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Cancer Diagnostics

Multiplex Detection of Clinically Relevant Mutations in
Liquid Biopsies of Cancer Patients Using a
Hybridization-Based Platform
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BACKGROUND: With the advent of precision oncology,
liquid biopsies are quickly gaining acceptance in the
clinical setting. However, in some cases, the amount of
DNA isolated is insufficient for Next-Generation
Sequencing (NGS) analysis. The nCounter platform
could be an alternative, but it has never been explored
for detection of clinically relevant alterations in fluids.

METHODS: Circulating-free DNA (cfDNA) was purified
from blood, cerebrospinal fluid, and ascites of patients
with cancer and analyzed with the nCounter 3 D Single
Nucleotide Variant (SNV) Solid Tumor Panel, which
allows for detection of 97 driver mutations in 24 genes.

RESULTS:  Validation experiments revealed that the
nCounter SNV panel could detect mutations at allelic
fractions of 0.02-2% in samples with >5 pg mutant
DNA/pL. In a retrospective analysis of 70 cfDNAs
from patients with cancer, the panel successfully
detected EGFR, KRAS, BRAF, PIK3CA, and NRAS
mutations when compared with previous genotyping in
the same liquid biopsies and paired tumor tissues
[Cohen kappa of 0.96 (CI=0.92-1.00) and 0.90
(CI=0.74-1.00), respectively]. In a prospective study
including 91 liquid biopsies from patients with different
malignancies, 90 yielded valid results with the SNV
panel and mutations in EGFR, KRAS, BRAF, PIK3CA,
TP53, NFE2L2, CTNNBI, ALK, FBXW, and PTEN
were found. Finally, serial liquid biopsies from a patient
with NSCLC revealed that the semiquantitative results
of the mutation analysis by the SNV panel correlated
with the evolution of the disease.

concLusioNs: The nCounter platform requires less
DNA than NGS and can be employed for routine mu-
tation testing in liquid biopsies of patients with cancer.

Introduction

Although genetic analysis of tumor tissue provides use-
ful information for prognosis and treatment decision
making, a significant percentage of patients with
advanced-stage cancer cannot be biopsied or the amount
of tumor tissue is insufficient for genetic analyses. In ad-
dition, repeated sampling for monitoring the course of
the disease and detecting the emergence of mechanisms
of resistance is frequently not feasible. Liquid biopsies
constitute a minimally invasive, safe, and sensitive alter-
native in these cases; and are quickly gaining acceptance
in the clinical setting (1-7).

Circulating-free DNA (cfDNA) purified from
blood or other body fluids (8) is the most commonly
used type of liquid biopsy. In patients with cancer,
cfDNA contains a variable fraction of DNA originating
in the tumor cells (circulating tumor DNA, or ctDNA)
and can be used to identify clinically relevant mutations,
amplifications, and gene fusions (4, 8-10), with poly-
merase chain reaction (PCR) based methods and tar-
geted Next-Generation Sequencing (NGS) being the
most frequently used techniques. The nCounter plat-
form (NanoString Technologies) is a relatively novel
technology initially developed for multiplex analysis of
RNA molecules, and has been successfully applied for

*Pangaea Oncology, Laboratory of Oncology, Quiron Dexeus University Hospital,
Barcelona, Spain; PUniversitat Auténoma de Barcelona, Barcelona, Spain; Dr Rosell
Oncology Institute, Quiron Dexeus University Hospital, Barcelona, Spain; “Medical
Oncology Service, Hospital de Sant Pau, Barcelona, Spain; *NanoString Technologies,
Seattle, WA; Department of Pathology, Thoracic Oncology Unit, Hospital Clinic,
Barcelona, Spain; ®Translational Genomics and Targeted Therapeutics in Solid Tumors,
Institut d'lnvestigacions Biomediques August Pi i Sunyer, Barcelona, Spain; "Cancer
Biology and Precision Medicine Program, Catalan Institute of Oncology, Germans Trias i

©American Association for Clinical Chemistry 2021.

Pujol Health Sciences Institute and Hospital, Badalona, Barcelona, Spain; ‘Medical
Oncology, Thoracic Oncology Unit, Hospital Clinic, Barcelona, Spain.

*Address correspondence to this author at: Laboratory of Oncology/Pangaea Oncology,
Quirdn Dexeus University Hospital, Sabino Arana 5-19, 08028 Barcelona, Spain. Fax
+34 935460142; e-mail mamolina@panoncology.com.

