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ABSTRACT
Background The absence of high- quality next- 
generation sequencing (NGS) reference material (RM) 
has impeded the clinical use of liquid biopsies with 
plasma cell- free DNA (cfDNA) in China.
Objective This study aimed to develop a national RM 
panel for external quality assessment and performance 
evaluation during kit registration of non- small- cell 
lung cancer (NSCLC)- related Kirsten rat sarcoma viral 
oncogene (KRAS)/neuroblastoma ras oncogene (NRAS)/
epidermal growth factor receptor (EGFR)/B- type Raf 
kinase (BRAF)/mesenchymal–epithelial transition factor 
(MET) genetic assays using plasma circulating tumor 
DNA (ctDNA).
Methods Mutation cell lines detected by NGS and 
validated by Sanger sequencing were selected to 
establish the RM. Cell line genomic DNA was sheared 
and used to spike basal plasma cfDNA at 10% 
concentration. Then, the calibration accuracy was 
determined by four sequencing platforms. Average values 
were adopted and diluted to 0.1%, 0.3%, 1% and 
3% concentrations with basal plasma as the RM panel. 
Then, five manufacturers were invited to evaluate the 
performance of the RM panel.
Results 20 cell lines with 23 clinically important 
mutations were selected, including six mutations in 
KRAS, two mutations in NRAS, three in BRAF, four in 
phosphatidylinositol-4,5- bisphosphate 3- kinase catalytic 
subunit alpha (PIK3CA), six in EGFR, one EGFR Gain 
(4-5 copy) and one MET Gain (2-5 copy). The RM panel 
consisted of 87 samples, including these 21 mutations at 
four concentrations (0.1%, 0.3%, 1% and 3%), one MET 
gain, one EGFR gain and one wild type. The detection 
rate was 100% for the 3%, 1% and 0.3% samples at all 
five companies. For the 0.1% concentration, 15 samples 
had inconsistent results, but at least three companies 
had correct results for each mutation.
Conclusion RM for a KRAS/NRAS/EGFR/BRAF/MET 
mutation panel for plasma ctDNA was developed, which 
will be essential for quality control of the performance of 
independent laboratories.

INTRODUCTION
Lung cancer is the most common incident cancer 
and is the leading cause of cancer death in China.1 
There were 520 000 new lung cancer cases and 
631 000 lung cancer deaths in China in 2015. 
First- line platinum doublet chemotherapy is the 

backbone of treatment for patients with newly 
diagnosed metastatic non- small- cell lung cancer 
(NSCLC).2 However, treatment of an unselected 
population leads to low response rates and modest 
survival effects, highlighting the need for target 
therapy, which significantly improves survival and 
reduces side effects, especially in NSCLC.3 Targeted 
therapies are currently approved for EGFR muta-
tions, anaplastic lymphoma kinase (ALK) and ROS 
proto- oncogene 1 (ROS1) gene rearrangements and 
BRAF mutations,4 with the list of emerging ‘action-
able’ targets growing.

The molecular basis of lung cancer is complex 
and heterogeneous. In lung cancer, tumourigenesis 
involves the activation of growth- promoting genes 
such as EGFR, KRAS, BRAF, meiosis- specific serine/
threonine protein kinase 1 (MEK1), hairy- related 2 
(HER2), MET, ALK and ret proto- oncogene (RET), 
and the inactivation of tumour suppressor genes 
such as tumour suppressor p53 (TP53), phospha-
tase and tensin homolog deleted on chromosome 
10 (PTEN) and liver kinase B1 (LKB1).5 The list 
of mutations with approved targeted therapies 
includes EGFR mutations (in 30%–40% of Asians 
and 10%–20% of Caucasians),6 7 ALK rearrange-
ments (in up to 6%),8 ROS1 rearrangements (1%)9 
and BRAF mutations (in 2%).10 Other targets with 
therapies that are not approved for use in NSCLC 
include HER2, RET, MET and neurotrophin 
receptor kinase (NTRK). Thus, the precise detec-
tion of gene mutations at an early stage is of great 
benefit in patient treatment. With many approved 
targeted therapies, performing multiplex testing 
is extremely important in NSCLC. Virtually all 
patients who respond to frontline EGFR tyrosine 
kinase inhibitor therapy develop resistance. The 
most common mechanism of acquired resistance 
is the EGFR exon 20 p.T790M mutation (≈50% 
of patients). Osimertinib is a US Food and Drug 
Administration (FDA)- approved drug for treating 
acquired EGFR exon 20 p.T790M resistance.11

