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Abstract
Reliable identification of cancer-related mutations in TP53 is often problematic as these mutations
can be randomly distributed throughout numerous codons and their relative abundance in clinical
samples can fall below the sensitivity limits of conventional sequencing. To ensure the highest
sensitivity in mutation detection, we adapted the recently described COLD-PCR method to
employ two consecutive rounds of COLD-PCR followed by Sanger sequencing. Using this highly
sensitive approach we screened 48 non-microdissected lung-adenocarcinoma samples for TP53
mutations. Twenty-four missense/frameshift TP53 mutations throughout exons 5–8 were
identified in 23 of 48 (48%) lung-adenocarcinoma samples examined, including 8 low-level
mutations at an abundance of ~1–17%, most of which would have been missed using conventional
methodologies. The identified alterations include two rare lung-adenocarcinoma mutations, one of
which is a ‘disruptive’ mutation currently undocumented in the lung cancer mutation-databases. A
sample harboring a low-level mutation (~2% abundance) concurrently with a clonal mutation
(80%-abundance) revealed intra-tumoral TP53 mutation heterogeneity. The ability to identify and
sequence low-level mutations in the absence of elaborate micro-dissection, via COLD-PCR-based
Sanger-sequencing, provides a platform for accurate mutation profiling in clinical specimens and
the use of TP53 as a prognostic/predictive biomarker, evaluation of cancer risk, recurrence, and
further understanding of cancer biology.
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Introduction
Lung adenocarcinoma represents ~48% non-small cell lung cancer (NSCLC), a major type
of lung cancer (Herbst et al. 2008). The tumor suppressor gene-tumor protein p53 (TP53;
MIM# 191170) is a multifunctional transcriptional factor that plays regulatory roles in cell
cycle, apoptosis, and DNA repair (Foulkes 2007; Vousden and Lane 2007) and is the most
frequently mutated gene in lung adenocarcinoma (Ding et al. 2008). Eighty percent of the
reported TP53 mutations in lung adenocarcinoma are scattered throughout exons 5 to 8, a
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region encoding the DNA binding domain of the TP53 protein (Olivier et al. 2002). Tumor-
encountered TP53 mutations have also been associated with poor prognosis for a range of
cancers including lung cancer (Ahrendt et al. 2003; Huang et al. 1998) and loss of TP53
function is correlated with the onset of multi-drug resistance (Wallace-Brodeur and Lowe
1999). The type and position of TP53 mutations often defines their prognostic value (Huang
et al. 1998) and can reveal whether they are driver or passenger mutations based on
functional studies. Accordingly, reliable identification and sequencing of TP53 mutations in
tumor biopsies or surgical samples is imperative. However, unless the mutation exists at or
exceeds ~20–25% abundance relative to wild-type alleles, conventional Sanger sequencing
does not possess adequate sensitivity for reliable detection in a clinical setting. Yet,
mutations as low as 1–5% can have major clinical significance; for example epidermal
growth factor receptor (EGFR; MIM# 131550) T790M mutations in lung adenocarcinoma
can result in drug resistance (Engelman et al. 2006). Unlike Sanger sequencing, mutation
scanning methods have the sensitivity to detect the presence of a mutation down to ~5%
abundance (Bastien et al. 2008; Janne et al. 2006; Xiao and Oefner 2001). However, using
mutation scanning alone does not allow for specific identification of the mutation type and
position, hence their prognostic significance is difficult to assess (Huang et al. 1998;
Milbury et al. 2009).

