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           Molecular genetic testing has become one 
of the most invaluable diagnostic tools in 
guiding treatment of cancer patients with 
the arrival of personalized medicine  [1–4] . 
To be effective, the test needs to accurately 
detect the genotype of the tumor cells 
(highly specific) with high sensitivity. In 
the case of somatic mutation detection, 
samples are typically heterogeneous with 
low-frequency mutant DNA that often has 
only a single base mutation in the abundant 
wild-type (WT) DNA background. Therefore, 
assays for somatic mutation detection 
have to be specifi c enough to distinguish 
one base difference in heterogeneous 
alleles and sensitive enough to pick up a 
low-level mutation in the sample. Various 
PCR-based assay platforms  [5]  have been 
developed for somatic mutation detection, 
including quantitative (q)PCR   [6–8]  and 
digital PCR  [9,  10] . All the PCR assays refer-
enced above generate a positive fl uores-
cence signal using a fl uorescent dye-labeled 
probe molecule that is geared toward high 
specifi city. Such a target-specifi c probe-

based assay would enhance the assay 
accuracy, suppressing the false-positive 
signal generation that may come from 
unwanted amplifi cation of the abundant WT 
DNA. Despite this advantage of high degree 
of specifi city, the probe-based assay adds 
signifi cant complexity to the assay devel-
opment process in many cases because a 
new probe molecule specifi c to the target 
of interest needs to be designed, tested 
and included in each assay. Typically, this 
process takes several screening and testing 
iterations with numerous possible probe/
primer/blocker candidate combinations to 
optimize assay performance. 

 Alternatively, intercalating dye can be 
used to report positive amplifi cation of the 
PCR through fl uorescence without using an 
additional reporting probe molecule. This 
method allows the assay design and devel-
opment process to be much simpler and 
faster with an accompanying benefi t of lower 
manufacturing cost. However, this method 
forces the assay design to be highly specifi c 
without generating nonspecifi c amplicons 

from the abundant WT DNA because inter-
calating dye is not target-specifi c and any 
amplifi cation would generate a positive 
signal unlike the probe-based reaction. 

 In this study, we have developed a 
highly specifi c and sensitive qPCR assay 
to selectively amplify somatic mutations 
using an innovative concept that we call 
the T-blocker assay. The principle of the 
T-blocker assay is illustrated in  Figure 
1 . In this method, there is a blocking 
oligonucleotide (‘blocker’) and two DNA 
primers that are designed to specifi cally 
recognize distinct regions of the target 
gene. The forward primer is fully matched 
to the mutant DNA template such that the 
3′ end of the primer does not bind to the 
mismatched nucleotides of the WT DNA 
template. The blocker is designed to be 
complementary to both the WT DNA 
template and the 3′ end of the forward 
primer that is specifi c for the mutation. 
The T-blocker is formed when the 3′ end 
of the forward primer and the 5′ end of 
the blocker bind to each other and their 
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remaining nucleotides bind to the comple-
mentary strand of a WT DNA template to 
form a nonextendable triplex that does 
not allow base-pair extension such that 
no amplification occurs (Figure 1A). When 
the forward primer is fully matched to 
the mutant allele, the primer is extended, 
the blocker is displaced, and amplifi-
cation proceeds efficiently (Figure 1B). 
The extendable or nonextendable triplex 
(forward primer, blocker and DNA template) 
formation is realized by the novel blocker 
design in conjunction with the allele-
specific primer. An additional comple-
mentary nucleotide base on the 5′ end 
of the blocker is critical to stabilizing the 
non-extendable triplex. It is the additional 
base that makes the T-blocker concept 
unique. It is designed to be complementary 
to, and base pairs with, the distinguishing 
base of the allele-specific primer in the 
presence of the WT template. The base 
pairing between the additional base of 
the blocker and the discriminating base 
of the allele-specific primer establishes 
a nonextendable triplex. In this manner, 
the WT DNA amplification is more effec-
tively suppressed by the T-blocker concept 
(Figure 1A) than by the allele-specific primer 
alone (Figure 1C). The loss of this key base 
pairing in the presence of the target variant 

allele converts the complex back into an 
extendable format and target mutant 
templates will be s electively amplified 
during PCR.

