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Abstract
Aim: This study aimed to develop an allele-specific emulsion polymerase chain reaction (asePCR) 
technique for detection of cell-free circulating tumor DNA (ctDNA) in the blood plasma of cancer pa-
tients. 
Materials and Methods: Genomic DNA extracted from normal (wild-type) and thyroid cancer (mutant) 
cell lines (MCF10A and B-CPAP) were used to obtain specific dilution series (spike-in) of mu tant DNA 
with wild-type DNA. Two sequential PCR steps (regular and asePCR) were performed with specifically 
designed primers for each step to detect the spiked-in mutant DNA fraction within the wild-type nor-
mal DNA. The DNA products amplified by regular PCR were used as templates in the asePCR where 
specific reverse primers were designed to amplify either the mutant or wild-type allele while a com-
mon forward primer was covalently bound to the beads. The asePCR reaction mix was encapsulated 
in water-in-oil emulsion compartments and incubated in a thermocycler with specific PCR program 
settings. At the end of asePCR reaction, oil compartments were broken and DNA-coated beads were 
evaluated by FACS to determine the mutant and wild-type fractions for each sample.
Results: The asePCR technique successfully detected the mutant DNA in the background of wild-
type DNA (0% mutant) as a proof-of-principle. A strong correlation (r2>0.99) was found between the 
expected mutant fraction and the fraction measured by asePCR. asePCR was sensitive and specific 
enough to consistently detect various low mutant DNA fractions in the background of wild-type DNA 
with no false positives in the wild-type sample.
Discussion and Conclusion: Our asePCR can be used to detect mutant ctDNA in the plasma of can-
cer patients as a liquid biopsy method for tumor response evaluation and early detection of possible 
relapses.
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Öz
Amaç: Bu çalışmada kanser hastalarının kan plazmasında sirkülasyondaki hücresiz tümör DNA’sının 
(ctDNA) saptanışına yönelik alel-spesifik bir emülsiyon polimeraz zincir reaksiyonu (asePCR) tekniği 
geliştirmek amaçlanmıştır.
Gereç ve Yöntemler: Normal tip DNA ile mutant DNA’nın spesifik seyreltisini (spike-in) elde etmek için, 
normal (doğal tip) ve tiroit kanserli (mutant) hücre hatlarından (MCF10A ve B-CPAP) ekstrakte edilen 
iki tip genomik DNA kullanıldı. asePCR tekniğimizi doğrulamak için BRAFV600E hotspot mutasyonu 
hedeflendi. İki sıralı PCR adımı (düzenli ve asePCR), normal DNA içindeki mutant DNA fraksiyonunu 
tespit etmek için her bir adım için özel olarak tasarlanmış primerler ile gerçekleştirildi. Düzenli PCR 
ile çoğaltılan DNA örnekleri, asePCR’de spesifik olarak tasarlanmış mutant ve normal tip alel-spesifik 
primerler ve ortak primer ile kovalent olarak bağlanmış olan tanecikler ile birlikte kullanılmıştır. asePCR 
reaksiyon karışımı, mineral yağ içinde su emülsiyon bölmelerinde kapsüllendi ve spesifik PCR program 
ayarları ile bir termosistörde inkübe edildi. asePCR reaksiyonunun sonunda, mineral yağ bölmeleri 
kırıldı ve DNA kaplı taneler FACS ile değerlendirildi ve her örnek için mutant ve normal tip fraksiyonları 
sayıldı.
Bulgular: AsePCR tekniği, prensip kanıtı olarak normal tip DNA’nın (%0 mutant) arka planında mutant 
DNA’yı başarıyla tespit etti.  Bilinen mutant fraksiyonu ile asePCR ile ölçülen fraksiyon arasında güçlü 
bir korelasyon (r2>0,99) bulundu. AsePCR, normal tipteki örnekte hiçbir yanlış pozitiflik tespit etmediği 
gibi normal tip örnekteki DNA’nın arka planındaki çeşitli düşük mutant DNA fraksiyonlarını da tutarlı bir 
şekilde tespit edecek kadar hassas ve spesifikti.
Tartışma ve Sonuç: asePCR tekniğimiz, tümör yanıtını değerlendirmeye ve olası relapsları erken teş-
hise yönelik bir sıvı biyopsi yöntemi olarak, kanser hastalarının plazmasında mutant ctDNA tespiti için 
kullanılabilir. 
Anahtar Sözcükler: ctDNA; cfDNA; dijital PCR; emülsiyon-PCR; kanser; sıvı biyopsi
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INTRODUCTION
Cell-free DNA (cfDNA) has been known to circulate 
in the blood plasma since the late 1940s (1). This im-
portant observation did not get enough attention until 
the mid-1970s (2). The levels of cfDNA were reported 
to increase in the plasma or serum of sick people, in-
cluding cancer patients (3–5).  In later years, however, 
it was found that the simple increase in cfDNA levels 
was not sensitive enough to be used as a disease marker 
due to both genetic variation and other environmental 
exposures (6). In cancer patients, attempts have been 
made to specifically quantify the plasma (cell-free) 
circulating tumor DNA (ctDNA) along with normal 
DNA (7). An advanced molecular technique such as 
polymerase chain reaction (PCR) allowed researchers 
to evaluate the cfDNA both quantitatively and quali-
tatively. 