It is often perceived that low-level mutations in clinical samples occur due to a mixture of
tumor cells within an excess of normal cells. This is frequently true for infiltrating tumor
types, biopsies, tumor margins, lymph nodes and bodily fluids (Behn et al. 1998; Harden et
al. 2004; Jenkins et al. 1998); however, tumors are known to be genetically heterogeneous,
and low-level mutations may also exist in samples comprising abundant tumor cells (Janne
et al. 2006). Although intra-tumor heterogeneity of TP53 mutations has been observed in
certain type of skin cancers (Backvall et al. 2005), there has been no report of intra-tumor
heterogeneity regarding TP53 mutations in lung adenocarcinoma to date. Heterogeneity over
multiple genes is a potential consequence of cancer mutator phenotypes or genetic
mosaicism, both of which can occur in lung cancer (Bielas et al. 2006; Sachidanandam et al.
2001). Whether a result of stromal contamination or intra-tumor heterogeneity, low-level
TP53 mutations are important to identify and sequence, if they are to be used as cancer
biomarkers.

Recently, we developed a novel PCR technology, co-amplification at lower denaturation
temperature-PCR (COLD-PCR) (Li et al. 2009; Li et al. 2008b) that uses a critical
denaturation temperature (Tc) to preferentially enrich low-level mutations within mixtures of
wild-type and mutation containing sequences, irrespective of where an unknown mutation
lies. Consequently, COLD-PCR amplification from genomic DNA yields PCR products
containing high percentages of mutant alleles, thus permitting their detection. In brief, we
observed that, (i) for each DNA sequence there is a critical denaturation temperature (Tc)
that is typically 0.5–1.5°C lower than the amplicon melting temperature (Tm), below which
PCR efficiency drops abruptly; and (ii) DNA amplicons differing by a single nucleotide
reproducibly result in different amplification efficiencies relative to wild-type when the PCR
denaturation temperature is set to the Tc. These new observations can be exploited during
PCR amplification for the selective enrichment of minority alleles differing by one or more
nucleotides at any position of a given sequence. Mutation-enrichment via COLD-PCR can
be achieved via two formats: full COLD-PCR and fast COLD-PCR. In full COLD-PCR, an
intermediate annealing temperature is used during PCR cycling to allow for the cross-
hybridization of mutant and wild-type alleles to form heteroduplexes, which generally melt
at lower denaturation temperatures than homoduplexes. Denaturation at the selected Tc
preferentially denatures mismatch-containing heteroduplexes over homoduplexes, resulting
to the enrichment of the mutant alleles. Mutant-to-wild type ratio can be increased up to
50% when full COLD-PCR is functioning at maximum efficiency. Fast COLD-PCR is
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another manifestation of COLD-PCR, which only applies for Tm-reducing mutations (e.g.
G:C>A:T or G:C>T:A). In this case the cross-hybridization step is not necessary because
denaturing at the Tc will preferentially denature the Tm-reducing mutant-containing
sequences while wild-type DNA sequences remain double-stranded. When fast COLD-PCR
is optimized to amplify at maximum efficiency, it can increase mutant prevalence up to
100%, i.e. the wild-type diminishes (Li and Makrigiorgos 2009). The choice between full
and fast COLD-PCR depends on the intended use. Full COLD-PCR is used to identify all
possible mutations; however the enrichment may be modest compared to fast COLD-PCR.
Fast COLD-PCR can be used to provide a strong enrichment of Tm-reducing mutations,
which comprise the majority of mutations in cancer (Greenman et al. 2007) and is simpler
and convenient because the amplification is completed in less time.

In order to ensure the accurate identification and sequencing of low-level TP53 mutations
abundant at as low as 1%, here we adapted the COLD-PCR method to employ two
consecutive rounds of fast COLD-PCR followed by Sanger sequencing. We have used this
highly sensitive new approach to screen 48 non-microdissected lung adenocarcinoma
samples for the presence of TP53 mutations.

Materials and Methods
DNA and tumor samples

Genomic DNA from cell lines with defined TP53 mutations (T47D and SNU182, exon 6;
DLD1, exon 7) was purchased from American Type Culture Collection (ATCC); the cell
line SW480 (mutation in exon 8) was purchased from ATCC and genomic DNA was
extracted from cultured cells. Forty-eight lung adenocarcinoma surgical samples (snap-
frozen in liquid nitrogen within 1h following surgery) were obtained from the Massachusetts
General Hospital Tumor Bank and used following Internal Review Board approval.
Following manual macro-dissection, we isolated genomic DNA using the DNeasy™ tissue
kit (Qiagen Inc.).

