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Background: Polymerase chain reaction
(PCR) is an extremely sensitive method
that often demands optimization, especially
when difficult templates need to be ampli-
fied. The aim of the present study was to
optimize the PCR conditions for amplifica-
tion of the epidermal growth factor recep-
tor (EGFR) promoter sequence featuring
an extremely high guanine-cytosine (GC)
content in order to detect single nucleotide
polymorphisms -216G>T and -191C>A.
Methods: Genomic DNA used for ampli-
fication was extracted from formalin-fixed
paraffin-embedded lung tumor tissue and
PCR products were detected by agarose gel
electrophoresis. Results: Results showed

that addition of 5% dimethyl sulfoxide
(DMSO), as well as DNA concentration in
PCR reaction of at least 2 μg/ml, were nec-
essary for successful amplification. Due to
high GC content, optimal annealing temper-
ature was 7◦C higher than calculated, while
adequate MgCl2 concentration ranged from
1.5 to 2.0 mM. Conclusion: In conclusion,
EGFR promoter region is a difficult PCR tar-
get, but it could be amplified after optimiza-
tion of MgCl2 concentration and annealing
temperature in the presence of DMSO and
the DNA template of acceptable concen-
tration. J. Clin. Lab. Anal. 27:487–493,
2013. C© 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Polymerase chain reaction (PCR) is an enzymatic in
vitro method for exponential amplification of specific
DNA target sequence, affordable and suitable for both
basic research and various clinical applications (1). How-
ever, the method is extremely sensitive, thus, it could be a
considerable challenge to optimize the conditions of the
reaction in order to obtain the desired results, especially
when difficult templates, such as GC-rich regions, need to
be amplified. Namely, GC-rich regions, due to formation
of stable and complex secondary structures within a DNA
template, could block DNA polymerase during PCR re-
action and lead to an ineffective amplification (2–6). PCR
technique parameters that could affect its accuracy and
efficacy are numerous, including concentration of DNA
template, concentration of magnesium ions, PCR thermal

cycling conditions, as well as addition and concentration
of PCR additives (7, 8). If there is a scientific or clinical
need for specific and efficient amplification of GC-rich
DNA template, tuning the PCR reaction could be highly
demanding, yet, critically important.

Epidermal growth factor receptor (EGFR) expressed
in several epithelial cancers, including lung, breast,
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bladder, prostate, and colorectal, plays an important
role not only in carcinogenesis, but also in the can-
cer treatment involving tyrosine kinase inhibitors (TKIs)
(9–11). A number of mutations within the EGFR coding
gene has been identified, including well-known nonsyn-
onimous deletion/insertion of exon 19 and point mu-
tations L858R (c.2573T>G, rs121434568) and T790M
(c.2369C>T, rs121434569) in exon 21 (10–13). Due to
their established clinical significance, EGFR is recognized
as a biomarker for the development and implementation
of targeted cancer therapies with EGFR-TKI, such as
erlotinib or gefitinib (14, 15).

Previous studies reported several single nucleotide poly-
morphisms (SNPs) in the transcriptional start site region
of the EGFR gene promoter, including -216G>T at the
Sp1 transcription factor recognition site, and -191C>A,
located 4 bp upstream of one of the transcriptional start
sites (16, 17). Due to their location in a region essential
for transcription, these polymorphisms were investigated
both in vitro and in vivo for their suggested role in modi-
fication of promoter activity and response to EGFR-TKI
therapy. In 2005, Liu et al. (16), employing transient trans-
fection in human cancer and primary cell lines, observed a
significantly higher promoter activity and EGFR expres-
sion in -216T compared to -216G allele. In two prospective
clinical studies of cancer patients treated with erlotinib
(17) or gefitinib (12), -216G>T and -191C>A were as-
sociated with higher frequency of adverse drug reactions,
such as rash or diarrhea. Nevertheless, carriers of -216T
allele had an improved progression-free survival on gefi-
tinib (12). Similar results were reported by Jung et al. (18),
as a higher response rate to gefitinib or erlotinib treat-
ment and longer progression-free survival corresponded
to -216G/T compared to G/G genotype. Based on these
data, it would not be surprising if the observed poten-
tial to predict efficacy and safety of the cancer treatment
nominates these two polymorphisms for possible pharma-
cogenetic biomarkers for EGFR-TKI activity. However,
EGFR promoter region has an extremely high GC con-
tent of up to 88% (19), which makes it difficult target for
PCR amplification, especially in the clinical setting. The
aim of the present study was to optimize the PCR con-
ditions for amplification of the EGFR promoter sequence
comprising two SNPs of interest, namely, -216G>T and
-191C>A.

