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Abstract

Cancer driver mutations are clinically significant biomarkers. In precision medicine, accurate
detection of these oncogenic changes in patients would enable early diagnostics of cancer,
individually tailored targeted therapy, and precise monitoring of treatment response. Here we
investigated a novel nanolock—nanopore method for single-molecule detection of a serine/
threonine protein kinase gene BRAFV600E mutation in tumor tissues of thyroid cancer patients.
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The method lies in a noncovalent, mutation sequence-specific nanolock. We found that the
nanolock formed on the mutant allele/probe duplex can separate the duplex dehybridization
procedure into two sequential steps in the nanopore. Remarkably, this stepwise unzipping kinetics
can produce a unique nanopore electric marker, with which a single DNA molecule of the cancer
mutant allele can be unmistakably identified in various backgrounds of the normal wild-type
allele. The single-molecule sensitivity for mutant allele enables both binary diagnostics and
quantitative analysis of mutation occurrence. In the current configuration, the method can detect
the BRAF V600E mutant DNA lower than 1% in the tumor tissues. The nanolock—nanopore
method can be adapted to detect a broad spectrum of both transversion and transition DNA
mutations, with applications from diagnostics to targeted therapy.
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Oncogenic gene alterations, or driver mutations, are hallmarks of genetic determinants in
cancer initiation and progression.! As such, these genetic changes, most of which are point
mutations (single nucleotide substitutions), are cancer diagnostic biomarkers and therapy
targets. Detection of driver mutation is critical to precision oncology, allowing cancer
patients to receive individually tailored treatments.2 Although real-time PCR (RT-PCR) and
sequencing remain the main methods for quantitative driver mutation detection,34 both
diagnosis and prognosis still need accurate approaches to quantifiably determine these
genetic alterations.>~" Nanopores provide a sensitive single-molecule detection platform for
genetic,812 epigenetic,13716 and proteomicl’~19 detection, and biomolecular mechanism
exploration.20 In particular, the single-nucleotide sensitivity?1=23 makes the nanopore
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suitable for driver mutation detection. However, in spite of these efforts, the nanopore has
not shown feasibility for driver mutation detection in the clinical setting (e.g., liquid biopsy
samples). The main roadblock is that the nanopore single-molecule signatures are not
accurate enough for mutation identification in complex patient samples. Recently, the
nanopore gene sequencing technology has been rapidly advanced?4-28 toward clinical
detection, but the current sequencing accuracy remains impractical for detecting driver
mutation.2? which requires a sequencing accuracy of 99.99%.2°

Here we developed a simple nanolock—nanopore approach capable of unmistakably
discriminating single DNA molecules of mutant allele in the wild-type background, and for
the first time utilized this approach for sensitive and quantitative drive mutation detection in
cancer patient tumor tissues (Figure 1). Nanolock refers to a sort of nucleic acid motifs that
can be formed by binding of ligands such as metal ions3%~34 and designed compounds35=37
to specific base pairs for stabilization. The sequence specificity of these ligand-bound
structures suggests their potential for site-specific detection of genetic alteration. Previous
studies including our work have shown that a DNA duplex carrying a nanolock can be
detected in the nanopore as it takes a prolonged time for dehybridization (unzipping) due to
nanolock’s stabilization effect.32:33 However, the dehybridization time-based nanolock
identification has a problem. If the unzipping time distributions for DNAs with and without
nanolock are partially overlaid on each other, their DNA identities (whether carrying a
nanolock or not) in the overlay region are indeterminable. The resulting false-positive and
false-negative mutant allele identifications would cause inaccurate mutation diagnostics and
quantification. To overcome this challenge, we explored a new molecular property of the
nanolock in the nanopore. We found that the nanolock installed on the mutant allele/probe
duplex can separate the duplex unzipping process into two sequential steps. Remarkably,
such stepwise unzipping kinetics produces a unique “fingerprint” for unmistakable
discrimination of the mutant allele (carrying a nanolock) from the wild-type allele, therefore
enabling accurate, quantitative, and interference-free detection of drive mutations in patient
samples.

We used the BRAFV600E mutation as the test-bed to investigate this approach. BRAFis a
serine/threonine protein kinase. Its oncogenic variant V60OE is a clinically significant driver
mutation with high prevalence in several cancers3® (Supporting Information S1). Various
BRAF kinase inhibitors, such as vemurafenib, dabrafenib, and trametinib, have been
successfully used to target BRAF V600E positive cancers with remarkable efficacy.38
Overall, BRAF V600E is a biomarker with significant diagnostic and therapeutic
implications.