Tumour biopsies are the standard for obtaining 
tumour DNA; however, biopsies cannot always 
be obtained, and their interpretation may be 
confounded by intratumour heterogeneity,12 13 
which could lead to false- negative results and subop-
timal therapy selection. Furthermore, tissue- based 
tumour profiles provide only a snapshot of tumour 
heterogeneity and cannot be obtained repeatedly, are 
not suitable for monitor response to treatment, and 
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assess the emergence of drug resistance.14 Graph- based methods 
usually require comparison of images before and after cancer 
therapy, a technique that cannot be used for selecting patient 
treatment. Therefore, it is necessary to develop a novel non- 
invasive method to predict the effectiveness of cancer therapy. 
The presence of cell- free nucleic acids (cfDNA) in human blood 
was first described in 1948.15 Elevated cfDNA was first found in 
patients with cancer in 1977.16 In 1989, Stroun et al reported that 
at least some cfDNA in the plasma of patients with cancer origi-
nates from cancer cells.17 This circulating tumour DNA (ctDNA) 
is mainly released through apoptosis, with some from secretion 
or necrosis.18 The analysis of ctDNA is likely to play a major 
role in personalised cancer therapy by enabling the non- invasive 
genotyping of clinically actionable tumour- derived variants to 
guide therapy selection19 20 and to detect emergent, actionable 
variants associated with resistance during targeted therapy.21–23 
Personalised cancer therapy based on plasma ctDNA assess-
ment as companion diagnostics have obtained FDA approval for 
patients with advanced stage NSCLC (EGFR mutational assess-
ment in treatment naïve patients when tissue is not available or 
inadequate for molecular analysis, and in resistance setting to a 
first or second generation tyrosine kinase inhibitor in order to 
detect the EGFR exon 20 p.T790M). Analysis of ctDNA is also 
helpful when tumour material is unavailable and for monitoring 
disease progression and relapse.

Allele- specific PCR kits have been approved for clinical use in 
detecting hot- spot mutations in serum and plasma,24 but these 
have limited analytical sensitivity. Digital PCR (dPCR) assays 
using microfluidic platforms are quantitative and very sensitive, 
but it is difficult to develop a multiplex assay that avoids the 
need to split samples for multiple reactions. They are nonethe-
less suited in investigating a small number of mutations and are 
often applied to the analysis of cancer hot- spot mutations. Based 
on targeted sequencing using PCR amplicons or hybrid capture, 
next- generation sequencing (NGS) is used to detect more loci. 
NGS can also detect amplifications, deletions and fusion in a 
single test,25 and promises to improve diagnostic yield.

Plasma ctDNA genotyping based on NGS can enable conve-
nient detection of clinically actionable mutations in patients 
with NSCLC. Many independent laboratories have devel-
oped in- house NGS panels and offer services to patients, and 
dozens of companies have submitted registration requirements. 
However, the interpretation of NGS data remains challenging 
owing to the low concentrations, complexity of the genome 
and technical errors that are introduced during sample prepara-
tion, sequencing and analysis. These errors can be mitigated by 
using reference standards. However, the absence of high- quality 
reference material (RM) has impeded the detection of KRAS/N-
RAS/EGFR/BRAF/MET gene variants in plasma cfDNA based on 
NGS in China. In this study, we established a set of RMs to eval-
uate the performance of companion diagnostics to target therapy 
for NSCLC. These RMs are suitable for external quality assess-
ment and performance tests during kit registration procedures 
for oncogene mutation tests using plasma cfDNA based on NGS, 
dPCR and real- time fluorescence qualitative PCR.

MATERIAL AND METHODS
Study design
In principle, NGS- based plasma ctDNA test can be used 
for targeted therapies in patients with NSCLC on different 
sequencing platforms. We designed the RM set which includes 
different concentrations of common variants in EGFR, KRAS, 
NRAS, BRAF and PIK3CA, and a MET amplification (figure 1). 