Received May 12, 2020; accepted September 30, 2020.

DOI: 10.1093/clinchem/hvaa248

554

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

€202 YOJB|\ 0} U0 1s9nB Aq $0/S609/4SS/E/L9/0101HE/WSYIUIID/W0D dNO"0lWapeoe)/:SARY WO} POPEOJUMOQ



nCounter for Mutation Detection in Liquid Biopsies

the detection of clinically relevant fusion transcripts and
gene signatures in tumor tissues (11-13). In addition, a
new hybridization probe chemistry has been developed
for the detection of hotspot somatic variants in tumor
tissue samples (14). However, despite the growing num-
ber of laboratories using nCounter, the platform has
never been tested for the routine analysis of liquid
biopsies.

In this study, we performed a retrospective valida-
tion on collection-stored cfDNA samples that revealed
an excellent correlation of nCounter with other method-
ologies for mutation detection. Then, we prospectively
analyzed fluids derived from patients with cancer and
were able to detect a substantial number of relevant
mutations, demonstrating that nCounter can be imple-
mented in the clinical setting for the routine testing of
liquid biopsies.

Material and Methods

PATIENTS AND CELL LINES

Fifteen liquid biopsy samples from healthy donors and
70 from patients with cancer were used for the retro-
spective validation of the nCounter Vantage 3D DNA
Single Nucleotide Variant (SNV) Solid Tumor Panel
(NanoString Technologies) (Table 1). All of them had
been stored in a sample collection approved by the
Spanish Ministry of Health (reference number
C.0005039). Then, 91 liquid biopsies (Table 2) from
83 patients collected in 6 Spanish hospitals were ana-
lyzed with the same panel (see Tables 1 and 2 in the
online Data Supplement). The study was carried out in
accordance with the principles of the Declaration of
Helsinki under an approved protocol of the institutional
review board of Quirén Hospitals. Written informed
consent was obtained from all patients and documented;
samples were deidentified for patient confidentiality.
Clinical information collected from each patient was
limited to stage, gender, smoking status, and tumor his-
tology. Cell lines with EGFR, KRAS, PIK3CA, BRAF,
and NRAS mutations were used for analytical validation
purposes and also as positive and negative controls

(Supplemental Table 3).

DNA ISOLATION

Plasma samples (10mL) were collected in sterile
Vacutainer tubes (BD) and cerebrospinal-, pleural-, and
ascitic-fluid samples (3-500mL) in sterile containers.
After 2 consecutive centrifugation steps (500g, 10 min),
ofDNA was purified using the QIAsymphony® DSP
Virus/Pathogen Midi Kit and a QIAsymphony robot
(Qiagen), following the manufacturer’s instructions.
Initial volume was 1.2mL, final elution volume was
30pul. DNA concentration was estimated using
Qubit®. Finally, DNA from the cell lines was purified

Table 1. Characteristics of the liquid biopsies in-
cluded in the retrospective cohort.
Characteristics N=70 (%)
Type of tumor
Lung cancer 49 70
Colorectal cancer 11 15.7
Breast cancer 1 1.4
Melanoma 5 7.3
Leukemia 1 1.4
Pancreatic 1 1.4
Endometrial 1 1.4
Ovarian 1 1.4
Type of fluid
Plasma 62 88.6
Ascites 3 4.3
Serum 3 4.3
Pleural fluid 1 1.4
Cerebrospinal fluid 1 1.4
Mutations previously detected by NGS or Q-PNA-PCR
EGFR 19 271
KRAS 9 12.
BRAF 11 15.7
NRAS 1 1.4
PIK3CA 3 4.3
EGFR and PIK3CA 2 2.8
KRAS and PIK3CA 1 1.4
BRAF and PIK3CA 1 1.4
NRAS and KRAS 2 2.8
No mutations 21 30

using the DNA Easy® extraction kit (Qiagen), according

to the manufacturer’s instructions.