A typical approach of a blocker-based 
WT suppression in low-frequency mutation 
detection utilizes the binding competition 
with the template molecules between the 
forward primer and the blocker, which 
ultimately determines the degree of WT 
suppression. Such a competition-based 
approach inherently suffers from lower 
PCR efficiency with the stronger WT 
suppression, especially when the discrimi-
nating base is in the middle of the blocking 
oligonucleotide [7]. A more recent study 
by Wang et al. [8] showed assay sensitivity 
improvement down to 0.1% by adopting 
a different blocker design called ‘allele-
specific nonextendable primer blocker’ and 
using a Taqman probe.

We have developed T-blocker-based 
assays using only intercalating dye chemistry 
to match the 0.1% detection sensitivity. As 
a test case, four assays were developed 
for activating mutations in KRAS (Kirsten 
rat sarcoma viral oncogene homolog) and 
BRAF (v- raf murine sarcoma viral oncogene 
homolog B1) genes that have been identified 
as risk factors for colorectal [11–15] and lung 
cancers [16,17].

Materials & 
methods
Genomic DNA
Genomic DNA, purchased 
from Texcell (North America, 
Inc., MD, USA), extracted 
from cell lines of SK-MEL-28 
for BRAF V600E mutation 
and HeLa are known to 
have BRAF and KRAS 
WT alleles  [18,19], respec-
tively. Genomic DNA for 
other KRAS mutations 
(G12C, G12S and G12V) 
was purchased (Horizon 
Discovery, MA, USA) as 
50% allelic frequency and 
the target allelic frequency 
was adjusted by dilution in 
WT DNA. The homozygous 
BRAF V600E mutation 
carried by the SK-MEL-28 
cell line was considered for 
the copy number estimation 
of the mutant alleles.

Oligonucleotide  design & acquisition
All the primer and blocker designs as well as 
melting temperature (Tm) calculations were 
performed with a commercial software, 
Visual OMP™ (DNASoftware, MI, USA). 
Tm was calculated with PCR conditions of 
0.2 μmol/l for primers and 1.0 μmol/l for 
T-blockers. Also included in the Tm calcu-
lation were 40 mmol/l monovalent cation, 
3 mmol/l Mg2+, 1% glycerol, 2% DMSO 
and 1 mol/l betaine. All the oligonucle-
otides were purchased (Integrated DNA 
Technologies, IA, USA) at a purity grade 
of standard desalting without HPLC purifi-
cation. Blockers were synthesized with 
amino modifications at the 3′ end, which 
does not have a free hydroxyl group for 
base extension as reported before [20]. 
No fluorescent labeling was done to any 
oligonucleotides since the intercalating 
dye-based chemistry was used for qPCR.

PCR amplification
The 20 μl PCR mix contained 50 ng of DNA 
in addition to the PCR buffer (20 mmol/l 
Tris-HCl, pH 8.3, 30 mmol/l KCl, 2% DMSO, 
1 mol/l betaine, 3 mmol/l MgCl2, 0.05% 
BSA and 0.04% Tween 20), 1.5 mmol/l 
total deoxyribonucleotide triphosphates 
(dNTP), 1x LC Green, and 1x Titanium Taq 
DNA polymerase. The primer concen-
trations were fixed at 1.0 μmol/l for PCR 
protocols while the blocker concentration 
was adjusted for the best performance from 
0 to 5.0 μmol/l individually for each assay as 
discussed below. Template DNA of 50 ng 
per reaction is estimated to have ∼15,000 
copies based on 3.3 pg/genome. Typically a 
single plate has four kinds of reactions with 
WT DNA only, 10–50% mutant representing 
a high load for positive control, 0.1% mutant 
representing our target assay sensitivity, and 
no template control (NTC).