MATERIALS AND METHODS

DNA Extraction from Tumor Tissues of Thyroid Cancer Patients.

Patient tumor tissue samples were collected according to the University of Texas Health
Science Center at San Antonio institutional review board guidelines (No. 20150206N).
Tumor percentage is determined based on morphological evaluation. For each case, the H&E
(hematoxylin and eosin) stained slide was reviewed by the anatomical pathologist, and the
percentage of tumor cells in the slide was evaluated and estimated microscopically. Genomic
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DNA was extracted by the EZ1 DNA Tissue Kit and BioRobot EZ1 workstation (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. Briefly, two to five 10-um-thick
formalin fixed paraffin embedded (FFPE) sections were collected, and the FFPE tissue was
first deparaffinized in Citrisolv (Thermo Fisher Scientific, Waltham, MA) and washed in
70% ethanol. Obtained tissue was then processed using Qiagen “purification of DNA from
paraffin-embedded tissue” protocol, and DNA was eluted in 50 z1 of elution buffer. The
concentration of extracted tumor DNA was determined with a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA).

Obtaining Target Fragments from Tumor Tissue DNAs and Probe-Target Hybridization.

A conventional PCR step was used to obtain a 224-bp amplicon of the BRAF gene in
Chromosome 7, which includes the V600E mutation site in the middle of the sequence
(Table S1 for the amplicon and primer sequences). All synthetic DNAs including primers
were obtained from Integrated DNA Technologies Inc. Note that the two primers bind on
both sides of but do not overlap the V600OE mutation site. For tumor DNA detection, 100 ng
of extracted tumor DNA (20-150 ng/yl.) as template was mixed with GoTag Green Master
Mix (Promega Inc.) to 40 4L. For the synthetic amplicon experiment, 2 z1 of total amplicon
DNAs (10 nM, the mixture of the wild-type and mutant amplicons) was used as the
template. The PCR program setting was (1) 95 °C for initial 5 min; (2) 40 thermal cycles at
95 °C for 40 s, 58 °C for 40 s, and 72 °C for 40 s; (3) 72 °C for 5 min for fully extension.
After purification using the QlAquick PCR purification column (Qiagen), the PCR amplicon
(30-40 y1) was digested by Bfal and Taql (10 x, New England Biolabs) for 2 h to generate
the target fragment (40-50 yL). The solution containing digestion products was distributed
into 10 4L each. Each sample was mixed with 20 4L probe solution (100 M), followed by a
heating (95 °C)-slow cooling process, for the probe hybridization with the targets. 10-20 wL
of the resulting solution was released to the cis solution (see below) in the presence of HgCl,
(100 M) for nanolock formation and nanopore detection.

Nanopore Single-Molecule Detection.

As described previously,® the lipid bilayer membrane (1,2-diphytanoyl-sn-glycero-3-
phosphocholine, Avanti Polar Lipids) was formed on a ~150 gm orifice in a Teflon film
partition sealed between two chambers, cis and trans. A Ag/AgCl electrode was put in each
chamber to connect the chamber to a pico-Ampere current amplifier Axopatch 200B
(Molecular Devices), which applies a transmembrane voltage and records the nanopore ion
current. After obtaining a qualified membrane (capacitance: 100—200 pF, resistance: 100
GQ), 1-2 1l stock solution of a-hemolysin (synthesized using the /in vitro Transcription and
Translation system, Promega) was released into the cis solution. Single protein pores can be
spontaneously formed in the membrane when stirring.

The recording solution contained 1 M KCI and 10 mM Tris (pH 7.2). DNA samples were
presented in the cis solution. The transmembrane voltage was applied from the trans solution
(cis grounded) to drive DNA into the pore. The nanopore ion current was recorded and
filtered by the amplifier with a built-in 4-pole low-pass Bessel Filter at 5 kHz before
acquisition into the computer using a DigiData 1440A A/D converter (Molecular Devices) at
a sampling rate of 20 kHz. The current data was recorded through a Clampex program and
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analyzed using a Clampfit software (Molecular Devices). Blocks shorter than 1 ms for
ssDNA translocation were excluded from event counting. The block duration was obtained
by exponential fitting of the duration distribution in the histogram. The residual current of
each blocking level was obtained by Gaussian fitting of the current amplitude distribution in
the histogram. The result was presented as mean = standard deviation (7= 3). Experiments
were performed at 22 + 1 °C.