All of these mutations have been frequently targeted clinically 
and reported in the literature, and play roles in anticancer 
therapeutics.

Sample collection and DNA extraction
Cancer genomes can easily be obtained from cell line culture and 
can be mixed with matched cell lines to simulate blood plasma. 
Here, 20 cell lines containing target mutations were selected for 
RM preparation and then purchased from the American Type 
Culture Collection (ATCC) (Manassas, Virginia, USA). The 
mutations were determined by NGS and validated by Sanger 
sequencing and fluorescence in situ hybridisation (FISH).

Genomic DNA was extracted using the QIAamp DNA FFPE 
Tissue Kit (QIAGEN, Valencia, California, USA) according to 
the manufacturer’s instructions. The quality of all samples was 
checked using a Thermo NanoDrop 2000c (Life Technologies, 
Carlsbad, California, USA). The concentrations were recorded 
with Qubit V.3.0 (Life Technologies, Carlsbad, California, USA).

Preparation of 10% mutation samples and accuracy 
calibration
First, 998 healthy controls aged 23–45 years were recruited to 
prepare basal plasma. Informed written consent was obtained 
from each control who agreed to participate in this project. 
Then, 50–200 mL of peripheral blood was collected in EDTA 
tubes from each of healthy control. Plasma was separated with 
a two- step centrifugation protocol and pooled as mixed plasma 
samples. In detail, peripheral blood was collected into EDTA- 
containing blood tubes and centrifuged at 1600×g for 10 min 
at 4°C. The plasma was transferred and centrifuged again at 
16 000×g for 10 min at 4°C to remove residual cells. The plasma 
aliquots were then carefully transferred to clean tubes. Then, 
cfDNA was extracted from 200 µL of plasma using the QIAamp 
DSP Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany) 
and quantified. Only plasma not including the reference muta-
tions was selected; the remaining plasma was mixed as the basal 
plasma preparation and stored at −80°C before using.

We added mutation DNA fragments to the mixed plasma 
samples in a DNA ratio of 1:9 and called these the 10% muta-
tion plasma samples. Other reference samples were prepared 
using the same protocol.

Five companies (BGI Genomics, Geneplus- Beijing, Berry 
Genomics, Annoroad Gene Technology and CapitalBio) were 
invited to conduct calibration accuracy tests of the 10% muta-
tion samples with four sequencing platforms (BGISEQ-500, 
Ion Proton Torrent, NextSeq 500 and MGISEQ-2000). DNA 
libraries were constructed according to individual modified 
protocols. The average concentration was set as the defined 
concentration.

RM preparation and performance tests
The analysis of tumour DNA in a patient’s blood offers a non- 
invasive way to detect cancer and monitor responses to therapy. 
Unfortunately, the sensitivity of circulating DNA analysis is 
limited by the amount of tumour DNA in the blood and by 
the methods of detection.26 Target therapy would benefit from 
improvements in analytical sensitivity as long as high specificity 
was maintained. The samples were diluted in basal plasma to 
prepare 3%, 1%, 0.3% and 0.1% RMs. Then, 4.2 mL aliquots 
of the RM plasma samples was put in 5 mL tubes and stored at 
–80°C. Basal plasma was used as a negative control. Each plasma 
aliquot was frozen and thawed only once.
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Five participating centres (BGI- Shenzhen, Shenzhen, China; 
Geneplus Technology, Beijing, China; Nanjing Geneseeq Tech-
nology; Amoy Diagnostics; and Genetron Health, Beijing) using 
four NGS platforms (MGISEQ-2000, NextSeq 550AR, NextSeq 
500 and Ion Proton Torrent S5) were invited to assess the accu-
racy and specificity of detecting the oncogene variants in the 
RMs. To test homogeneity, BGI- Shenzhen tested three cfDNA 
RMs; the other participants tested one each. The detection 
methods followed standard operating procedures for the rele-
vant oncogene variant detection kits of each laboratory.

Statistical methods
The χ2 test was used at a significance level of 5% to compare the 
detection rate among NextSeq 550AR, NextSeq 500, MGISEQ-
2000 and Ion Proton Torrent.