Determination of Critical Denaturation Temperature (Tc) of an amplicon
In order to determine Tc experimentally, the Tm of the amplicon was first identified. A real-
time PCR of the target wild-type amplicon was performed in a Cepheid PCR machine in the
presence of 0.1X LCGreen+ dye (Idaho Technologies Inc.) using conventional
thermocycling conditions for the polymerase used (i.e. 98°C denaturation for Phusion™
DNA polymerase, New England Biolabs Inc), followed by a melting curve analysis. Next, a
set of COLD-PCR reactions at graded temperatures below the Tm were performed, to
identify the optimal critical denaturation temperature, Tc. In a Cepheid SmartCycler II, we
set the following 10-second denaturation temperatures: a) a conventional temperature, 98°C,
b) temperature equal to amplicon Tm, c) temperature equal to amplicon Tm − 0.5 °C, d)
temperature equal to amplicon Tm− 1.0 °C, and e) temperature equal to amplicon Tm−1.5
°C. As validation systems we used wild-type DNA, and mutation-containing DNA diluted
into wild-type DNA at a ratio of 1:10. We employed DNA with mutations that lower the
melting temperature, such as G:C → A:T or G:C → T:A, to validate Tc for fast COLD-PCR.
A RFLP assay, if the appropriate restriction endonuclease that discriminates mutant from
wild-type is available, or direct sequencing was used post-PCR to determine the degree to
which the mutant allele is enriched (Li et al. 2008b). The denaturation temperature that
reproducibly produces robust PCR products combined with substantial enrichment of the
mutations was selected as the Tc. By following this experimental procedure for all our
amplicons, we observed that for a Cepheid PCR machine the empirical formula Tc = Tm −1
(10 seconds denaturation) typically produces high quality PCR amplicons combined with
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strong and reproducible mutation enrichment. This simple formula was validated and
applied for all amplicons and samples tested in this investigation.

Two-round COLD-PCR
Two consecutive rounds of fast COLD-PCR, using nested primers for the second round,
were performed prior to sequencing. Amplicons of 150–200 bp were designed for the first-
round COLD-PCR, and shorter nested amplicons (100–150 bp) were amplified via second-
round COLD-PCR. Both the first round and second round COLD-PCR reactions were
performed and monitored in real-time in a Smart Cycler II thermocycler (Cepheid Inc.).
Primer sequences, annealing temperatures (Ta), and critical denaturation temperatures (Tc)
for all amplicons are presented in Supp. Table S1. COLD-PCR reactions contained final
reagent concentrations as follows: 1X Phusion™ HF buffer (Finnzymes Inc.), 0.2 mM each
dNTP, 0.2 µM forward and reverse primers (synthesized by Integrated DNA Technologies
Inc), 0.1X LCGreen+ dye, 1X Phusion™ DNA polymerase and DNA template.
Approximately 20–50 ng unamplified genomic DNA was used as template DNA in the first
COLD-PCR for exons 5–8. Approximately 5,000 – 15,000 TP53 alleles are contained in 20–
50 ng of genomic DNA, thus providing the required minimum number of mutant copies for
detecting mutations with an abundance as low as 0.1%. Diluted product from the first
COLD-PCR (dilution dependent upon amplification efficiency) was used as template for the
second COLD-PCR using nested primers (Supp. Table S1). For amplicons with melting
temperatures higher than 92 °C (e.g. 188 bp amplicon in exon 5), we added DMSO at a final
concentration of 5% in order to lower its melting temperature and to increase COLD-PCR
amplification efficiency. COLD-PCR cycling conditions for the first-round COLD-PCR was
as follows: 98 °C, 30 s; 20–30 cycles of (98 °C, 10 s; Ta, fluorescence reading ON, 20 s; 72
°C, 20 s); then 20 cycles of (Tc, 10 s; Ta, fluorescence reading ON, 20 s; 72 °C, 20 s). PCR
thermocycling conditions for the second round COLD-PCR were the same as that of the first
round except that we used 5–10 cycles of conventional PCR and a Tc specific for the nested
amplicon.