MUTATION DETECTION BY NCOUNTER

The nCounter Vantage 3D DNA SNV Solid Tumor
Panel enables detection of 97 driver mutations in 24
clinically relevant genes (online Supplemental Table 4).
For mutation detection using nCounter, 5 pL of puri-
fied fDNA and a reference DNA (NanoString
Technologies, provided with the panel) were subjected
to a 21-cycle preamplification step in a Verity thermal
cycler (Applied Biosystems), according to the manufac-
turer’s instructions. Amplified DNA was denatured at
95°C for 10 minutes and hybridized at 65 °C for 18—
24 hours with the SNV pool, which contains mutation-
and exon-specific probes that bind to DNA indepen-
dently of the presence of mutations. Capture, cleanup,
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Table 2. Characteristics of the samples prospectively
evaluated in the study.
Characteristics N =90 (%)
Tumor type and histology
Lung cancer 51 56.6
Adenocarcinoma 42 46.6
Squamous 2 2.2
Others 7 7.7
Colorectal cancer 20 22.2
Adenocarcinoma 19 211
Others 1 1.1
Breast cancer 4 4.4
Melanoma 4 4.4
Others 11 12.2
Collection time
Basal 62 68.8
Progression 8 8.8
Follow up 18 20
Unknown 2 2.2
Type of fluid
Plasma 87 96.7
Pleural fluid 1 1.1
Cerebrospinal fluid 2 2.2

and digital data acquisition were performed using the
nCounter Prep Station™ and Digital AnalyzerTM
(NanoString Technologies) (Supplemental Fig. 1).

DATA ANALYSIS

Count values were exported to Excel 2016 (Microsoft)
using  nSolver  software  v.4.0  (NanoString
Technologies). For each mutation, samples with count
values lower than the reference DNA were automatically
considered negative and excluded from further analysis.
The reference consists of a wild-type DNA that does
not harbor any mutation and allows estimating the
“background noise” counts for every mutation targeted
by the kit. The remaining mutation-specific counts were
normalized using the geometric mean of the exon
counts of the corresponding gene in the same sample.
The same procedure was applied to the count values de-
rived from the reference DNA. Finally, the mutation-
specific normalized counts of the samples were divided
by the corresponding normalized counts of the reference
DNA and the result was subjected to a base-2 logarith-
mic transformation to obtain the log MUT values. For
every mutation in the SNV panel, the average log MUT
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of all the negative samples for this particular mutation
included in the retrospective study plus 3 SD was estab-
lished as the cut-off value for positivity. The only excep-
tions were KRAS mutations, where the mean plus 2 SDs
was used.

MUTATION TESTING BY PNA-Q-PCR AND NGS

Samples used in the retrospective validation had been
previously genotyped by quantitative PCR in presence
of a peptide-nucleic acid (PNA-Q-PCR) or NGS (4, 8,
9, 15, 16). For details about these 2 techniques, see the
Supplemental Methods.

Results

ANALYTICAL VALIDATION

First, we analyzed 15 cfDNA samples purified from the
blood of healthy donors. All of them tested negative for
the 97 mutations targeted by the Vantage 3D DNA
SNV panel. Next, using DNA from 2 mutant cell lines,
we found that 5pg of mutated genomes per PL were
sufficient to detect EGFR 15-bp deletions and KRAS
G12C mutations (Supplemental Table 5). Serial dilu-
tions of a mixture of DNAs from 13 mutant cell lines
spiked into a pan-negative cfDNA were employed to de-
termine the limit of detection of the panel. Mutations
in EGFR, KRAS, NRAS, and PIK3CA were detected at
allelic fractions between 0.02 and 2% (Supplemental
Table 6). Finally, spiked samples of 2 mutant cell lines
and a ¢fDNA purified from the blood of a patient who
tested KRAS GI12D positive were tested on
different days by different operators, and the reproduc-
ibility of the SNV panel was found to be 100%
(Supplemental Table 7).

RETROSPECTIVE VALIDATION IN CLINICAL SAMPLES

A total of 70 liquid biopsies from patients with cancer
were used in the retrospective validation of the
nCounter SNV panel. Most of them corresponded to
plasma samples (z=62), but sera (n=3), ascites
(n=13), PE and CSF (n=1 each) were also represented
(Table 1). Regarding tumor types, the majority of sam-
ples were from patients with lung cancer (z=49), fol-
lowed by colorectal cancer (7= 11), melanoma (7 =5),
and other malignancies (z=75). All liquid biopsies in
the retrospective cohort had been previously genotyped
for EGFR, KRAS, BRAF, NRAS, and PIK3CA hotspot
mutations by NGS or PNA-Q-PCR. The cfDNAs were
reanalyzed using the nCounter SNV panel, the counts
for each mutation were normalized, and positive and
negative samples identified as explained in Methods (see
also Supplemental Fig. 2). The results obtained for 3
representative hotspot mutations are shown in Fig. 1. In
all cases, the distribution of the normalized counts was
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Fig. 1. Results of the mutation detection by nCounter in the retrospective cohort (n = 70) for 3 representative mutations, L858R
in a) EGFR, b) G12C in KRAS, and c) V60OE in BRAF. Left, individual normalized counts in the liquid biopsy samples, expressed
as log MUT values. The dotted lines indicate the threshold. Right, distribution of the log MUT values.