RESULTS
Preparation, validation and quantification of mutation cell 
lines and basal plasma
We prepared 23 mutations in 20 cell lines to produce ctDNA 
RM that included six mutations in KRAS (exon 2 p.G12D, exon 
2 p.G12C, exon 2 p.G12A, exon 2 p.G13D, exon 2 p.G12S and 
exon 2 p.G13C), two in NRAS (exon 3 p.Q61K and exon 3 p.
Q61R), three in BRAF (exon 15 p.V600E, exon 11 p.G469A and 
exon 15 p.L597V), four in PIK3CA (exon 10 p.E542K, exon 10 
E545K, exon 21 p.1047R and exon 21 p.1047L), seven in EGFR 
(exon 20 p.T790M, exon 18 p.G719S, exon 21 p.L858R, exon 

19 p.E746_A750del, exon 19 p.L747_E749del, exon 19 p.E746_
S752>I and 4-5 copy EGFR Gain) and one 2-5 copy MET Gain. 
Three cell lines had two mutations: NCI- H1975 had exon 20 p.
T790M and exon 21 p.L858R in EGFR; NCI- H2087 had exon 
3 p.Q61K in NRAS and exon 15 p.L597V in BRAF; and HCC287 
had exon 19 p.E746_A750del in EGFR and the 45- copy EGFR 
Gain. The details of the mutations are presented in table 1. 
All mutations were detected by NGS and validated by Sanger 
sequencing or FISH. Genomic DNA was prepared, digested 
and recycled. Most of the sheared DNA was around 160 bp. 
The DNA concentration (1.82–12.16 µg) and recovery rate 
(2.8%–53.7%) differed greatly among the 20 cell lines, which 
might have been caused by differences in the total numbers and 
morphology of cells.

Quality control of the performance of independent labora-
tory NGS panels and performance testing in the kit registra-
tion process have a lot of demand for the RMs in China. In the 
present study, 150 L of basal plasma was collected and pooled. 
cfDNA was extracted and tested by NGS and dPCR, plasma 
without RM mutations was selected for RM preparation. The 
cfDNA concentration of the prepared basal plasma was 6.5 ng/
mL.

Preparation and quantification of the 10% mutation 
standards
To prepare the 10% mutation standards, sheared genomic DNA 
from 20 cell lines was diluted with the basal plasma cfDNA for 

Cell lines selection from ATCC

Mutations Validation

20 cell lines with 23 clinically 
important mutations

gDNA extraction

Fragmented gDNA and size 
selection

Healthy controls blood

Plasma 
isolation

Quality Control

Basal plasma

10% RMs preparation

Quality Control

 Defined concentration 3, 1, 0.3 and 0.1% RMs

Performance tests by 5 
centres using 4 

sequencing platforms

Homogeneity 
tests

Calibration by 5 manufactores 
with 4 sequencing platforms

Figure 1 Flowchart of reference material (RM) development. ATCC, American Type Culture Collection.
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the 23 mutations. Online supplementary table 1 gives the details 
of the amount of DNA and conformity degree of preparation 
for each cell line. To quantify the actual allelic frequency of the 
23 mutations in the prepared 10% standards, a NGS assay was 
performed. The variant frequency ranged from 7.78% (MET 
Gain) to 14.12% (exon 21 p.L858R in EGFR). The actual allelic 
frequencies differed slightly from the expected frequencies, but 
were stable.

To adjust the RM fits with different NGS platforms, the 10% 
mutation standards were distributed to five manufacturers to 
evaluate the allelic frequencies using their in- house NGS panels 
on four platforms: NextSeq 500 (Illumina), BGISEQ-500 (BGI), 
Ion Proton Torrent (Thermo Fisher) and MGISEQ-2000 (MGI). 
The allelic frequencies were obtained from the five partici-
pants, and the average was used as the frequency for the series 
of concentrations of prepared RM. While the allelic frequen-
cies differed significantly among the participants, the average 
showed higher conformity (5.4%~12.96%). The detailed results 
are shown in table 2.

Performance of the RMs
The RMs consisted of 87 samples, including 21 mutations at 
four concentrations (0.1%, 0.3%, 1% and 3%), one MET gain, 
one EGFR gain and one wild type (online supplementary table 
2). The RMs were distributed to five manufacturers to evaluate 
the performance of their in- house NGS- based cancer kits. Four 
participants received one set of 87 RMs, and one received three 
sets of RMs to test their uniformity. No significant differences 
were observed among the replicated measurements of each 
mutation result, except for inconsistency due to the failure of 
NGS testing among the 0.1% RMs (online supplementary table 
3). These results indicate that the RMs have good consistency.