COLD-PCR amplification of mutation-positive samples was repeated at least three
independent times starting from genomic DNA each time, and was always run in parallel
with 3 to 4 wild-type DNA samples that served as negative controls. The starting DNA
amount of the wild type controls was similar to the one used for the lung adenocarcinoma
samples.

Sanger sequencing
PCR products were processed for Sanger di-deoxy sequencing at the molecular biology core
facility of the Dana-Farber Cancer Institute. Two-round COLD-PCR products were
sequenced using forward and reverse primers to achieve accurate and full coverage of each
amplicon. To enable Sanger sequencing of PCR amplicons less than 100 bp in length, an
M13 tail was added to the 5'-end of the forward or reverse primer and a long primer was
used for sequencing as described (Diehl et al. 2008).

Pyrosequencing
Pyrosequencing was performed as described previously with the difference that we used
universal biotinylated primers rather than amplicon-specific labeled primers. The design of
the PCR and sequencing primers as well as the pyrosequencing reactions were carried out by
EpigenDx Inc.
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RFLP-based, independent verification of low-level mutations
To verify independently the low-level mutations identified via two-round COLD-PCR, a
restriction fragment length polymorphism (PCR-RFLP)–based approach to achieve mutation
enrichment (by using a native restriction site or an artificially-introduced site, AIRS-PCR)
was used -see Supp. Methods. The digested products were examined via denaturing high
performance liquid chromatography (dHPLC) to quantify the prevalence of low-level
mutations.

Determination of loss of heterozygosity (LOH) at TP53 locus
The occurrence of loss of heterozygosity (LOH) was analyzed. Samples were analyzed via
BstUI digestion of the polymorphism at codon 72 in Exon 4 or via a SNP array approach.

BstUI digestion of TP53 codon 72 polymorphism—To determine if TP53 loss of
heterozygosity (LOH) occurred in certain lung tumor samples, an exon 4 segment (435 bp)
was amplified from DNA obtained from matched normal and tumor tissue samples, using
primers and PCR conditions described previously (Bastien et al. 2008). Amplified products
were digested with BstUI (NEB Inc.) at 60 °C for 1 hour and analyzed via dHPLC.

SNP array—A SNP array-based approach was used to determine if TP53 loss of
heterozygosity (LOH) is present in certain lung tumor tissue samples. Approximately 250 ng
of genomic DNA from paired normal and lung adenocarcinoma samples were genotyped via
the StyI 250K Affymetrix SNP arrays at the Dana-Farber Cancer Institute Microarray core
facility. The analysis of LOH-call and gene copy number was performed via dCHIP
software as described previously (Li 2008;Li et al. 2008a;Lin et al. 2004).

Analysis of TP53 mutations
The published mutation incidence, prediction of functional consequences, and yeast trans-
activation assay results were obtained from the IARC TP53 database (Olivier et al. 2002).

