiplexing were performed
using the standard Illumina processing pipeline. Sequence read pairs were mapped
independently to the human genome assembly GRh37/hg19 (build 37.2, Feb 2009) using
Bowtie [27], allowing for up to three mismatches across the entire length of the read, and
reporting only reads that were uniquely aligned (−v3 –m1). Read depth and nucleotide
frequencies were calculated for each position of the amplicons using SAMtools [28] and
custom perl scripts.

RESULTS
Mutation Detection in Serially-diluted mutation-containing DNA

Sanger Sequencing Confirmation—Prior to library preparation for next generation
sequencing, amplicons generated from the 1%, 0.2%, and 0% (WT) pre-amplification
mutant abundances were analyzed via Sanger sequencing; estimates of resulting mutational
abundances are presented in Supplementary Table 4. As anticipated, 1% mutational
abundances amplified by conventional PCR amplicons fell below the sensitivity of Sanger
sequencing and could not be detected. However, after COLD-PCR enrichment, mutations
were pronounced and clearly evident in the 1% pre-amplification abundances of each
amplified region. The 1% pre-amplification abundance demonstrated an overall average
enrichment of ~57-fold (± 11), while the 0.2% pre-amplification abundance demonstrated an
average enrichment of ~146-fold (± 72). The mutational enrichment for the 0.2% pre-
amplification mutant abundance is variable among the amplicons and potentially illustrates
the lower limits of detection ability via COLD-PCR-Sanger sequencing analysis.

Targeted Amplicon Resequencing on the Illumina HiSeq2000: Serial dilutions
—Amplicon regions produced by both conventional and COLD-PCR were sequenced
(paired-end) on the Illumina HiSeq2000 and aligned to the reference genome (GRh37/hg19).
Frequency calls were generated for each nucleotide aligned within the amplicon locations.
Frequency calls for all discordant nucleotides, relative to the WT sequence, were plotted for
each nucleotide position of each amplicon. As such, “variant and noise plots” were
developed to display the mutant calls, in addition to the background signals. For clarity, the
WT sequence calls were not plotted but are used in the calculation of sequence depth and
nucleotide frequency. Representative variant and noise plots are presented for the serial
dilution study for TP53 exon 10 (Figure 1). Following conventional PCR, the exon 10
mutation has a limit of detection of about 2%, in view of the sequencing ‘noise’. In contrast,
following COLD-PCR the enriched mutation is evident down to 0.02% pre-amplification
abundance, despite the noise. In another example, variant and noise plots are presented
following ice-COLD-PCR (Supplementary Figure 1). Ice-COLD-PCR involves a more
elaborate PCR cycling than fast-COLD-PCR, but can enrich all possible mutations.
Genomic DNA from two cell lines with TP53 exon 8 mutations (HCC1008, Tm-equivalent
mutation, G>C, and PFSK-1, Tm-increasing mutation, T>G) were mixed and both mutations
were simultaneously evaluated in serial dilutions within wild type. The mutation enrichment
enabled by ice-COLD-PCR allows for reliable detection sensitivity down to 0.2% pre-
amplification abundance. Detailed results for the serially-diluted mutated DNA are
summarized in Supplementary Table 5. The observed nucleotide frequency at the mutant
position being evaluated is presented for each of the pre-amplification mutational
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abundances. Supplementary Table 5 also presents the maximum observed background noise
along the amplicon sequence, and the sequence depth. Serially-diluted mutation abundances
<2% in most cases was not possible to discern in the conventional-PCR amplicons.
However, sequencing COLD-PCR amplicons demonstrated a median detection limit of
0.04% mutation abundance, with an overall range of 0.02% to 0.2%. Accordingly, the ability
to detect the mutations is improved by an average of 50-fold following COLD-PCR.

Observed frequencies of the mutated nucleotide after amplification by conventional PCR
and COLD-PCR were plotted and compared. Representative plots of mutant nucleotide
frequency are depicted in Supplementary Figure 2. Observed nucleotide frequencies
following conventional PCR are consistent with the prepared serial dilutions, while observed
mutation frequencies following COLD-PCR reflect the achieved enrichment. In some cases,
such as TP53 exon 7 and exon 10, pre-amplification mutation abundances <1% are enriched
to greater than heterozygous status (Supplementary Table 4) representing mutation
enrichments by COLD-PCR up to 300-fold.

The influence of amplification method and sequence interrogation depth on noise was also
assessed. From the WT replicates, average background noise of each given amplicon was
determined and plotted against sequence depth (Supplementary Figure 3). An average noise
estimate, across all amplicons, was calculated at 0.08% (±0.03%) for the conventional-PCR
amplicons, and at 0.15% (±0.06%) for the COLD-PCR amplicons. No decrease in noise by
increase in depth of interrogation was observed, indicating that the observed noise is not due
to sampling error, but rather due to sequencing errors or upstream preparation (polymerase
misincorporations). Indeed, a higher noise was associated with COLD-PCR amplification
relative to conventional-PCR, possibly reflecting polymerase errors generated at early
COLD-PCR cycles and enriched thereafter.