The results for the five participants with the 3%, 1% and 
0.3% allelic frequencies were consistent with the theoretical 
results (figure 2), except for one 0.3% RM sample for which one 
participant could not construct a library. These results indicate 
that 0.3% RMs can be determined stably.

At 0.1% concentration, the five participants failed to detect 
15 RMs. Participant 1 failed to detected three RMs (KRAS exon 
2 p.G12C, NRAS exon 3 p.Q61R and EGFR exon 19 p.E746_
S752>I). Participant 2 failed to detect 11 RMs (KRAS exon 
2 p.G13C, BRAF exon 15 p.V600E, BRAF exon 11 p.G469A, 
BRAF exon 15 p.L597V, PIK3CA exon 10 E545K, PIK3CA 
exon 21 p.1047R, EGFR exon 18 p.G719S, EGFR exon 21 p.
L858R, EGFR exon 19 p.E746_A750del, EGFR exon 19 p.
L747_E749del and EGFR exon 19 p.E746_S752>I). Partici-
pant 3 failed to detected seven RMs (KRAS exon 2 p.G12C, 
NRAS exon 3 p.Q61K, NRAS exon 3 p.Q61R, BRAF exon 11 p.
G469A, PIK3CA exon 10 E545K, EGFR exon 18 p.G719S 
and EGFR exon 19 p.L747_750>P). Participant 4 failed to 
detect six RMs (KRAS exon 2 p.G13C, NRAS exon 3 p.Q61K, 
NRAS exon 3 p.Q61R, BRAF exon 15 p.L597V, PIK3CA exon 
10 E545K and PIK3CA exon 21 p.H1047L). Participant 5 
detected all of the mutations except one 0.3% RM sample 
for which no library was constructed. Each 0.1% concentra-
tion RM was detected correctly by at least three participants. 
For EGFR and MET amplification, one participant’s kit did 
not contain this analysis, and the other four participants gave 
correct results. Therefore, except for failure to construct one 
sample library, all mutations were reported correctly for the 
3%, 1% and 0.3% concentration RMs (online supplementary 
table 4). No mandatory requirements were set for the 0.1% 
concentration RMs.