Single-Step versus Multistep DNA Unzipping in the Nanopore.

Our target is a 17-nt antisense fragment of the BRAF gene (Figure 2a,b, Table S1). The
V600E mutation site is located in the middle of the sequence, which is adenine (A) in the
wild-type target (TWT) and thymine (T) in the mutant target (TV600E), The target-specific
probe (P) contains a thymine (T) at the mutation site. Upon hybridization of the probe with
the target, the mutation site should form an A-T base pair in the TWTeP duplex (Figure 2a)
and a T-T mismatched base pair in the TV600E«P duplex (Figure 2b). Based on previous
studies, 3933 divalent mercuric ion (Hg?*) can bind to T-T in the TV600E«P duplex to form a
T-Hg-T motif. We added the mixture of the probe (1 M) and synthetic TWT or TV600E pNA
(1 £M) in the cissolution of the a-hemolysin pore. A transmembrane voltage (+180 mV)
was applied from the #rans side, with the cisside grounded, to capture the TWTeP or
TV600E«p duplexes from the cisentrance. Under this configuration, we investigated the
nanopore block patterns for the TWTeP and TV600E«p duplexes without and with Hg2*
(Figure 2c—f). The blocks were characterized by duration (z) and relative conductance (#/,
where /and /y are current amplitudes of the blocked and the empty pore).

In the absence of Hg?*, the TWTep and TV600E«p duplexes produced similar block patterns
(Figure 2c¢,d): a long Level A stage terminated with a downward Level B spike. For TVTep,
Level A’s relative conductance ///y was 23 + 2% and the duration zwas 500 + 60 ms. For
TV600Ep, | evel A’s /1y was 24 + 2% and t was 210 + 50 ms (Figure S1 for duration
histograms). The terminal spike in both blocks further reduced the conductance to 12 + 2%
with a short duration of 0.37 + 0.08 ms. Figure 2e shows that the addition of Hg2* did not
change the TWTeP block pattern: long Level A (///y = 24 + 1%, == 320 + 80 ms) with a
terminal spike (#//p =12 £ 1%, z=0.22 £ 0.05 ms). However, Figure 2f shows that the
TV600E«p duplex in Hg?* produced a distinct stepwise block pattern. The block (= 410

+ 50 ms) was split into two sequential long stages, with a transition from Level A (#//y =24
+ 2%, =380 + 50 ms) to lower conductance Level B (#/p =11 + 1%, =33 = 4 ms) in the
middle of the block. When using the probe P” that is fully matched with TV600E the
TV600E«p” duplex did not generate any stepwise block in the absence and in the presence of
Hg?* (Figure S2), supporting that the stepwise block by the TV600E«p duplex is due to the
interaction of Hg?* to the T-T base pair in the duplex.

The TWTep and TV600E.p plock patterns in the absence of Hg2* (Figure 2c,d) can be
explained as a one-step unzipping process.1>3% The duplex is captured and resides in the
wide nanocavity of the pore throughout Level A. Because the narrow stem (B-barrel) of the
pore in this configuration is unoccupied, the conductance of Level 1 (#/ ~ 20%) is higher
compared to the DNA translocation blocks with the pore stem occupied (#/~ 10%).15:39
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Driven by the voltage, the captured duplex is finally unzipped at the end of the block. As the
unzipping occurs, the released ssDNA simultaneously enters and trans-locates through the
pore stem, and the occupation of the pore stem results in the terminal spike with lower
conductance (Level B). The extremely short duration of the terminal spike is consistent with
that the unzipping of this duplex is a one-step cooperative process with all the base pairs
dehybridized transiently.3® As HgZ* does not form nanolock with TWTeP due to no T-T base-
pair in the duplex, its unzipping procedure is not significantly affected by Hg2* (Figure 2e).
However, Hg2* can bind to the TV600E«p duplex at the T-T base pair (mutation site). The
formation of the T-Hg-T motif can modulate TV600E«p*s unzipping kinetics (model in Figure
2f). Specifically, driven by the voltage, the unzipping starts from the terminal of the duplex
trapped in the nanopore nanocavity. Due to the stabilization effect, the unzipping is halted
when reaching the THg-T motif to form a “partial unzipping” conformation. During partial
unzipping, the released single strand is trapped into the narrow nanopore stem, leading to the
long Level B segment in the block. At the end of the block, the T-Hg-T structure is forced to
dissociate (marked by B), triggering the unzipping of the remaining duplex domain. The
unzipping during Level B stage was supported by the observation that the Level B duration
was shortened as voltage increased (Figures S3—-S4). Overall, specific binding of Hg?* to the
TV600Ep duplex can produce a stepwise unzipping kinetics, whereas the TWTeP duplex
without Hg2* binding remains a one-step unzipping kinetics.