MATERIALS AND METHODS

Samples and DNA Isolation

DNA from formalin-fixed paraffin-embedded (FFPE)
lung tumor tissue was extracted using the PureLinkTM

Genomic DNA Kits (Invitrogen/Life Technologies,
Carlsbad, CA), according to the manufacturer’s recom-

mendations. DNA concentration was measured using
Qubit R© Fluorometer (Invitrogen/Life Technologies).

Bioinformatic Sequence Analysis

Melting temperature of the primers was calculated as
Tm = 4 × (G + C) + 2 × (A + T) (7), and the annealing
temperature was determined as Ta = 0.3 × (Tm of primer)
+ 0.7 × (Tm of product) − 25 (20). GC content and
CpG nucleotide composition of the template DNA were
determined and presented using the bioinformatic tool
“EMBOSS CpGPlot /CpGReport/Isochore” program
(http://www.ebi.ac.uk/Tools/emboss/cpgplot/), with a
sliding window of 100 nucleotides, shifted one nucleotide
at a time.

Genotyping Method

Genotyping for -216G>T/-191C>A EGFR polymor-
phisms was carried out using the polymerase chain reac-
tion - restriction fragment length polymorphism (PCR-
RFLP) method according to Liu et al. (12), but with
modifications due to necessity of protocol optimization.
In brief, using the primers described in the article, the part
of the EGFR promoter region spanning both SNPs was
amplified in the PCR reaction on Techne Genius Ther-
mocycler (Techne Ltd, Cambridge, UK).

PCR reactions were run in a final volume of 25 μl.
The reaction mix consisted of 1 μl genomic DNA,
0.2 μM of each primer, 0.25 mM of each of the dNTPs,
and 0.625 U of TaqDNA polymerase, and it was car-
ried out in 1× PCR buffer. Concentrations of MgCl2 and
dimethyl sulfoxide (DMSO) ranged from 0.5 to 2.5 mM,
and from 1% to 5%, respectively. The initial denaturation
was performed at 94◦C for 3 min; followed by 45 cycles
of denaturation at 94◦C for 30 sec, gradient annealing at
61◦C/63◦C/65◦C/67◦C/69◦C for 20 sec, and extension
at 72◦C for 60 sec; and with a final extension at 72◦C
for 7 min. All reagents used for PCR amplification were
purchased from Invitrogen.

PCR products of 197 bp were detected by gel elec-
trophoresis on a 2% agarose gel stained with SYBR R©
Safe DNA Gel Stain (Invitrogen/Life Technologies) and
visualized under blue light on E-Gel R© Safe ImagerTM

Real-time Transilluminator (Invitrogen/Life Technolo-
gies). To detect -216G>T or -191C>A, PCR products
were later subjected to the restriction enzymes BseRI
(New England Biolabs, Ipswich, MA) or Cfr42I (Fermen-
tas/Thermo Fisher Scientific, Vilnius, Lithuania), respec-
tively (12) (data not shown).

Sequencing Analysis

In order to confirm the specificity of PCR amplifi-
cation, direct sequencing analysis of the obtained PCR
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Fig. 1. GC content (A) and CpG nucleotide composition (B) of 660 bp epidermal growth factor receptor (EGFR) promoter region.
Sequences and positions of primers used, as well as single nucleotide polymorphisms (SNPs) positions and translation
start site ATG, are indicated in the graph.

products was performed. The PCR products were pu-
rified using QIAquick PCR Purification Kit (Qiagen,
Germany) and directly sequenced on ABI PRISM R©
3100 Genetic Analyzer (Applied Biosystems, Foster City,
California). Sequencing was conducted using ABI
PRISM R© BigDyeTM Terminator v 3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, California) in both
forward and reverse direction, using the same primers
that was used for the PCR amplification. Comparison
of the obtained sequence with the reference sequence of
EGFR promoter region (http://www.ncbi.nlm.nih.gov;
GenBank reference: M11234.1) revealed that the PCR
amplification was highly specific.