bimodal, with the mutant samples representing a differ-
ent subpopulation.

The results of the previous (fDNA genotyping were
used for comparison purposes (Fig. 2). For EGFR, KRAS,
BRAF, NRAS, and PIK3CA mutation detection, nCounter
and NGS/PNA-Q-PCR showed concordance rates rang-
ing from 97.1 to 100% and Cohen kappas from 0.91 to
1.00 (Table 3). If the 5 genes were considered together,
mutation status by nCounter showed an almost perfect
agreement with previous genotyping, with only 4

discordant cases, 0.96 Cohen kappa (CI=0.92-1.00),
and 98.9% concordance (CI = 97.1-99.7%).

The 4 discordant samples were further investigated
(Fig. 2). One corresponded to a plasma sample with a
T790M in EGFR detected by PNA-Q-PCR at an ex-
tremely low allelic fraction (0.004%), well below the
limit of detection of the nCounter SNV panel. The only
discordant sample for BRAF had been positive for a
V600K mutation by PNA-Q-PCR, with a 2.1% allelic
fraction. The plasma sample had been stored for 4 years
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Table 3. Concordance of mutation detection by nCounter with NGS and PNA-Q-PCR in liquid biopsy samples. The 95% con-
fidence intervals are indicated for the overall results.

nCounter vs NGS/PNA-Q-PCR

Genes® EGFR KRAS BRAF NRAS PIK3CA Overall

No. of concordant results 69 68 70 70 346

No. of discordant results 1 2 0 0 4

Sensitivity 100% 93.3% 100% 100% 100.0% 94.7% (Cl=85.4-98.9%)
Specificity 98.0% 98.2% 98.3% 100% 100.0% 99.7% (Cl=98.1-100%)
Concordance 98.6% 97.1% 98.6% 100% 100.0% 98.9% (Cl=97.1-99.7%)
Cohen kappa 0.96 0.91 0.95 1.00 1.00 0.96 (C1=0.92-1.00)

Samples not carrying a mutation in a particular gene were used as negatives for this gene, independently of the mutational status of other genes.
Abbreviations: NGS-Next-Generation Sequencing; PNA-Q-PCR-quantitative PCR in presence of a quencher-labeled peptide nucleic acid.

at the moment of the nCounter analysis and showed
very low exonic counts, indicating cfDNA degradation.
Regarding the 2 samples discordant for KRAS, one cor-
responded to a plasma positive for a Q61L mutation by
nCounter but negative by PNA-Q-PCR and one to a
serum sample harboring a G12S mutation by PNA-Q-
PCR at 0.12% allelic fraction, not detected by
nCounter.

Paired tissue samples with complete genotyping
results were available for 30 liquid biopsies included in
the retrospective study. For EGFR, KRAS, BRAF,
NRAS, and PIK3CA mutation detection, nCounter in
liquid biopsy showed 71-100% sensitivity and 100%
specificity vs paired tissue (Supplemental Table 8).
When the 5 genes were considered together, mutation
status in liquid biopsy by nCounter showed an almost
perfect agreement with previous genotyping in tissue bi-
opsies, with a Cohen kappa of 0.90 (CI=0.74-1.00)
and a 97.3% concordance (CI =93.1-99.2%).

Finally, we compared the log MUT values obtained
by nCounter with the allelic fractions previously found
by NGS or PNA-Q-PCR in the same samples. For this
analysis, we selected the KRAS-positive liquid biopsies
and we found a linear correlation between the log
MUT KRAS values and the log, of the KRAS mutant
allelic fractions derived from NGS or PNA-Q-PCR
(R* = 0.63; Pearson »=0.80; Supplemental Fig. 3).