Polymerase chain reaction technique has become 
a core technique in almost every molecular biology 
laboratory (8). Since its introduction, many variations 
of it such as RT-PCR, real-time PCR, digital PCR, and 
emulsion PCR (emPCR) have been developed (8–10). 
Most recently, emulsion PCR has been utilized in vari-
ous genetic applications, especially in detection of mu-
tant DNA in tumor tissues as well as ctDNA in plasma 
samples (11). 

Digital PCR techniques made it possible to de-
tect as few as 2–3 copies of ctDNA in a milliliter of 
a patient’s plasma (10–14). While highly sensitive in 
detecting very rare variants in the background of com-
mon ones, it is also prone to produce false positives 
and false negatives. Single nucleotide variations espe-
cially can generate false positives when differentiating 
between variant alleles, such as mutant and wild-type, 
during the detection step. 

In this proof-of-principle study, we modified the 
emPCR (BEAMing) (15) into an allele-specific emul-
sion PCR (asePCR) technique in order to reduce false 
positivity, especially during the detection of ctDNA 
in the plasma. Our asePCR technique was sensitive 
enough to accurately detect the known mutant DNA 
fraction in the spiked-in mutant sample and specific 
enough to avoid false positives in the wild-type con-
trol sample. 

MATERIALS AND METHODS
DNA isolation 
Genomic DNA was isolated from the tissue-cultured 
normal mammary epithelial (MCF10A, BRAF wild-
type) and thyroid cancer (B-CPAP, BRAFV600E) cell 
lines using Qiagen DNeasy Blood & Tissue Kit (cat# 
69504) by following the manufacturer’s instructions. 
Cell lines were grown in their respective media and 
into 80–90% confluency, trypsinized and centrifuged 
at 3000 rpm in a cold centrifuge for 5 minutes. The cell 
pellet was resuspended in lysis buffer and DNA was 
isolated and eluted in 100 ml elution buffer.  

Verification of the BRAFV600E status
The MCF10A is known to be wild-type for the 

BRAF hotspot mutation site while B-CPAP cell line is 
positive for the BRAFV600E. We further verified this 
by sequencing the DNA isolated from these cell lines 
by the Sanger sequencing method. 

Primer and probe design
We used primers for each of the two consequent 

PCR steps. In the first PCR step (regular), primers 
were designed to amplify regions harboring the DNA 
variant in question. These primers amplify both DNA 
types (mutant and wild-type) equally without any 
preference since the variation is in the middle of the 
target sequence. In the second PCR step, primers for 
each mutant and wild-type DNA were designed, the 
variant being in the middle of the primers, each with 
a specific tail sequence (Figure 1 and 2). Two separate 
probes, each labeled with a specific fluorophore, were 
designed to target the tail sequence of either mutant or 
wild-type primer (Figure 2).
 Regular PCR and spike-in BRAFV600E in the 

wild-type DNA
The DNA region that harbored BRAFV600E 

hotspot mutation (~130bp) was amplified by regular 
PCR using common primer pair with tail sequences 
(Figure 1) and then the PCR product was quantified 
by Qubit fluorophore and the copy numbers for this 
size fragment were estimated as mentioned before 
(13). Four 10-fold-dilution series of the mutant frac-
tions (10%, 1%, 0.1%, and 0.01%) were prepared by 
serial mixing of the first PCR mutant and wild-type 
products. 
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 Preparing the asePCR and thermocycler 
settings 
The asePCR mix and emulsifications were pre-

pared for each BRAFV600E and BRAF wild-type sam-
ple and the rest of the steps were followed as described 
previously (13). The PCR products amplified from 
the MCF-10A and B-CPAP DNA samples were seri-
ally diluted to get 2% BRAFV600E DNA with wild-
type DNA. The reaction mix (160 ul) composed of 3 
ml of allele-specific reverse primer mix (100 mM), 6 
ml beads bound with forward primer, 8 ml Taq poly-
merase (5 units/ml), and about 5 pg of diluted PCR 
product (about 120 million copies) was added and the 
mix was encapsulated in water-in-oil emulsions with 
an average of 5 mM in size. 

Following the formation of water-in-oil emul-
sions, of which 20% should have a single DNA tem-
plate (mutant or wild-type), they were aliquoted into 
regular PCR tubes and placed in a thermocycler. The 
set thermal cycling program uses both touchdown 
and touchup to increase the annealing of allele-spe-
cific primers to their respective targets. The thermo-
cycler conditions for the asePCR included the fol-
lowing steps: (95 oC for 2’) x 1 cycle, (94 oC for 20’’, 

70 oC for 45’’, 68 oC for 1’) x 3 cycles; (94 oC for 20”, 
67 oC for 45’’, 68 oC for 1’) x 3 cycles; (94 oC for 20”, 
64 oC for 45’’, 68 oC for 1’) x 3 cycles; (94 oC for 20”, 
61 oC for 45’’, 68 oC for 1’) x 3 cycles; (94 oC for 20”, 
58 oC for 45’’, 68oC for 1’) x 3 cycles; (94 oC for 20”, 
55oC for 45’’, 68 oC for 1’) x 3 cycles; (94 oC for 20”, 64 

oC for 45’’, 68 oC for 1’) x 45 cycles. The final anneal-
ing temperature during touchdown can be as low as 
45 oC depending on the Tm and % GC content of the 
allele-specific primers.