Results
Overview of two-round COLD-PCR

Both full and fast COLD-PCR produce substantial enrichment of mutations spanning the
length of the amplicon and can be employed prior to Sanger sequencing (Delaney et al.
2009; Li and Makrigiorgos 2009), although enrichment via fast COLD-PCR is higher. The
large majority (~70% (Olivier et al. 2002)) of TP53 mutations in lung adenocarcinoma
exons 5–8 belongs to the Tm-reducing category. Considering this trend, as well as the desire
to maximize mutation enrichment lead us to perform fast COLD-PCR in this investigation.
To account for the possibility that TP53 mutations exist at such low-levels that a single
round of COLD-PCR enrichment is not sufficient for identification via Sanger sequencing,
two consecutive rounds of fast COLD-PCR were applied. Based on the length and position
of the nested amplicon for each exon (Supp. Table S1), the sequence coverage of two-round
cold PCR is determined to be 61% (c.376-c.487) in exon 5, 100% (c.560-c.672) in exon 6,
91% (c.684-c.782) in exon 7, and 74% (c.791-c.889) in exon 8. We used Phusion™ DNA
polymerase (Finnzymes Inc.), a very high-fidelity DNA polymerase, to restrict the potential
generation of PCR-introduced errors. In preliminary experiments, we diluted mutation-
containing DNA by 100-fold into wild-type DNA and amplified each TP53 exon with two-
round COLD-PCR. PCR products amplified by conventional PCR, one-round COLD-PCR,
and two-round COLD-PCR were processed via Sanger sequencing to examine the degree of
mutation enrichment and the potential presence of polymerase errors at different sequence
positions. Results for SW480 cell line DNA (TP53 c.818G > A) are presented in Fig. 1. The
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SW480 mutation was not detectable in the conventional PCR and one-round COLD-PCR
amplicons but was clearly detectable in two-round COLD-PCR amplicons. Furthermore,
after two rounds of COLD-PCR enrichment, the background 'noise' in the sequencing
chromatograms remains low, (i.e. polymerase misincorporations were not observed).
Additionally, wild-type and clinical samples lacking the codon 273 mutations also
demonstrate a lack of polymerase-introduced errors at all sequence positions for TP53 exon
8 (Supp. Figure S1).

Strategy for two-round COLD-PCR-based deep-sequencing
As depicted in Fig. 2, genomic DNA, isolated from 48 surgical lung adenocarcinoma
specimens, was amplified via two-round COLD-PCR and sequenced to identify mutations in
TP53 exons 5 through 8. When a mutation was identified, an independent assessment via
conventional PCR-sequencing directly from genomic DNA was also performed. If a
mutation was detected clearly following conventional PCR-sequencing, this was deemed to
be a high-level (clonal) mutation. If the mutation was not visible in the sequence
chromatogram of conventional PCR amplicons, thus potentially suggesting a low-level
mutation below the sensitivity of Sanger sequencing, an RFLP-based assay was designed to
enrich the specific type of mutation at the sequence position that was indicated via COLD-
PCR-sequencing. Following this conventional PCR-RFLP-based enrichment, Sanger
sequencing on the enriched sequence was additionally used to independently confirm the
low-level mutation. Alternatively, for some mutation-positive samples pyrosequencing was
used as an independent verification method and also for quantifying the mutant allele
frequency. Both the PCR-RFLP and the pyrosequencing-based verifications were performed
starting from unamplified genomic DNA and were always run in parallel with multiple,
similarly-treated wild-type DNA samples that served as negative controls.

Novel TP53 mutations identified via two-round COLD-PCR
As depicted in Fig. 3 panel A, for lung tumor sample TL8, no mutation was detected in the
sequence chromatograms following conventional PCR or single-round COLD-PCR
amplicons. However, two-round COLD-PCR-sequencing chromatograms clearly and
reproducibly exhibited a G>T mutation (Glu to STOP) at codon 285. For independent
verification, the artificial introduction of a restriction site (AIRS-RFLP (Jenkins et al. 1998))
was used to introduce an Hpy188I restriction site during conventional PCR, which then
enables selective post-PCR digestion of the wild-type DNA. Fig. 3 panel B presents a
dHPLC chromatogram exhibiting a residual undigested PCR product (small peak) following
amplification of DNA from sample TL8, while a wild-type sample treated in parallel depicts
no PCR product. Comparing the area under the curves of the mutant and the wild type peaks
revealed that the abundance of the mutation is approximately 1–2%. Following dHPLC
analysis, the digested products were re-amplified using conventional PCR and sequenced,
and the mutation was confirmed (Fig. 3 panel C). Although this mutation was reported as a
rarely-encountered mutation in rectal and other cancers (Olivier et al. 2002), it has remained
undocumented thus far for lung cancer in the IARC TP53, the COSMIC and the p53-Free
databases.