PROSPECTIVE ANALYSIS OF LIQUID BIOPSIES

During a 6-month period (December 2018 to June
2019), liquid biopsy samples from 83 patients with can-
cer were collected, submitted to DNA extraction, and
prospectively analyzed using the SNV nCounter panel.
Six patients had 2 or more fluid samples available
(Supplemental Table 1) bringing the total number of
liquid biopsies tested to 91. In all cases, the concentration

of purified cfDNA was less than 1 ng/mL, as measured
by Qubit. Despite these low concentrations, only one of
the 91 liquid biopsies showed very low exonic counts and
was considered as not evaluable.

The characteristics of the 90 liquid biopsy samples
finally included in the prospective study are presented in
Table 2. The majority of them corresponded to plasma
samples (= 87), although 2 CSF and a PE were also
included. Regarding the type of malignancy, most liquid
biopsies were obtained from patients with lung cancer
(n=51); followed by colorectal (CRC) (7= 20), breast
(n=4), melanoma (n=4), prostate (n=3), and other
tumors (z=8), including thyroid, ovarian, pancreatic,
sarcoma, and kidney cancer.

The results of the mutation analysis by nCounter
are presented in Fig. 3A. Among the 51 fluid samples
from patients with lung cancer, mutations in EGFR
were found in 7 samples; 3 harbored exon 19 deletions,
3 exon 21 point mutations and one a G719A mutation
in exon 18. Regarding KRAS mutations, 7 samples were
positive for the G12 (n=4), Q61 (n=2), or GI3
(n=1) positions. Hotspot mutations in PIK3CA were
found in 4 lung cancer liquid biopsies, 3 of them com-
ing from the same patient (see next). Finally, 11 samples
harbored mutations in a variety of genes, including
PTEN, CTNNBI, GNAQ, NFE2L2, FGFR2, FBXW7,
TP53, and ALK. The 2 liquid biopsies positive for ALK
mutations corresponded to patients in progression to
ALK targeted therapies. In the case of the patients with
CRC, 2 out of 20 liquid biopsies were positive for
KRAS mutations and one each for BRAF, NRAS, and
CTNNBI. Finally, among samples collected from
patients with other malignancies, a G12D mutation in
NRAS was found in 2 serial samples from a melanoma
patient in progression to BRAF/MEK inhibitors, while
2 consecutive liquid biopsies from a pancreatic cancer
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Fig. 3. a) Heatmap representing the results of the mutation detection by nCounter in the liquid biopsies included in the pro-
spective cohort (n =90). b) Case report of an EML4-ALK advanced NSCLC patient. Results of the mutation analysis of serial blood
samples using the nCounter SNV panel are presented, together with the clinical evolution of the patient.

patient harbored the 1195T mutation in 7P53 and a
thyroid sample a Q61R mutation in NRAS.

Eighty-four of the 90 liquid biopsy samples in the
prospective cohort had not been previously submitted
to any kind of testing. The remaining 6 samples (4
blood and 2 CSFs) had been analyzed using liquid bi-
opsy NGS panels, yielding invalid results. Interestingly,
all of them were evaluable by nCounter, which detected
drivers in 2, a KRAS G12D mutation in a blood sample,
and a L1196M ALK resistance mutation in a CSF.

VALIDATION OF RESULTS OF THE PROSPECTIVE TESTING

A subset of 16 cfDNA samples from the prospective co-
hort with remaining material was subsequently submit-
ted to NGS for validation purposes. The subset
included samples from the 11 patients carrying muta-
tions in genes not validated in the retrospective part of

560 Clinical Chemistry 67:3 (2021)

the study; such as 7P53 or ALK (Fig. 3, A). The NGS
panel employed did not cover CTNNBI, FBXW7,
FGFR2, or GNAQ and mutations in these genes could
not be confirmed. For the rest of genes, NGS showed
concordant results with nCounter for EGFR (n=4),
TP53 (n=3), PIK3CA (n=2), NRAS (n=2), ALK
(n=1), and NFE2L2 (n=1) mutations. Sequencing
only failed to detect a PTEN mutation, while 2 samples
were not evaluable due to insufficient material (Fig. 3, A

and Supplemental Table 9).