PCR reactions were run on a CFX96 
platform (Bio-Rad Laboratories, CA, USA) 
with only one fluorescence channel of 
SYBR/FAM detecting LC green fluores-
cence. We developed a unique PCR 
protocol, a modified three-step protocol, 
to facilitate assay sensitivity. Unlike the 
conventional three-step PCR, the modified 
three-step protocol has an additional 
annealing step at a higher temperature of 
68°C for 10 s followed by a lower temper-
ature annealing/extension step at 64°C for 
10 s with a 95°C denaturing step for 5 s. 
The first annealing step was introduced to 
help anneal the blockers with templates 
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before the primers, as discussed in more 
detail below. All the PCR reactions were 
performed with 45 cycles of this modified 
three-step PCR protocol in addition to the 
initial 30 s of hot start. Each run was accom-
panied by a melting analysis at the end to 
verify the PCR products. Melting analysis 
was performed only for the assay devel-
opment purpose and is not required for the 
mutant/WT genotyping calls. To determine 
cycle of threshold (Ct) of the qPCR in a 
consistent manner, the threshold was set 
manually at 500 with the baseline setting of 

‘Baseline subtracted curve fit’ in the Bio-Rad 
Laboratories CFX software. To check for the 
individual assay sensitivity and specificity, 
three 96-well plates were run totaling 24, 96, 
96 and 72 reaction replicates of high-load 
mutant (10 or 100%), 0.1%, WT and NTC, 
respectively.

Results & discussion
With the completely new assay design 
concept of T-blocker described above, 
we have tested several conditions to study 

feasibility of selective amplification of the 
mutant DNA and efficient WT suppression. 
Several conventional two- and three-step 
PCR protocols with different step durations 
as well as titrations of Mg2+, primer, enzyme 
and dNTPs (data not shown) have been 
tested to achieve the largest Ct separation 
between WT and 0.1% mutant reactions. 
After several iterations, we observed that 
the PCR protocol played the most critical 
role in achieving 0.1% detection sensitivity 
in the case of the T-blocker assay. We 
started with a two-step PCR to simplify 
the protocol development process, but 
WT suppression was not readily established 
with an optimized annealing temperature 
alone. Thus, we considered a few other 
protocols and observed that introducing 
another annealing step at a slightly higher 
temperature before the second annealing 
step produced the best result in terms of 
WT suppression rate. It was inferred that 
the extra annealing step would help the 
blockers bind with the templates before 
the primers, which may suppress extension 
from the mispriming of the allele-specific 
primer with the WT template molecules. 
Based on this finding, two T-blocker assay 
principles were established and utilized, 
one in the assay design and the other in the 
PCR protocol. First, Tm of the blocker was 
adjusted significantly higher than the allele-
specific primer by 6–11°C as seen in Table 
1. Second, a new annealing step at 68°C 
was added before the second annealing/
extension step to facilitate blocker hybrid-
ization before primer binding. Table 1 shows 
sequences of the primers, blockers and 
their Tm’s. For the BRAF V600E, we used 
the same allele-specific primer and reverse 

 

A B

C

Figure 1. Illustration of the T-blocker assay concept with an example of A to T mutation. (A) Triplex of 
forward primer, blocker and WT template with 3′ end base ‘A’ on forward primer forms a base-pairing 
with 5′ end base ‘T’ on blocker resulting in a tight three-way binding triplex (inverse T shape) and 
preventing base extension due to 3′ end base modification on the blocker. (B) With a mutant tem-
plate participating in the complex, 3′ end blocker opens up due to noncomplementary base pairing 
between T–T. Instead, 3′ end of primer forms an A–T base pairing with the mutant template, allow-
ing the forward primer to be base-extended and displacing the blocker. (C) An alternative configura-
tion to the triplex with the WT template in duplex only with a primer, but this configuration is sup-
pressed significantly compared with the triplex due to a base mismatch at the 3′ end of the primer. 
WT: Wild-type.

Table 1. Sequence of the primers, blockers and their melting temperatures.

Name Sequence Tm (°C)

BRAF V600E

Allele-specific primer GTGATTTTGGTCTAGCTACAGA 60

Reverse primer TCAGTGGAAAAATAGCCTCAATTC 62.4

Blocker TTGAAATCTCGATGGAGTGGGT 67.3

KRAS G12S

Allele-specific primer ATGACTGAATATAAACTTGTGGTAGTTGGAGCTA 71.4

Reverse primer AGAATGGTCCTGCACCAGTAA 64.8

Blocker TGGTGGCGTAGGCAAGAGTGCCTTGACG 77.7

KRAS G12C

Allele-specific primer CTGAATATAAACTTGTGGTAGTTGGAGCTT 67.4

Blocker AGGTGGCGTAGGCAAGAGTGCCTTGACG 78.4

KRAS G12V

Allele-specific primer TGAATATAAACTTGTGGTAGTTGGAGCTGT 68.3

Blocker AGTGGCGTAGGCAAGAGTGCCTTGACGA 77.9

Tm’s were computed using Visual OMP™. All KRAS assays share the same reverse primer noted in the G12S assay. 
Tm: Melting temperature.
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primer pair from Zhou et al.’s earlier work 
with a novel blocker [21].