A low-level, rare G>A mutation (Glu to Lys) at TP53 codon 271 in adenocarcinoma sample
TL82 was also identified. This mutation was previously reported in a single case (NSCLC,
NOS) out of 2710 lung cancer TP53 mutations (Olivier et al. 2002). The mutation is not
apparent in sequence chromatograms following conventional PCR; however, it is clearly
apparent after either one or two rounds of COLD-PCR (Supp. Figure S2A). We validated
this mutation via RFLP (Supp. Figure S2B) and via pyrosequencing (Supp. Figure S3); an
abundance of ~11% was demonstrated for this mutation.
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Concurrent low-level and clonal TP53 mutations revealed via two-round COLD-PCR: intra-
tumor TP53 heterogeneity

Using a similar approach as described above, we identified a low-level G>A mutation (Cys
to Phe) at TP53 codon 277 in sample TL6. This mutation is not visible via Sanger
sequencing of regular PCR amplicons; it becomes barely visible after one-round COLD-
PCR and clearly evident (~70% abundance) after two-round COLD-PCR (Supp. Figure
S4A). For independent verification, an AIRS-RFLP assay specific to the position and type of
the putative mutation indicated by COLD-PCR was designed. An NlaIII site was introduced
in the primer sequence to selectively digest the wild-type DNA following PCR amplification
from genomic DNA, thereby enabling discrimination of mutant from wild-type. Supp.
Figure S4B presents the dHPLC chromatogram following NlaIII digestion indicating the
presence of a low-level mutation (small peak that is absent in the wild-type). Following
NlaIII digestion a second PCR was used to amplify PCR fragments resisting digestion.
Direct sequencing of the AIRS-RFLP-enriched PCR product further confirmed the presence
and type of the mutation (Supp. Figure S4C). This G>A mutation exhibits a ~2–3%
mutation abundance in sample TL6. Moreover, in this sample we identified a second, clonal
G>A mutation (Val > Met) at codon 197 present at approximately 80% abundance (Supp.
Figure S4D). The concurrent presence of a clonal mutation and a low-level mutation in the
same sample indicates that the low-level mutations are likely a result of intra-tumor TP53
mutational heterogeneity, as opposed to dilution by admixture of normal cells in these lung
adenocarcinoma surgical samples.

Range of TP53 mutations identified via two-round COLD-PCR
TP53 mutations throughout exons 5–8 were identified in 23 out of 48 (48%) lung
adenocarcinoma samples examined, and 24 mutations were identified in total (listed in Table
1). The resulting mutation spectrum for these 48 samples includes mutational ‘hot spots’
common in lung cancer such as in codons 157, 158, 245, 248, 249, 273 and 282 (Table 1).
All the mutations are either missense mutations or frameshift mutations caused by micro-
deletions. Among the 24 mutations, 8 (33%) have an abundance below the sensitivity of
Sanger sequencing and reliable identification using conventional-PCR is not possible (Table
1). Presence of the low-level mutations identified via COLD-PCR was confirmed via
independent methods (Supp. Figure S5–10). Except mutations in TL6 and TL8, all other
low-level mutations were quantified by pyrosequencing (Table 1). Among the eight low-
level mutations identified, five are G>T transversions and three are G>A transitions.

Analyzing TP53 polymorphism at codon 72 and our SNP-array data (see Supp. Methods),
we discovered concurrent TP53 LOH with low-level TP53 mutation in samples TL82 (Supp.
Figure S2C) and TL22 (Supp. Figure S11). The concurrent low-level TP53 mutations with
LOH of TP53 in TL22 and TL82 is consistent with a classical “two-hit” cancer genetic
change with one TP53 allele mutated and the other allele lost (25, 27).