Identifying BRAF V600E Mutation in Wild-Type Background.

The TV600E«p stepwise unzipping kinetics produces the unique block pattern (Figure 2f),
which can be used as an electric marker (e-marker) to visually distinguish the TV600E.p
duplex from the TWTP duplex. To explore whether the TV600E«p e-marker can be used to
detect TV600E jn the presence of TWT, we mixed the TV600E and TWT DNAs (1 M in total),
and varied the TV600E percentage (in molar concentration) from 10% to 90%. The target
mixture was further hybridized with the probe (1 £M) in the presence of Hg?* (10 M).
Indeed, we identified both the e-marker blocks and nonmarker blocks for each TV600E
percentage (Figure 3a). Each e-marker observed was generated by a TV600E«p duplex
carrying a nanolock, representing the identity of a TV600E molecule. The nonmarker blocks
were similar to that observed in Figure 2e, should be generated by the TWTeP duplex, which
cannot form the nanolock, and free TV600E«P duplex without nanolock formation. In
addition, we also observed short spikes in the 100 /s time scale for translocation of
unhybridized ssDNA. To quantify TV600E, for each TV600E percentage, we counted both the
e-marker (A#) and nonmarker blocks (A~) and calculated their ratio (AV#+//N-). Blocks
shorter than 1 ms, which were mainly caused by ssDNA translocation, were excluded from
the event counting. We found that A*+/ A~ demonstrates a monotonic increase with the
TVB00E percentage (Figure 3b), suggesting that the TV600EeP e-marker can be used to both
identify and quantify TV600E in the mixture with TWT.

The above result for the mutant/wild-type target mixture suggests that it is possible to detect
the mutant allele in a given clinical samples through e-marker analysis, provided that the
target (TV690E and TWT) can be obtained from patient tumor DNAs. To investigate this
possibility, we designed a long dsDNA to simulate tumor DNA to obtain the target
fragments. This DNA is a 224-bp amplicon of the BRAF gene. The V600E mutation site is
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located in the middle of the sequence (Table S1). We mixed the wild-type and mutant
amplicon DNAs, and the mutant percentage (MT%) in the mixture varied from 0% to 100%.
Both amplicons include the 7agl and Bfal cleaving sites on both sides of the mutation site.
By digestion with both endonucleases (Table S1), we obtained the target fragments TWT and
TV600E The solution containing the target fragments were hybridized with excessive amount
of the probe to form the TV600E«p and TWTep duplexes. Subsequent addition of Hg2*
allowed formation of nanolock on the TV600E«p duplex.

Figure 4a illustrates the current traces for mutant percentages of 10%, 50%, and 90%,
showing both the e-marker blocks for the TV600E«p duplex carrying a nanolock and
nonmarker blocks for duplexes without nanolock formation. The e-marker was not observed
in the absence of Hg2*. Figure 4b shows that the frequency ratio of the e-marker versus
nonmarker blocks (N +//N-) was consistently increased as MT% increased. The relation of
MT% versus A+/N- can be expressed as N /AN- = A-MT%/(1 - A - MT%), where A is the
fraction of the TV600E«p duplex that forms a nanolock (Supporting Information S2). This
result suggests that (1) the BRAFV600E mutation in the sample can be determined by
identifying the e-marker in the nanopore current trace; (2) mutation at 1% can be detected
(the limit of detection is much lower than 1%, see Discussion); (3) the MT% — A+/N-
correlation (Figure 4b) can be used to calibrate the sensor for quantifying mutant allele
frequency in a given sample; and (4) A+/N- is a qualified parameter for mutation percentage
evaluation, because this parameter is only sensitive to the mutation percentage, and is
independent to the absolute the DNA concentration.