Once we finalized the PCR protocol, 
a number of candidate primers and 
blockers were studied to select the best 
performing allele-specific primer and 
blocker combination. Typically, 3–5 primer 
candidate oligonucleotides were tested 
that have different Tm’s, which composed 
15–25 primer–blocker combinations. The 
first screening was done based on the 
performance of the WT suppression and 
minimum NTC activity without any mutant 
DNA. Any oligonucleotide combination that 
showed a high occurrence of Ct below 
40 with WT DNA or NTC was rejected. 
The combinations that passed this first 
screening test were tested with 0.1% mutant 

DNA at a fixed ratio of 1:5 between allele-
specific primers and blockers. One or two 
combinations were chosen that show the 
largest Ct separation between the 0.1% 
mutant and 100% WT reactions. In this 
test phase, we also considered the PCR 
efficiency in such a way that Ct of 0.1% 
reaction is well within 45 cycles. Once the 
best-performing combination at a fixed 
primer to blocker ratio (1:5) was identified, 
the ratio between the primer and the blocker 
was titrated as shown in Figure 2 (KRAS 
G12S). When there are only allele-specific 
primers without blockers, 1% mutant 
curves (red) are barely distinguishable 
from the WT curves (green) as seen in the 
top left panel of Figure 2. As the blocker 
ratio increases, the separation between 

0.1% mutant curves (blue) and WT curves 
becomes more pronounced and can clearly 
be distinguished when the ratio reaches 1:5 
as seen in the bottom right panel. These 
data present clear supporting evidence 
that blockers are playing the strong WT 
suppression role expected from the 
T-blocker concept.

Once the primer to blocker ratio was 
determined, an assay sensitivity test at 
0.1% mutant frequency was executed 
by significantly increasing the number of 
replicates. For all four assays presented 
here, three 96-well plates were run to 
check the sensitivity of each assay, which 
included 96, 96, 24 and 72 replicates 
for 0.1% mutant, WT, 10% (or 100% 
for V600E) mutant, and NTC reactions, 
respectively, as shown below in Figure 
3A. More replicates were run for 0.1% 
mutant and WT cases since the assay 
sensitivity depends on the Ct separation 
between these two cases.

Figure 3 shows the qPCR data from 
the KRAS G12S assay as a representative 
for four assays presented in this work. 
Figure 3B includes all 96 qPCR curves 
from one of the three sensitivity plates, 
and it is very clear that 0.1% and WT 
curves are separated. All Ct’s from the 
three sensitivity plates are consolidated 
in a single graph shown in Figure 3C, 
visualizing that a single Ct cut-off at 41.07 
(black dashed line) can be determined to 
achieve 100% sensitivity and specificity. 
The single cut-off was determined at a 
mid-point between the lowest Ct from WT 
reactions and the highest Ct from 0.1% 
reactions. This excellent assay accuracy 
at a mutant allelic frequency as low as 
0.1% demonstrates the robustness of the 
T-blocker assay concept in two regards. 
First, the amplification of the mutant allele 
is highly selective and efficient such that 
the Ct spread at 0.1% allelic frequency 
is tight enough without overlapping with 
those from WT reactions. Second, the 
suppression of the WT amplification is 
also very effective such that the lowest 
Ct of the WT reactions is still more than 

 

Primer:blocker = 1:0 Primer:blocker = 1:1

Primer:blocker = 1:5Primer:blocker = 1:2.5

Figure 2. Titration experiment of the primer:blocker ratio from 1:0 to 1:5 of the KRAS G12S 
assay. The separation of cycle of threshold (Ct) between 0.1% (blue curves) mutant and WT 
(green curves) reactions grows as blocker ratio increases. All the curves were acquired in a single 
run with eight replicates per case per sample. With the blocker titration result at a small scale as 
shown in Figure 2, another set of tests was run with a larger number of replicates with the two best 
performing blocker ratios to pick the best ratio. For the example of G12S assay shown above, only 
1:2.5 and 1:5 ratios were run again with twice the number of replicates, which led to selecting the 
blocker ratio of 1:5 (data not shown). The primer to blocker ratios of the other three assays were 
optimized following the same procedure described above and the best ratios were determined 
to be 1:1, 1:2.5, and 1:2.5 for KRAS G12C, KRAS G12V and BRAF V600E assays, respectively. 
WT: Wild-type.