RESULTS

Sequence analysis of the template DNA (Fig. 1) showed
that the region is extremely GC rich, with 75.45% G + C
content in a sequence of 660 bp (sum C + G = 421). The
examined region contains a CpG island region spanning
558 bp (−450/+108 from translation start site), with an
observed-to-expected ratio of CpG 0.97.

To determine the optimal concentration of DMSO,
which proved to be necessary for successful amplifica-
tion, separate PCR reactions were setup with addition of

1%, 3%, and 5% of DMSO. Final concentration of 5%
DMSO was the only one to provide the desired amplicon
yield without nonspecific amplification (Fig. 2).

The optimal annealing temperature was calculated to
56◦C. Using gradient PCR method, five different an-
nealing temperatures, ranging from 61◦C to 69◦C, were
tested. The results revealed the optimal annealing at 63◦C
(Fig. 3). MgCl2 concentrations ranging from 0.5 to 2.5
mM were tested, resulting in an optimum at 1.5 mM
(Fig. 4).

DNA concentrations ranged from 0.25 to 28.20 μg/ml.
Under the same conditions, which proved optimal for the
templates with higher DNA quantity, samples with DNA
concentration of less than 1.86 μg/ml gave no amplifica-
tion results (Fig. 5).

DISCUSSION

Concentration of DNA Template

Recognized as “the golden standard” for sample preser-
vation, formalin fixation and paraffin embedding of a
tissue has been routinely used for over a century to en-
able long storage of samples for future investigations (21).
These FFPE specimens have been successfully employed
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Fig. 2. Effects of dimethyl sulfoxide (DMSO) on the polymerase chain
reaction (PCR) amplification. Lane M: 50 bp DNA ladder; lane 1: 1%
DMSO; lane 2: 3% DMSO; lane 3: 5% DMSO; lane 4: nontemplate
control.

Fig. 3. Effects of annealing temperature on the polymerase chain reac-
tion (PCR) amplification. Lane M: 50 bp DNA ladder.

in numerous research techniques, including PCR method
(22). However, PCR in general require high-quality DNA
as a template, which turned out to be a challenge for
extraction from FFPE tissue. Namely, formalin used for
tissue fixation often reduce the amount and quality of
available DNA by causing formation of nucleoprotein
complexes, cross-linking of nucleic acids with histones,
methylene bridging of neighboring amino groups of bases,
and further nucleic acid fragmentation (23–25). Neverthe-
less, the method of isolation seems not to be of a crucial
importance, as comparison of different techniques, in-
cluding phenol–chloroform protocol, salting out method,

Fig. 4. Effects of MgCl2 concentration on the polymerase chain reac-
tion (PCR) amplification. Lane M: 100 bp DNA ladder.

Fig. 5. Effects of template DNA concentration on the polymerase chain
reaction (PCR) amplification. Lane M: 50 bp DNA ladder; lane 1:
11.3 μg/ml; lane 2: 1.0 μg/ml; lane 3: 1.4 μg/ml; lane 4: 5.7 μg/ml.

and commercial kit application, revealed no significant
difference in terms of yield, quality, and length of the
extracted DNA (26).

In the present study, DNA was extracted using commer-
cial kit, designed to efficiently isolate genomic DNA from
FFPE specimens. The successful amplification was ob-
served only with the DNA concentration of ≥1.86 μg/ml,
which corresponded to 1.86 ng of genomic DNA per re-
action, or approximately 0.07 μg/ml of the final DNA
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concentration. The increase in the starting volume of the
DNA template did not result in satisfactory amplifica-
tion, most probably due to accompanying excess in the
EDTA-containing elution buffer residue, which has a po-
tential to inhibit the PCR reaction by chelation of ma-
gensium ions (27). In theory, even a single molecule of
DNA could be successfully amplified, and the amount of
genomic DNA appropriate for PCR has been determined
to up to 1 μg (28, 29). Yet, here we dealt with a difficult
DNA template, thus, good concentration DNA of at least
2 μg/ml proved to be a baseline condition for successful
amplification.