Table 1 The information of cell line mutations

No. Gene AA variation NA variation Cosmic number Cell line Mutation rate

1 KRAS p.G12D c.35G>A COSM521 LS180 45.52%

2 KRAS p.G12C c.34G>T COSM516 NCI- H23 75.32%

3 KRAS p.G12A c.35G>C COSM522 SW1116 61.65%

4 KRAS p.G13D c.38G>A COSM532 HCT-15 46.41%

5 KRAS p.G12S c.34G>A COSM517 A549 100.00%

6 KRAS p.G13C c.37G>T COSM527 NCl- H1355 47.04%

7 NRAS p.Q61K c.181C>A COSM580 NCI- H2087 30.35%

8 NRAS p.Q61R c.182A>G COSM584 NCI- H2347 99.88%

9 BRAF p.V600E c.1799T>A COSM476 A2058 30.19%

10 BRAF p.G469A c.1406G>C COSM460 NCI- H1395 96.63%

11 BRAF p.L597V c.1789C>G COSM470 NCI- H2087 38.76%

12 PIK3CA p.E542K c.1624G>A COSM760 T84 71.10%

13 PIK3CA p.E545K c.1633G>A COSM763 NCI- H596 47.98%

14 PIK3CA p.H1047R c.3140A>G COSM94986 MDA- MB-453 66.50%

15 PIK3CA p.H1047L c.3140A>T COSM776 GP2D 48.00%

16 EGFR p.T790M c.2369C>T COSM6240 NCI- H1975 75.78%

17 EGFR p.G719S c.2155G>A COSM6252 SW48 28.77%

18 EGFR p.L858R c.2573_2574delTGinsGT COSM12429 NCI- H1975 70.50%

19 EGFR p.E746_A750del c.2236_2250del15 COSM6225 HCC827 60.06%

20 EGFR p.L747_E749del c.2239_2247delTTAAGAGAA COSM6218 HCC 4006 62.49%

21 EGFR p.E746_S752>I c.2235_2255>AAT COSM12385 HCC 2935 16.17%

22 EGFR Gain / / HCC827 4–5 copy

23 MET Gain / / Hs 746T 2–5 copy

AA, amino acid; BRAF, B- type Raf kinase; EGFR, epidermal growth factor receptor; KRAS, kirsten rat sarcoma viral oncogene; MET, mesenchymal- epithelial transition factor; NA, 
nucleotide residue; NRAS, neuroblastoma ras oncogene; PIK3CA, phosphatidylinositol-4,5- bisphosphate3- kinasecatalytic subunit alpha.
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318 Xu J, et al. J Clin Pathol 2021;74:314–320. doi:10.1136/jclinpath-2020-206745

Original research

DISCUSSION
Increasingly, NGS is being applied to clinical diagnosis because it 
can analyse DNA or RNA sequences in a single test and provide 
qualitative and quantitative information, thereby promising 
improved diagnostic yield for determined mutations, inser-
tions/deletions and fusions in a single assay.27 The NGS process 
includes sample preparation, library construction, sequencing 
and bioinformatic analysis, which increase the risk of both false- 
positive and false- negative diagnoses. Many of these errors can 
be mitigated with the use of reference standards. However, 
unlike hereditary disease caused by germline mutations, it is 
difficult to establish stable, renewable, well- characterised RM 

for cancers. Tumour samples are typically small and finite, and 
do not provide a ready source of RM. Heterogenetic tumour 
samples also make it difficult to develop homogeneous RM.28 
Cell line cultures can provide cancer genomes and can be mixed 
with matched cell lines to simulate blood plasma.29 Here, we use 
selected tumour- derived cell lines to prepare RM. The cell lines 
selected were (1) readily acquired and (2) included common 
cancer mutations that were (3) included in commercial registra-
tion kits. Based on these principals, 20 cell lines that included 23 
mutations in six genes (EGFR, KRAS, NRAS, BRAF, PIK3CA and 
MET) were selected.