Detection of BRAF V600E Mutation in Tumor Tissue DNASs.

To prove the concept, we investigated the use of the nanolock—nanopore sensor for BRAF
V600E mutation detection in patient tumor tissue DNAs. The tumor tissue samples of
papillary thyroid carcinomas patients were collected according to the University of Texas
Health Science Center at San Antonio Institutional Review Board guidelines (No.
20150206N). The tumor percentage (Tumor%) in each tissue sample has been evaluated
microscopically (Table S2 for sample information). For each FFPE sample, DNA was
extracted and the concentration was determined with the range of 20—-150 ng/zL. The
presence of the BRAF V600E mutation in tumor samples has been verified by Sanger
sequencing (data not shown). To promote the DNA capture efficiency and enhance the
sensitivity of the current nanopore system, we added a PCR step prior to nanopore detection
to obtain the 224-bp amplicon from the extracted tumor DNA. In this PCR, two primers
were designed to bind on both sides of, but not overlap, the mutation site. This design allows
both mutant and wild-type amplicons to be amplified with the same efficiency, therefore
enabling accurate evaluation of the mutation percentage. After digestion of the amplicons
with 7agl and Bfal, a 17-nt target fragment (TWT and TV600E) was generated. By
hybridization of the target with excessive amount of the probe, both TV600Eep and TWTep
duplexes were formed in the solution. As only the TV600E«P duplex can form the nanolock in
the presence of Hg?* and produce an e-marker in the nanopore, the observation of an e-
marker should suggest the presence of mutation in the sample, while the ratio of the e-
marker versus nonmarker blocks would be equivalent to the mutant percentage.
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In the current traces for all tumor DNA samples, we identified both the characteristic e-
marker blocks (A#) for the TV800E«p duplex carrying a nanolock and nonmarker blocks (A
-) for DNAs including the TWTeP and TV600E«p duplexes without nanolock formation
(Figure 5a). The ratio A#+/N- for each sample of different tumor cell percentage was
determined (Figure 5b), and the BRAFV600E mutation percentage (MT %) was evaluated
(Figure 5c) based on the MT% — A#//N- correlation curve (Figure 4b). The tumor cell
percentages in three tissue samples have been microscopically evaluated to be 10%, 30%,
and 90%. Their BRAFV600E MT% evaluated by the nanopore sensor was 15%, 29%, and
44% (Figure 5c), respectively. The mutation percentages of three samples were further
measured by the allele-discrimination PCR (AD-PCR) (Supporting Information S3). The
AD-PCR-measured mutation percentages for the three samples were 28%, 33%, and 48%,
respectively (Figure 5c), consistent with the nanopore result.2’

DISCUSSION

To the best of our knowledge, this is the first nanopore method capable of detecting point
mutation in tumor DNAs from cancer patients. The work owes a great deal to the finding of
a mutation sequence-specific, nanolock-generated nanopore e-marker. The e-marker-based
nanopore sensing mechanism is superior to the traditional unzipping time-based methods for
single-nucleotide discrimination. As the unzipping time of individual DNA duplexes is
randomly distributed, it cannot report the identity of a mutant DNA molecule. In contrast,
with the mutation site-specific nanolock and its e-marker in the nanopore, single mutant
DNA molecules can be accurately recognized. As both mutant and wild-type allele DNAs
are detected simultaneously in the nanopore, the false-positive result can be minimized and
the frequency of cancer mutations can be quantitatively analyzed. Ideally, observation of just
one mutant DNA e-marker in a given time would immediately suggest the presence of that
specific mutation in the sample. Therefore, the method can be sensitive enough to perform
binary (Y/N) diagnostics of cancer mutation in the given sample. For detection of 1%
mutation (Figure 4b), we have totally recorded 39 e-marker blocks (A#+) in 2 h. Under this
condition, we expect to be able to capture one mutant DNA molecule within an hour for a
0.05% mutation sample, greatly lowering the limit of detection (LOD). This LOD is superior
to the 1-5% for commercial BRAFV600E mutation detection methods, and the 10-20% for
Sanger and the pyrosequencing approaches (Supporting Information S4). With the extreme
sensitivity, this method may be used to detect circulating cell-free tumor DNA in liquid
biopsy specimens.40