Comparison of the data in Supplementary Figures 2 and 3 indicate that genuine mutations
are enriched by COLD-PCR much more than polymerase errors and that their magnification
also overcomes the second source of errors (sequencing errors). Accordingly, the overall
signal-to-noise ratio increases sharply following COLD-PCR.

Mutation Detection via Targeted Amplicon Resequencing on the Illumina HiSeq2000:
Clinical specimens

Lung adenocarcinoma and colorectal cancer clinical specimens were picked for the present
evaluation study in view of having been shown previously to contain low-level mutations
[12,15–17]. Using the Illumina NGS system, variant and noise plots were generated in these
specimens. Naturally occurring low-abundance mutations and heterogeneity was identified
in COLD-PCR amplicons, which was not detectable through NGS sequence analysis of
conventional PCR amplicons. For example, lung adenocarcinoma sample TL8 contains a
<1% abundance missense mutation that cannot be called using the conventional-PCR
amplicons (Figure 2). Conversely, the mutation is enriched by COLD-PCR to almost 30%
abundance and is easily detectable both via Illumina and Sanger sequencing (Figure 2).
Similarly, colorectal cancer specimen CT20 contains three mutations within TP53: two low-
level mutations in exons 8 and 9 and a heterozygous mutation in exon 5 (Figure 3). While
the heterozygous mutation in exon 5 is clearly evident in conventional PCR amplicons, the
two low-level mutations are borderline (~3% abundance in exon 9) to non-detectable (exon
8). However, after amplification by COLD-PCR, the 3% exon 9 mutation was enriched to
nearly 76%, and the exon 8 mutation has been enriched to over 50% by COLD-PCR (Figure
3). Widespread intra-tumoral heterogeneity is evident in sample CT20.

Further demonstration of the improved mutation detection limit when using COLD-PCR is
presented for clinical specimens TL6, CT2, TL121, TL22, and TL119 (see Table 1 and
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Supplementary Figures 4–8, respectively). Sequencing revealed a common, yet previously
undocumented mutation in specimen TL22 (p.Cys176Phe, c.527G>T) (Table 1,
Supplementary Figure 7). As two rounds of COLD-PCR enriches this mutation to
approximately 10%, it remains below the sensitivity level of COLD-PCR-Sanger
sequencing, and has thus remained undetected by our previous analyses [15]. The improved
sensitivity enabled by the Illumina sequencing has allowed for the identification of this
variant. Thus, this combination of COLD-PCR enrichment with Illumina HiSeq2000
sequencing allowed each of the low-abundance mutations evaluated herein to be detected
with confidence.

DISCUSSION
Interest in the clinical application of next generation sequencing (NGS) on individual cancer
specimens for personalized treatment-guidance, prognosis, and therapy follow-up is
burgeoning exponentially [1,29,30]. However, clinical tumor samples often come in form
that challenges the technical limits of NGS-based molecular diagnostics: genetically
heterogeneous tumors with subclones of widely different potential clinical impact;
infiltrating, diffuse-type tumor specimens; sub-optimally micro-dissected tumor samples;
DNA from circulating nucleic acid, circulating cells, sputum or other bodily fluids; and
testing of tumor margins. The excessive concentrations of wild type cells and DNA in all
these specimens disable the reliable identification of low-level tumor mutations that can
have profound clinical implications on disease progression, the development of metastasis,
choice of treatment, or early detection strategies [1].

In agreement with previous reports [5,6,31–33] using amplicon-based NGS we find that the
current limit of mutation detection for NGS-based sequencing analysis is limited to ~1–2%
mutation abundance, primarily due to the background noise generated by system errors.
Such errors are typically the result of library preparation steps, the sequencing reaction, and
the processing of the sequence calls. However, if NGS is to be widely adopted in the clinical
pathology arena, it is imperative to ensure the reliable detection of low-abundance genetic
variations that can have profound clinical significance. For example, KIF1C and USP28
mutations that are found clonally expanded in metastasis pre-exist at levels 1% or less in
primary breast tumors [8]; clinical resistance-causing KIT (GIST) and EGFR (lung adeno-
CA) mutations can be present in tumors at levels significantly less than 1% [34,35]; and the
assessment of crucial mutations down to 0.01% mutation abundance can be important for
the accurate assessment of biomarker-mutations throughout disease progression [31,36].

Importantly, increasing sequencing depth, which unavoidably impacts NGS throughput, is
not required for obtaining reliable results when using COLD-PCR. Magnifying the low-
abundance mutations via COLD-PCR enables NGS mutation detection limits as low as
0.02% with just 28 aligned reads (Figure 1). In general, despite the widespread perception
[3], Supplementary Figure 3 shows that increasing the number of reads does not improve the
signal-to-noise ratio and lowest detection limit for either COLD-PCR or conventional PCR.