Discussion
Identification of the type and position of mutations by COLD-PCR-sequencing reveals their
potential impact. For example, the novel low-level nonsense (Glu to STOP) mutation at
codon 285 of sample TL8 results to a truncated protein. In squamous-cell head and neck
carcinoma this mutation is known as a ‘disruptive mutation’ strongly associated with
decreased overall survival (Poeta et al. 2007). Another interesting observation is in regard to
the relative potential significance of the aforementioned concurrent mutations in sample
TL6. The clonal mutation Val 197 Met has an 80% abundance while the low-level mutation
Cys 277 Phe, has a ~2–3% abundance; yet, despite being a low-level mutation, the latter
mutation is known to have a more prominent effect than the former. Functional assessment
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of the Val 197 Met clonal and the Cys 277 Phe low-level mutation in a yeast assay (Kato et
al. 2003) showed that these two mutations belong to partially-functional and non-functional
transactivation classes, respectively, with a ~125-fold difference in transactivation
capability. Therefore identifying the type and position of mutation is of primary importance.
It is noteworthy that identification of the type and position of mutations is a feature that
established mutation scanning methods (HRM, SSCP) cannot provide unless followed by
digital-PCR-based 'deep' sequencing. Additionally, because the inclusion of low-level
mutations are important in accurately defining the mutational spectra (Fox et al. 2009), it is
possible that large scale sequencing projects, such as The Cancer Genome Atlas (TCGA),
that aim to catalogue cancer mutations may provide only a partial view of the lung cancer
mutation spectra (Ding et al. 2008), thus missing low-level mutation spectra.

The concurrent presence of a clonal (G>A) and a low-level (G>T) mutation in the same
tumor for sample TL6 is an interesting observation in the present study. This finding argues
against substantial stromal admixture and indicates the presence of intra-tumor TP53
mutational heterogeneity in this sample. Lung adenocarcinoma is often a mixture of several
histology subtypes of cancer, such as acinar, papillary, bronchio-alveolar, and solid
adenocarcinoma with mucin formation (Mountain 1997). Therefore, the clonal and low-level
TP53 mutations could reside in two different histological subtypes within the same sample.
It is also possible that the low-level TP53 mutations maybe present in normal lung epithelial
cells, due to a “field-cancerization” effect caused by tobacco carcinogen damage (Slaughter
et al. 1953; Strong et al. 1984). Yet another possibility is that the two TL6 mutations
represent a form of doublet mutations (two mutations in a single cell, possibly on the same
allele) (Chen et al. 2008). Whatever the origin of the mutational heterogeneity in sample
TL6, intra-tumor mutational heterogeneity may play an important role in tumor evolution
and/or in personalized treatment and drug resistance (Engelman et al. 2006). Although there
are reports showing intra-tumor heterogeneity of EGFR mutations in lung adenocarcinoma,
to our knowledge this is the first documented study demonstrating TP53 mutational
heterogeneity in this type of cancer.

One way to assess the importance of not missing TP53 mutations in cancer samples is to
consider the extensive efforts applied towards association of TP53 mutations with prognosis.
While earlier studies suggested that TP53 mutations are not significantly associated with
poor prognosis (Olivier et al. 2002; Schiller et al. 2001), the current understanding is that
TP53 mutations are associated with high grade lung tumors (Ding et al. 2008; Nakanishi et
al. 2009) and that there is a significant correlation with poor prognosis in early stage lung
cancer (Ahrendt et al. 2003; Huang et al. 1998). Investigations of different cancers, such as
colon cancer, remain controversial in regards to the prognostic significance of TP53
mutations, with 12 studies showing positive association and 7 studies showing a lack of
association (Olivier et al. 2002). While work in this area is ongoing, in view of the 8 low-
level TP53 mutations of functional significance found in the 48 surgical lung samples
examined, it seems unlikely that the controversy can be settled unless methods that
accurately identify and sequence such low-level mutations are used, such as COLD-PCR-
based sequencing. Arguably, if an elaborate micro-dissection scheme had been applied to
the 8 samples found to contain low-level mutations, it is possible that more mutations might
have been detected via Sanger sequencing or pyro-sequencing. However, micro-dissection
can be quite laborious, is not always possible when infiltrating tumor types are studied, and
it would not help with detection of low-level TP53 mutations in samples with intra-tumor
heterogeneity such as TL6, since normal cell contamination was clearly not substantial in
this sample.