Concentration of Magnesium Ions

MgCl2 concentration has a significant influence on
PCR amplification efficacy, serving as an essential co-
factor that affects Taq DNA polymerase activity and fi-
delity, primer annealing, and melting temperatures, as
well as the formation of artifacts (7, 28, 30, 31). MgCl2
concentrations in PCR reactions usually range between
0.5 and 2.5 mM, depending on the concentration of both
magnesium-binding reaction components, such as tem-
plate DNA, primers, and dNTPs, and the residues of
chelators, such as EDTA (7). If MgCl2 concentration in
the reaction is too high, reaction lacks specificity, while
if it is too low, little or no amplification can be expected
(7,32). Therefore, it is recommended that each PCR setup
begins with the optimization of MgCl2 concentration, by
running several separate reactions of different magnesium
molarities.

In the present study, the MgCl2 concentration was
tested within the range of 0.5 to 2.5 mM, with the op-
timum observed at 1.5 mM. Yet, up to 2.0 mM MgCl2
also resulted in satisfactory amplification, so the criteria
for the selection were based on the subsequent restric-
tion fragment length polymorphism reactions, which gave
best results when performed on PCR products obtained
with 1.5 mM MgCl2 concentration (data not shown). The
observed range of acceptable molarities was broad most
probably due to the presence of enhancer DMSO, which
is known to improve the success of PCR reaction even at
different MgCl2 concentrations (30).

PCR Conditions: Temperature of Annealing

To optimize the PCR thermal cycling conditions, one
has to determine the optimal temperature and length of
each of the program segments, as well as the number of
cycles. Of those, the most important parameter seems to
be the temperature of primer annealing, as even the small-
est deviation of 1◦C or 2◦C could make a difference be-
tween specific and nonspecific amplification (8, 29). The
primer annealing temperature that is optimal for particu-

lar PCR reaction directly depends on the base composi-
tion of primers and their sequence length, and is usually
around 5◦C below the calculated primers melting tem-
perature, defined as the dissociation temperature of the
primer/template duplex (7, 33). In general, the anneal-
ing temperatures usually range between 55◦C and 72◦C.
However, since the G–C pair is bound by three hydrogen
bonds, while A–T pairs by only two, high GC content
corresponds to higher melting temperature and requests
higher temperature for primer annealing (30, 33).

In the present study, the annealing temperature was cal-
culated to 56◦C, but due to the high GC content of the
template, the optimum was proposed to be at least 5◦C
higher. Gradient PCR reaction showed that the optimal
annealing temperature for our PCR reaction was 61◦C,
which was even higher than predicted. As expected (20),
annealing at the lower temperature allowed nonspecific
amplification, while higher temperatures completely dis-
abled annealing, thus, yielding no PCR products. It could
be of interest to mention that “touchdown” approach,
which represents the PCR modification that includes pro-
gressive lowering of annealing temperature throughout
the cycles in order to increase both specificity and yield,
was tested as well, but with no success (data not shown).

PCR Additives: DMSO

It has been shown that some PCR reactions, especially
those involving GC-rich template, cannot be optimized
solely by adjusting concentration of components or cy-
cling conditions (7, 34, 35). In such cases, PCR additives
or cosolvents, including DMSO, glycerol, formamide, and
many others, could act as enhancers of amplification, and
have been commonly used in research practice to increase
yield and specificity of PCR reaction (8, 36–39). DMSO
is a well-described cosolvent that increases both speci-
ficity and productivity of PCR reaction, most probably
by decreasing inter- or intrastrand reannealing and forma-
tion of the problematic secondary structure (7,37,40,41).
Consequently, it reduces the melting temperature of the
primers and facilitates the PCR product strand separa-
tion, providing more efficient amplification (6, 7, 34, 41).
It should be taken into account that the concentration of
DMSO in the reaction is of ultimate importance, due to
its potential to reduce Taq DNA polymerase activity of
up to 50% (7, 37).

In the present study, addition of DMSO to the reaction
mixture turned out to be essential for successful amplifi-
cation, and none of the previously described optimization
strategies could have been implemented without its pres-
ence. Optimal concentration of 5% was determined after
testing three different options, and was within the recom-
mended range of 1–10% (7, 28).
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CONCLUSION

In conclusion, EGFR promoter region, due to its high
GC content, proved to be an extremely difficult PCR tar-
get. The optimization of the PCR conditions included
determination of optimal MgCl2 concentration and an-
nealing temperature, which, in the presence of 5% DMSO
and the DNA template of acceptable concentration, re-
sulted in successful amplification.
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