Table 2 Collaborative calibration of 10% allelic frequencies of mutation samples

No. Mutation

BGI CapitalBio Annoroad Geneplus Geneplus BerrYgenomics

AveBGIseq 500 Proton Nextseq550 Nextseq 500 MGI 2000 Nextseq 500

1 Wild type / / / / / /

2 KRAS:p.G12D 8.57% 9.56% 5.19% 6.6% 7.0% 9.9% 7.81%

3 KRAS:p.G12C 13.76% 11.50% 8.66% 10.6% 9.3% 12.4% 11.04%

4 KRAS:p.G12A 12.56% 9.89% 6.95% 10.0% 9.4% 11.6% 10.07%

5 KRAS:p.G13D 8.01% 8.37% 6.19% 6.9% 5.4% 6.3% 6.87%

6 KRAS:p.G12S 10.97% 10.17% 8.03% 7.9% 8.8% 7.9% 8.97%

7 KRAS:p.G13C 10.42% 7.49% 5.28% 8.6% 8.3% 8.5% 8.09%

8 NRAS:p.Q61K 11.97% 12.80% 8.97% 7.7% 7.9% 8.8% 9.68%

9 NRAS:p.Q61R 10.76% 13.55% 11.06% 9.6% 10.1% 9.9% 10.81%

10 BRAF:p.G469A 9.21% 9.87% 4.73% 8.9% 5.2% 7.3% 7.55%

11 BRAF:p.L597V 8.51% 13.48% 6.47% 6.3% 6.8% 9.4% 8.49%

12 PIK3CA:p.E542K 10.38% / 7.33% 7.7% 7.8% 8.7% 8.40%

13 PIK3CA:p.E545K 11.34% 8.89% 5.08% 7.9% 7.7% 8.8% 8.30%

14 PIK3CA:p.H104R 9.09% 9.28% 6.46% 5.7% 6.1% 6.1% 7.13%

15 PIK3CA:p.H1047L 8.49% 8.83% 4.64% 6.6% 6.7% 5.1% 6.72%

16 EGFR:p.T790M 13.13% 10.81% 7.29% 7.3% 6.1% 6.7% 8.56%

17 EGFR:p.G719S 10.53% 12.49% 7.79% 7.8% 8.5% 9.8% 9.47%

18 EGFR:p.L858R 14.12% 10.97% 11.19% 12.1% 13.2% 16.2% 12.96%

19 EGFR:p.E746_A750del 8.11% 7.80% 8.84% 6.7% 6.0% 14.3% 8.63%

20 EGFR:p.p.L747_E749del 8.85% 8.40% 7.20% 6.6% 6.6% 12.0% 8.27%

21 EGFR:p.E746_S752>I 12.81% / 8.28% 4.3% 5.1% 11.6% 8.42%

22 MET gain 7.78 / 4.52 3.9 / / 5.40

23 EGFR gain 9.77 / 6.14 4.7 / / 6.87

BRAF, B- type Raf kinase; EGFR, epidermal growth factor receptor; KRAS, kirsten rat sarcoma viral oncogene; MET, mesenchymal- epithelial transition factor; NRAS, neuroblastoma 
ras oncogene; PIK3CA, phosphatidylinositol-4,5- bisphosphate 3- kinase catalytic subunit alpha.

Figure 2 Performance of the reference materials in five participants.
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NGS of ctDNA promises to facilitate personalised cancer 
therapy.30 Two different liquid biopsy diagnostic tests for EGFR 
mutations in plasma ctDNA have been approved by regula-
tory agencies in Europe and the USA for selecting patients 
with NSCLC for anti- EGFR treatment. The important factor 
in ctDNA detection is the low amount of cfDNA and ctDNA 
in blood.31 Circulating cfDNA is primarily germline DNA that 
originated from normal cells, with a relatively small, highly 
variable fraction of ctDNA originating from tumour cells. The 
ctDNA levels are usually positively related to the cancer stage 
and tumour volume and can be very low in some patients. This 
requires high- sensitivity detection methods. Newman et al have 
developed an ultrasensitive method (0.02%) for quantifying 
ctDNA in patient’s plasma.32 33 In the present study, four concen-
trations of RM were assessed (0.1%, 0.3%, 1% and 3%). Two 
important factors underlying the detection limits of all ctDNA 
profiling methods are the number of cfDNA molecules that 
are recovered and the number of mutations being examined in 
a patient’s tumour. High sequencing coverage can overcome 
the errors caused by DNA damage and sequencing errors.34 
However, systematic sequencing errors cannot be overcome by 
high coverage sequencing.

Although it is a national plasma cfDNA reference materials 
develop study carried in multicentre, multisequencing platform 
for NGS panel testing, there are still several weaknesses that 
need to improve in the future. First, due to the limitation of real 
positive samples, we have to simulate the positive samples using 
fragmented genomic DNA with health control plasma. Second, 
it is reported that a reassessment of the raw data in a second- look 
analysis can increase detection rate for the low allele frequency 
mutations.35 36 However, our RMs are designed for the quality 
control of the performance of independent laboratory NGS 
panels and performance testing in the kit registration process 
which cannot permit a reassessment process. Third, since each 
laboratory uses its own sequencing platform and mutation bioin-
formatic analysis pipeline, the algorithms for mapping and vari-
ants interpretation would affect the results of detection rate.

Increasingly, NGS is being applied in clinical diagnosis. Refer-
ence standards can improve the accuracy, reliability and stan-
dardisation of clinical diagnosis based on NGS technologies. 
However, most reference standards have been used to bench-
mark workflow. Here, we developed RM for detecting KRAS/N-
RAS/EGFR/BRAF/MET mutations in plasma ctDNA. These are 
NSCLC- related mutations that are suitable for target therapy. 
The RM can also be used for quality control of the performance 
of independent laboratory NGS panels and will facilitate perfor-
mance testing in the kit registration process in China.

Take home messages

 ► Present study developed a national RM panel for external 
quality assessment and performance evaluation of non- small- 
cell lung cancer related genetic assay using plasma ctDNA.

 ► The present method of preparing plasma ctDNA reference 
materials are helpful to the preparation of other reference 
materials for liquid biopsy.

 ► Present study can provide specifications for the quality and 
performance of liquid biopsy kits based on different NGS 
platforms.
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