Table 2. 0.1% mutant sensitivity and specificity data of four assays developed in this work.

Assay 0.1% mutant Ct's Ct cut-off Sensitivity Specificity

KRAS G12V 36.98 ± 0.83 39.60 100% (96/96) 100% (96/96)

KRAS G12C 37.19 ± 0.59 39.69 100% (96/96) 99.0% (95/96)

KRAS G12S 38.49 ± 0.71 41.07 100% (96/96) 100% (96/96)

BRAF V600E 38.85 ± 0.62 41.23 100% (96/96) 100% (96/96)

Specificity data were obtained by analyzing the Ct's of 96 wild-type reactions per assay. 
Ct: Cycle of threshold.
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1 cycle higher than the highest Ct of 
0.1% reactions. We were able to achieve 
comparable performance from the other 
three assays as presented in  Table 2 .  

  Table 2  shows the sensitivity and 
specifi city data from all four assays based 
on the above Ct cut-off criteria. Sensi-
tivity considers only 0.1% mutant reactions 
and specifi city considers only 96 WT 
reactions. All four assays were shown to 
achieve 100% sensitivity with 96 replicates 
collected from three different plates run 
by two operators. Moreover, we were able 
to concurrently achieve high specifi city 
of 100% with 96 WT reactions except for 
the KRAS G12C assay, which had only 
one false-positive signal. On top of the 
high accuracy of individual assays, these 
data also support the excellent applica-
bility of the T-blocker assay concept to 
broad assay targets. 

 All the DNA used in this work was 
genomic DNA extracted from cell lines. To 
verify the four assays presented here with 
clinical samples, our next step is to test 
with DNA extracted from blood plasma or 

formalin-fi xed paraffi n-embedded (FFPE) 
tissues that is expected to have smaller 
fragmentations than cell line DNA. In that 
case, a reference assay to quantify the 
amplifi able input DNA amount is expected 
to be necessary to compensate any quanti-
fi cation errors due to DNA degradation or 
fragmentation. 

 Compared with the assays presented 
in other works  [7,  8] , T-blocker has a few 
advantages. It is much simpler to design 
using the intercalating dye-based chemistry 
since it does not need a separate labeled 
probe, as discussed above. Therefore, 
the initial screening effort to fi nd the right 
combination of oligonucleotides (primer, 
blocker and probe) is greatly reduced. This 
advantage also reduces manufacturing 
cost by having one less component in the 
assay. The nonspecifi c amplifi cation can 
be monitored by running a melting analysis 
at the end of the run, which we did for all 
experiments. However, this is only optional 
since we have demonstrated excellent 
assay accuracy without depending on the 
melting analysis in this work. 

A B

C

 Figure 3.       KRAS G12S assay sensitivity and specificity data.   (A)  Plate setup for sensitivity test that 
holds 8x 10% mutant, 32X 0.1% mutant, 32x wild-type and 24x NTC reactions. Three plates of this 
configuration were run per assay.  (B)  qPCR data from one of the three sensitivity plates for G12S 
showing a clear separation between 0.1% and wild-type reactions. The green horizontal straight line 
in the graph indicates the threshold universally set at 500.  (C)  Ct’s from all three sensitivity plates for 
G12S consolidated in a single graph to visualize the Ct cut-off to separate between 0.1% mutant and 
WT reactions achieving 100% sensitivity and 100% specificity. Note that any data point at the bottom 
of the graph indicates Ct was not detected until 45 cycles and that no NTC reactions registered any Ct’s.
Ct: Cycle of threshold  ; NTC: No template control.
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In conclusion, we have developed a 
novel T-blocker assay concept that can 
detect a rare DNA mutation in heteroge-
neous samples. We successfully demon-
strated its applicability of detecting down 
to 0.1% allelic frequency in four different 
assays with a large number of replicates 
achieving 100% sensitivity and close to 
100% specificity.
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