We have successfully applied two-round COLD-PCR to enable thorough-sequencing in
clinical lung adenocarcinoma samples and have demonstrated increased mutation
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enrichment relative to one-round COLD-PCR. However, the present study also has
limitations as it was designed to maximize mutation enrichment and convenience by
assessing only the Tm-reducing mutations (G:C>A:T and G:C>T:A), which comprise about
70% of all possible mutations in lung cancer (Olivier et al. 2002). In future investigations it
would be advantageous to optimize the use of the general form of COLD-PCR (full-COLD-
PCR) prior to sequencing in order to enrich and identify all types of mutations. At present,
COLD-PCR has only been applied in the study of low-level mutations in specific genes
rather than genome wide scanning. However, multiplex or highly parallel COLD-PCR can
also be envisioned in view of the fact that amplicons of equal Tm are expected to also have
the same Tc (Tc=Tm−1 under the experimental conditions presented here). Therefore, in
principle, numerous iso-Tm amplicons could be enriched for mutations in a single COLD-
PCR reaction.

Digital PCR-based approaches, including single-molecule PCR performed in the course of
second generation sequencing are alternative powerful approaches to perform deep-
sequencing in cancer samples (Rohlin et al. 2009; Thomas et al. 2006); these approaches
require considerable oversampling (e.g. at least 2,500-fold for the detection of 2 mutant
alleles in 100 copies of wild-type alleles in the 454 system, see
http://www.454.com/downloads/protocols/5_AmpliconSequencing.pdf). Oversampling
unavoidably reduces throughput, increases the cost, and is inefficient when a small number
of sequences are examined. In contrast, COLD-PCR is simple, inexpensive, and does not
require additional reagents or instrumentation. Alternatively, utilization of COLD-PCR to
generate amplicons for examination via next-generation sequencing may potentially enable
the simultaneous combination of deep-sequencing with high-throughput performance.

In summary, we have demonstrated an advantageous approach to discover and sequence
low-level TP53 mutations in tumors via two-round COLD-PCR, and have identified intra-
tumor TP53 heterogeneity as well as novel low-level TP53 mutations in lung
adenocarcinoma. This technique may also potentially be applied in assessing tumor margins,
detecting pre-cancerous genetic changes, screening DNA from bodily fluids, or when
isolation of a relatively pure population of tumor cells is difficult, such as in pancreatic
cancer or tissue from human airways (Park et al. 1999). Identification and determination of
the consequences of low-level mutations may further advance our understanding of the
origin and evolution of cancer, and assist in the evaluation of cancer risk, recurrence, and
choice of treatment.
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Figure 1.
Two-round COLD-PCR improves the sensitivity of mutation detection over one-round
COLD-PCR. Genomic DNA containing a mutation in TP53 exon 8 (SW480 cell line, TP53
c.818G > A) was diluted 100-fold in wild-type DNA and amplified by conventional, one-
round and two-round COLD-PCR, followed with reverse strand sequencing. Arrows
indicate the position of the G>A mutation.
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Figure 2.
Procedure schematic used for COLD-PCR-based deep sequencing of TP53 mutations from
lung adenocarcinoma samples.
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Figure 3.
A novel lung cancer TP53 mutation in sample TL8 was identified by two-round COLD-
PCR-sequencing and confirmed by AIRS-RFLP. (A) TP53 exon 8 in sample TL8 was
screened via conventional PCR, one-round COLD-PCR, and two-round COLD-PCR, and
the forward strand was Sanger-sequenced. (B) Genomic DNA from TL8 sample and wild-
type DNA were amplified with modified primers to generate an Hpy188I restriction site to
selectively digest wild-type DNA at codon 285. The Hpy188I digested product was analyzed
using dHPLC. (C) The digested product was re-amplified and the reverse strand was Sanger
sequenced. Arrows represent the position of mutated nucleotides in the sequence
chromatograms.
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