MUTATION ANALYSIS OF SERIAL SAMPLES

A clinical case where serial liquid biopsies were collected
will be described in further detail (Fig. 3, B). It corre-
sponded to a patient with lung cancer, diagnosed in
February 2016, harboring an EML4-ALK fusion and
wild-type for EGFR, KRAS, BRAF, and PIK3CA in
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tumor tissue at presentation. The patient started ceriti-
nib on February 2016, which was replaced by alectinib
3 months later due to hepatic toxicity. The patient was
in remission for more than 2 years, and the 4 serial
blood samples obtained from April 2016 to June 2017
were pan-negative by the nCounter SNV panel. In con-
trast, 2 mutations were detected in a fifth sample col-
lected in April 2018, E545K in PIK3CA and E79Q in
NFE2L2, at log MUT values of 2.1 and 3.2, respec-
tively. The patient showed radiological progression in
multiple sites 4 months later, in August 2018. Alectinib
was then replaced by brigatinib, a blood sample
obtained in October revealed a substantial increase in
the log MUT values of both mutations, which rose to
5.6 and 7.8. A subsequent radiological evaluation dem-
onstrated lack of response to brigatinib. Atezolizumab
was then administered, but the log MUT values further
increased in blood, to 7.6 and 10.1; an evaluation of re-
sponse on February 2019 revealed progression of the
disease. Lorlatinib was finally started and the patient
underwent a partial response that was accompanied by a
substantial decrease in the log MUT values of the 2
mutations in plasma, which dropped to 2.2 and 4.0.
Five serial samples from the patient had remaining
material after nCounter, and PIK3CA mutations were
tested by PNA-Q-PCR for validation purposes. The
results showed a good agreement with those previously
obtained by nCounter (Supplemental Table 10).

Discussion

Precision oncology, based on the assessment of molecu-
lar markers predictive of treatment outcome, has trans-
formed clinical practice for many types of cancer. Since
tumor tissue is not always available or sufficient for ge-
netic testing, liquid biopsies have quickly gained accep-
tance in the clinical setting (1-7). Initially, blood and
other fluids from patients with cancer were mainly
employed to detect clinically relevant mutations in
EGFR, KRAS, NRAS, or BRAF using PCR-derived tech-
niques targeting a limited number of exons (17).
However, in the last few years, several NGS platforms
have been adapted to the requirements of liquid biopsies
and are being used by a growing number of laboratories.

The nCounter technology is a multiplex
hybridization-based assay (18) that differs from NGS
techniques, being based on direct counting of the RNA
or DNA molecules (19). The technology has been
adapted for the detection of mutations in DNA purified
from tumor tissue (14) by the design of 3 types of
probes (S, M, and T). S probes have 2 binding regions,
one detecting the presence of the mutation and the
other binding to a nearby wild-type sequence; while M
probes act like signal attenuators of the wild-type
sequences, and T probes facilitate detection

(Supplemental Fig. 1). The nCounter technology has
been widely used in research studies to simultaneously
determine mRNA expression levels of hundreds of genes
in biological samples (20, 21), including liquid biopsies
of patients with cancer (22, 23). Some of these explor-
atory studies have led to the identification of expression-
based signatures to discriminate malignant lung nodules
(24) and predict outcome to immunotherapy in solid
tumors (25) or drug sensitivity in prostate cancer (26).
However, nCounter has never been used for routine
testing of liquid biopsies of patients with cancer and the
only signature in clinical use is the U.S. Food and Drug
Administration-approved, tumor tissue-based Prosigna,
which determines the risk of recurrence in breast cancer
(11, 12, 27).

Here we have described the validation of the
nCounter SNV panel, which can detect mutations and
small indels in 27 genes, for the genotyping of liquid bi-
opsy samples; followed by the implementation of the as-
say for the prospective testing of blood and other fluids
of patients with cancer. During the validation study, we
found that 5 pg of mutant DNA, purified from 1.2 mL
of blood or other body fluids, was sufficient for success-
ful analysis. Regarding limits of detection, using spiking
experiments with cell lines we found values of 0.02-2%
allelic fraction. The concentration of ¢fDNA in the lig-
uid biopsy samples used in our study ranged between
0.1 and 0.5ng/pl, and 5pL were loaded in the
nCounter assay; meaning that the total cfDNA input
was 500-2500 pg. Since 5 pg of mutant DNA are re-
quired, the minimum allelic fractions needed for muta-
tion detection in liquid biopsy samples by nCounter
would be 0.1-0.02%, coinciding with the values found
in cell line experiments. In contrast, using cfDNA
inputs lower than 500 pg could lead to higher limits of
detection.