Within this preliminary evaluation of the combination of COLD-PCR-NGS, we have
applied fairly basic analyses that focus solely upon read alignments, applying sufficient
stringency to avoid errors introduced by mis-mapped reads, and calculation of the resulting
nucleotide frequencies at each position in order to assess the baseline error rate of Illumina
sequencing. Here we present raw data without extensive bioinformatic processing,
acknolowedging that more sophisticated metjods could further reduce some soruces of error,
but would still however still benefit from an improved signal-to-noise ratio. As a result, any
systematic errors that have occurred are presented in the plotted nucleotide calls. It is
evident that some artifacts of the paired-end sequencing occur in a reproducible and
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systematic manner such as in TP53 exon 8 (Figure 3 and Supplementary Figure 6) where
elevated G calls are observed at the end of the sequence read both for conventional and
COLD-PCR amplification. When such artifacts occur systematically, computational
methods can be applied to remove them. Several methods are available for removing error
from sequence calls in attempt to increase the sensitivity of low-abundance variant base-
calling [31,37–41]. Another recently developed approach [29] applies a method for upstream
sample processing that reduces sequencing errors and improves the identification of true
variants using a sophisticated target-barcoding approach followed by downstream
computational analysis. In the approach described herein, we observed that the mutational
status after COLD-PCR exceeded these errors and artifacts and identified genuine mutations
down to very low abundances, allowing accurate detection of low-abundance clinically-
relevant mutations without the need for extensive data manipulation (which itself can
introduce its own biases). In the future, we can also envision a serial combination of
computational algorithms and barcoding approaches with the enrichment provided by
COLD-PCR in order to vastly increase the power and accuracy of mutational profiling of
diverse clinical cancer specimens via next generation sequencing.

One hot topic currently in debate is how does one go about verifying subsets of mutation
data derived by next generation sequencing technology [1]. As in the early days of
microarray development, when conflicting data resorted to using real-time PCR for
validation of uncertain calls, it is desirable to have an accepted validation method for
mutations. Since the combination of COLD-PCR with Sanger sequencing brings the limits
of the previously accepted ‘gold-standard’ for mutation identification down to 0.2% from
the current 20% mutation abundance, COLD-PCR-Sanger provides a straightforward
approach to address this question.

In summary, we have shown that unavoidable noise resulting from a number of sources
limits the ability of NGS to detect mutations lower than about 2% abundance, and that
magnification of mutations via COLD-PCR prior to NGS enhances the signals by genuine
mutations and improves the detection limit to 0.04%. Thereby boosting the confidence in the
detection of rare mutations in clinical samples and providing a solution to help interphase of
NGS with clinical pathology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Variant and noise frequency plots for TP53 exon 10 serial dilutions of mutant into wild type
DNA, amplified with conventional PCR (A) or COLD-PCR (B) and followed by Illumina
NGS. NGS sequence plots and alignments are presented for the anti-sense strand. The
terminating mutation in human cell-line UACC-893 (c.1024C>T, p.Arg342X) is evident in
the NGS sequencing calls of the conventional PCR amplicons (A) for the 2% mutational
abundance, though cannot be called confidently for the 1% mutational abundance or less,
due to the background noise. The inset panel provides a zoomed-in view. Conversely, it is
evident that much lower abundances of mutations can be detected due to the enrichment by
COLD-PCR (B). In COLD-PCR, even the 0.02% pre-amplification mutational abundance is
visible above the noise as it is enriched to ~14%. Sequence depth (right axis) presents the
number of sequence reads aligning to the amplicon region.
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Figure 2.
Detection of low-level TP53 mutation in lung tumor specimen TL8. (A) Anti-sense strand
Sanger sequence chromatograms for TP53 exon 8 in TL8 and its matched normal specimen
NL8, amplified via conventional PCR or COLD-PCR strategies. An estimate of allelic
abundance is presented for the enriched mutation. (B) NGS variant and noise frequency
plots (anti-sense strand alignment) are presented for conventional PCR or COLD-PCR
amplicons. The ~1% terminating mutation in TL8 (c.853G>T, p.Glu285X) cannot be
confidently called in the NGS sequencing calls of the conventional PCR amplicons due to
the background noise; however, after COLD-PCR, the mutational abundance has been
enriched to ~29% and is clearly detectable above the noise. The mutation was not detected
in the matched normal specimen after amplification by either approach.
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Figure 3.
Detection of simultaneous high and low-level mutations in three TP53 exons of tumor
specimen CT20. (A) Sanger sequence chromatograms amplified via conventional or COLD-
PCR (exons 5 and 8 sense strand; exon 9 anti-sense strand). (B) Illumina NGS variant and
noise frequency plots (anti-sense strands) for NGS sequencing of conventional or COLD-
PCR amplicons. Exon 5 contains a heterozygous non-synonymous mutation (c.527G>T,
p.Cys176Phe) detectable after amplification by either approach. The <1% non-synonymous
mutation in exon 8 (c.818G>A, p.Arg273His) cannot be detected in the sequencing calls of
the conventional PCR amplicons due to the background noise; however, after COLD-PCR,
the mutational abundance has been enriched to ~53%. Similarly, the ~3% non-synonymous
mutation in exon 9 (c.925C>T, p.Pro309Ser) is difficult to call with confidence in the NGS
sequencing calls of the conventional PCR amplicons due to the background noise; however,
after COLD-PCR, the mutational abundance has been enriched to ~76%. Tumor mutational
heterogeneity is evident in this specimen.
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