The nanolock—nanopore approach can be adapted to detect various driver mutations. The
current T-Hg-T motif is suitable to the detection of nucleotide substitutions to T or A
(complementary base is T), for example, the epidermal growth factor receptor (EGFR)
variant T790 M (2369C > T) for lung cancer with acquired resistance to erlotinib/gefitinib
therapy. For detection of nucleotide substitutions to C or G, such as the EGFR lung cancer-
derived mutation L858R (2573T > G), it is possible to choose the C- or G-involved
nanolocks such as the C-Ag-C motif.34 Recently we have studied C-Ag—-C and its
application in epigenetic detection in the nanopore.18 Furthermore, a variety of compounds
have been constructed to bind a specific base pair or a group of base pairs.3> For example,
naphthyridine derivatives 2-animo-5,6,7-trimethyl-1,8-naphthyridine (ATMND) can bind to
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the C—C mismatch,3¢ and special metallointercalators can target single-base mismatches
with 1000-fold selectivity over the Watson—Crick base pairs.3” Overall, these sequence-
specific small molecule—nucleic acid interactions can build a nanolock toolbox, which
ultimately enables the nanopore to detect a broad spectrum of both transversion and
transition mutations, with applications from diagnostics to targeted therapy.
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Nanolock-nanopore detection of the BRAFV600E mutation in tumor DNAs. The target
fragments including the mutation site obtained from the patient tumor DNA are hybridized
with the probe. The mutant allele/probe duplex can form a mutation sequence-specific
nanolock with Hg2*. The stepwise unzipping of the duplex carrying a nanolock can produce
a unique e-marker signal (solid triangles) that is distinguished from nonmarker blocks
(empty triangles) produced by duplexes without nanolock formation. The e-marker can be
used to identify the presence of the specific mutation at an extremely high sensitivity and
accurately quantify the mutation percentage in a given sample.
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Figure2.
Nanopore single-molecule discrimination of the BRAFV600E mutant allele/probe duplex

containing a nanolock. (a,b) Sequences of the wild-type target/probe (TWTeP, a) and the
V600E mutant/probe (TV690E«p, b) duplexes. The TVE%E«p duplex can form an interstrand
nanolock on the T-T mismatch in the presence of Hg?* (b); (c,d) Similar current block
patterns and model cartoons for one-step unzipping of TWTeP (c) and TV600E«p (d) in the
absence of Hg?*; (e,f) Distinct current block patterns and model cartoons for one-step
unzipping of TWTeP (e) and stepwise unzipping of TV690E«p carrying a nanolock (f) in the
presence of Hg?*.
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Figure 3.
Detection of the BRAF V600E mutant target TV600F in the mixture with the TWTeP duplex.

(a) Current traces showing the e-marker signals for the TV600E«p \with a nanolock (solid
triangles) and nonmarker blocks for the TWTeP duplex and free TV600E«p duplex without
nanolock (empty triangles); (b) Increase of the frequency ratio of e-marker versus
nonmarker blocks (A#/N-) as a function of the TV600E percentage in the mixture.
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Detection of the BRAFV600E mutation using the synthetic amplicon as the template.
Synthetic wild-type and mutant amplicons (224-bp) were mixed at various mutant
percentages (MT%). (a) Current races showing the TV690E«p nanolock e-markers (solid
triangles) and nonmarker blocks (empty triangles) for the BRAF V600E mutant 224-

amplicon at percentages (MT%) of 10%,

50%, and 90%; (b) Variation of the frequency ratio

of e-marker/nonmarker block (A#/N=-) as the function of MT%. The data was fitted using eq

S1 (Supporting Information S2).
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Figure5.

Detection of the BRAFV600E mutant allele in tumor DNAs from thyroid cancer patients.
Information of papillary thyroid carcinomas patient tumor tissues was given in Table S2. The
tumor percentage (Tumor %) of the three samples were 10%, 30%, and 90%. (a) Current
traces for three tumor DNASs, showing the e-markers generated by the TV600E«p duplex
containing a nanolock (solid triangles) and nonmarker blocks (empty triangles) produced by
the TV600E«p and TWTep duplexes without nanolock formation. (b) The ratio of e-marker
versus nonmarker block frequency (A+//N-) for three tumor DNAS. (¢) The mutant
percentage (MT%) for three tumor DNAs evaluated by the nanolock nanopore method based
on MT% - A+/N- relation in Figure 4b and allele-specific PCR.
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