The limits of detection of the nCounter SNV panel
compare favorably with the requirements of liquid bi-
opsy NGS assays (Supplemental Table 11) and the low
requirement of input material explains that, among the
91 liquid biopsies prospectively analyzed with the panel,
only 1 (1.1%) sample could not be evaluated.
Remarkably, valid results could be obtained for 2 CSF
samples, which are usually collected at small volumes
and contain particularly low amounts of cfDNA (8, 28,
29). One of them corresponded to a patient who was
EMIL4-ALK positive progressing to targeted therapies,
where a L1196M resistant mutation was identified and
used for the selection of subsequent therapies. Of note,
NGS had been previously attempted with these 2 CSFs
but yielded invalid results due to insufficient DNA
concentration.

Finally, comparison with results obtained in tissue
biopsies revealed diagnostic sensibility and specificity of
84.6% and 100%, respectively. All these values are in
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the range of those reported for liquid biopsy NGS plat-
forms such as Guardant Health or Oncomine
(Supplemental Table 11). One of the limitations of our
study was that the number of paired tissue samples was
limited and the confidence interval calculated for the di-
agnostic sensitivity had a wide range, from 66.4 to
93.8%. However, we were able to compare the results
obtained by nCounter in all the liquid biopsies in the
retrospective cohort with the previous genotyping of the
same samples by NGS or PNA-Q-PCR, showing an al-
most perfect agreement, with 99% concordance and a
0.96 Cohen kappa (CI = 0.92-1.00).

During prospective testing, EGFR mutations were
found in 7/51 liquid biopsy samples from the patients
with NSCLC analyzed (13.7%) (30), a percentage in
the range of the frequency described in European popu-
lations, while KRAS mutations were detected in another
7 patients; EGFR and KRAS mutations were mutually
exclusive, as expected. In the case of CRC, KRAS,
NRAS or BRAF mutations were found in 5 out of 21
(23.8%) of liquid biopsies. This relatively low preva-
lence can be explained in 2 ways, (4) a considerable
number of the patients with CRC were stage I-1IIA,
with less tumor burden than advanced patients; and (4)
3 out of 21 samples corresponded to samples of patients
in response to therapy. Finally, results obtained in serial
liquid biopsies indicate that the nCounter SNV panel
could be used to follow the evolution of patients with
cancer. Although allelic fractions as such cannot be esti-
mated, the log MUT values were directly dependent on
allelic fractions and could be easily calculated and moni-
tored (Fig. 4).

The nCounter platform confers several advantages
over NGS techniques for mutation detection in liquid
biopsies. It requires a substantially lower amount of
material, has a 24—48 h turnaround time with relatively
short hands-on time, sample preparation is simple com-
pared to NGS, and data analysis is straightforward and
does  not  require  bioinformatics  expertise
(Supplemental Fig. 1). The main disadvantage of the
nCounter platform is that, not being a sequencing
technique, it cannot detect mutations other than those
contained in the SNV panel, although the panel can be
customized. Detection of mutations by nCounter can
be particularly useful in some settings. Examples in-
clude liquid biopsies with small volumes and/or low
concentrations of cfDNA, such as CSF samples (8) or
pleural and peritoneal lavages (16); liquid biopsies
where NGS has failed; or patients with cancer who are
in urgent need of genetic testing to determine whether
they are eligible for targeted therapies. Also, the
nCounter SNV panel is well suited for monitoring
patients in response to therapy where repeated NGS of
liquid biopsies would not be cost-effective and can be
spared until progression.
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In summary, we have demonstrated that the
nCounter SNV panel, initially developed for tumor tis-
sue samples, shows an analytical performance similar to
NGS in liquid biopsies, requires less material, and can
be implemented for multiplex detection of somatic
mutations in the clinical setting. Our results also pave
the way for testing the performance of nCounter for the
detection of other relevant alterations in liquid biopsies
from patients with cancer, such as gene fusions or ex-
pression levels of genes predictive of response to
immunotherapy.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.
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SNV, single nucleotide variant; fDNA, circulating-free DNA;
NSCLC, nonsmall cell lung cancer; CSF, cerebrospinal fluid; PE,
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ALK receptor tyrosine kinase; FBXW7, F-box and WD repeat domain
containing 7; PTEN, phosphatase and tensin homolog.
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