Detection and quantification 
After asePCR, samples were processed and indi-

vidual DNA-coated beads (either wild-type or mu-
tant) were isolated and counted by FACS as described 
previously (13). The emulsions were broken down 
and beads were isolated and resuspended in 100 ml 
TE buffer. A 20 ml aliquot from suspended beads of 
each sample (wild-type and 2% BRAFV600E mutant) 
was mixed with 1 mM 5’fluorescently labeled probes 
(specific for both wild-type and mutant DNA) in a 
100 ml volume mix and placed in a thermocycler to 
carry out the hybridization reaction (Figure 2). After 
the reaction, beads were washed with wash buffer and 
then resuspended in 300 ml wash buffer.  Finally, the 
number of mutant and wild-type beads were counted 
by a FACS machine. 

RESULTS 
When mutant DNA was spiked in the background 
of wild-type DNA in four 10-fold serial dilutions, 
asePCR accurately estimated the mutant fraction per-
centage  in all these four samples. There was a strong 
correlation (r2>0.99) between the known mutant frac-
tions and the fractions estimated by asePCR (Figure 
3). The asePCR detected a mutant fraction of 0.01% in 
the wild-type background (Figure 3). 

Besides, asePCR did not produce any false positive 
results in the control sample that was wild-type DNA 
for BRAF hotspot mutation (Figure 4A) and accurate-
ly detected the known mutant DNA fraction (2%) in 
the background of wild-type DNA (Figure 4B). 
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Figure 1.  An overall schematic drawing of the allele-specific emP-
CR (asePCR) for detecting rare DNA variants. A) the common bio-
tinylated forward primer covalently attached to streptavidin-coated 
magnetic beads; B) wild-type (WT) and mutant (MT) DNA-specific 
reverse primer with specific tail sequences; C) 5’ 6-FAM fluores-
cently labeled WT tail-specific probe and 5’ Cy5 fluorescently la-
beled MT tail-specific probe.



DISCUSSION AND CONCLUSION
We modified an in-house emulsion-based digital de-
tection technique known as BEAMing to the asePCR 
technique to detect rare plasmatic ctDNA in cancer 
patients with high sensitivity and specificity (15). This 
original technique was also used in clinical samples 
of several cancer types and in detecting fetal DNA 
in the maternal blood circulation through a labori-
ous long protocol, especially during the hybridization 
of the probes producing nonspecific false positivity 
(11,13,16)

The specificity of the DNA probes for the desired 
DNA targets is critical to avoid false positives as well 
as false negatives. Reaching the highest specificity and 
sensitivity is more challenging, especially in detect-
ing a mutant variant that is very rare in the plasma of 
cancer patients. The asePCR is a digital detection tech-
nique that is open to modification for various nucleic 
acid variants (DNA or RNA) across all the genome as 
opposed to commercially available technologies. 

Currently there are several commercially available 
digital PCR platforms with various sensitivity that use 
TaqMan chemistry for high specificity (17). Since they 
are proprietary, these platforms are not open to modi-

fication except by the companies that provide costly 
reagents for only one mutant target at a time. asePCR 
can be used for many DNA mutations as well as for 
the digital detection of other nucleic acids such as 
mRNA and miRNAs. 

In conclusion, asePCR is a very specific and sensi-
tive technique in detecting rare mutant DNA and can 
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Figure 3. Serial dilution series of BRAFV600E mutant DNA with 
the wild-type DNA. Mutant DNA was diluted in 10-fold four dilu-
tion series (10% to 0.01% mutant) and samples were amplified by 
asePCR and counted by FACS and the values of known versus mea-
sured mutant fractions were graphed. There is a strong correlation 
between the expected and measured mutant fraction (r2>0.99). 

Figure 2.  A) common forward primers specific to gene region (blue line) with common adaptors (black line) specific to primer-coated beads 
and reverse primers designed to amplify the specific gene regions harboring WT and MT DNA in the initial PCR step; B) forward primers 
attached to the magnetic beads common to both WT and MT DNA, and allele-specific primers to either WT or MT DNA amplified in step 
A, each with its own specific tail sequences. The tail sequences to be annealed by specific probes, each labeled with a separate fluorophore to 
detect both WT and MT DNA-coated beads by FACS.



be used for detecting rare mutations in tumors, blood 
plasma, and other body fluids. It can also be applied to 
targeting multiple mutations from the same specimen.
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Figure 4. Representative FACS analysis of the asePCR results with A) wild-type DNA-coated beads (green events) and B) 2% mutant DNA-
coated beads (red events). Wild-type DNA-coated beads are targeted by a probe labeled with 6-FAM (FL1) and mutant DNA-coated beads 
with a probe labeled with Cy5 (FL4). 
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