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Abstract

detection of cancer.

Liquid biopsy by genotyping circulating tumor DNA (ctDNA) has provided a non-invasive approach in assessing
tumor genomic alterations in clinical oncology. However, emerging evidence in clinical settings has shown significant
discordance in the genomic alterations between matched tumor tissue and blood ctDNA samples, and even between
the same set of blood samples analyzed on different testing platforms. Thus, it is necessary to study underlying causes of
discrepancies in these studies by genotyping tumor tissue and ctDNA in parallel using next generation sequencing (NGS)
panels based on the same technology. Here we enrolled 56 non-small-cell lung cancer (NSCLC) patients and evaluated
tumor tissue genotyping and ctDNA based liquid biopsy by parallel NGS panel testing and compared different sample
preparation conditions. Somatic mutations in plasma cell-free DNA (cfDNA) were detected in 63.6% patients with early-
stage NSCLC and 60% patients with advanced-stage NSCLC. The overall concordance between matched formalin-fixed
paraffin-embedded sample and cfDNA was 54.6% in early-stage NSCLC patients and 80% in advanced-stage NSCLC
patients. The positive concordance rate was 44.4% and 71.4% in early-stage and advanced-stage patients, respectively.
Using fresh frozen tumor samples did not improve the overall concordance rate between matched tumor tissue and
cfDNA. Processing blood samples beyond 4 h after blood draw significantly decreased the detection rate of somatic
mutations in cfDNA. Thus, the concordance rate between tumor tissue-based and ctDNA-based genotyping in clinical
samples can be affected by multiple pre-analytical, analytical and biologic factors. Parallel NGS panel testing on both
sample types for each patient may be warranted for effective guidance of cancer targeted therapies and possible early
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Main text

Genotyping tumor tissue biopsy has become a standard
practice in clinical oncology for cancer patient manage-
ment. Recently, liquid biopsy using circulating tumor
DNA (ctDNA) has provided a non-invasive approach in
assessing tumor genomic alterations for cancer early de-
tection, personalized therapy and treatment monitoring
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[1-3]. Commercially available tissue genotyping and liquid
biopsy tests, including FoundationOne (F1), Guardant360
(G360) and PlasmaSELECT (PS), self-reported high
accuracy, sensitivity and specificity to detect tumor-specific
genomic alterations [4—6]. However, independent studies
reported significant discordance in testing results between
matched tumor tissues and ctDNA generated on F1 and
G360 [7]. One recent study reports high discordance in
ctDNA results for the same set of blood samples between
G360 and PS [8]. The inaccurate genetic profiling in actual
clinical settings has raised serious concerns about the risks
of misguiding treatment decisions to cancer patients. In
these studies, tissue and blood specimens were shipped to
different vendors for DNA extraction, library preparations,
targeted NGS and data analysis. The underlying causes of
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Table 1 Clinical characteristics of NSCLC patients with both
tissue and ctDNA NGS testing

Characteristic Number Percentage(%)
Age, years
Mean (SD) 59.73
Median (range) 60 (42-82)
Gender
Female 29 5179
Male 27 4821
Stage
| 38 67.86
Il 7 12.50
Il 9 16.07
vV 2 357
Cytological diagnosis
Adenocarcinoma 46 82.14
Squamous cell carcinoma 10 17.86

discrepancies in these studies are difficult to be identified as
the testing results were generated on clinical specimens
across different testing platforms. Thus, genotyping tumor
tissue and ctDNA in parallel on the same testing platform
is important for clarifying this question prior to rigorous
cross-platform comparisons using a large number of clin-
ical samples.

To evaluate tumor tissue genotyping and ctDNA-
based liquid biopsy by parallel NGS panel testing, we
enrolled a total of 56 newly diagnosed early-stage (stages
I and II) and advanced-stage (stages III and IV)
non-small-cell lung cancer (NSCLC) patients (Table 1,
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and Additional file 1: Table S1). Blood samples from
these patients were collected within 0-26 days before
surgery. Each patient had matched formalin-fixed
paraffin-embedded (FFPE) tumor tissue and germline
DNA extracted from white blood cells. Matched fresh
frozen (FF) tissue was also available for 21 out of 56
patients. We analyzed genomic alterations in cfDNA,
matched germline, FFPE and FF DNA samples using
NGS targeted sequencing panels. The Lung and Colon
Cancer Panel (LC103) and the high sensitivity Lung
Cancer Panel (L82) from Pillar Biosciences Inc. (Fig.
1 and Additional file 2) were used for tumor tissue and
cfDNA samples, respectively. Different plasma sample
processing time is also compared.

We examined somatic alterations in 21 matched
NSCLC tumor biopsies and plasma cfDNA samples,
which were obtained at the time of surgery and processed
within 2 h after blood collection. Somatic mutations in
cfDNA were detected in 7 out of 11 (63.6%) early-stage
NSCLC patients and 6 out of 10 (60%) patients with
advanced-stage NSCLC (Fig. 2a, b and Additional file 3:
Table S2). In 14 low frequency cfDNA-specific alterations
detected by L82 panel sequencing, 13 of them were also
detected in cfDNA by droplet digital PCR (ddPCR)
(Additional file 4: Table S3). No somatic variant was de-
tectable in 5 patients (2 stage I and 3 stage III).

We further compared the concordance between FFPE
tumor biopsy and ctDNA genomic profiling. The posi-
tive concordance rate was 44.4% (4/9) and 71.4% (5/7) in
early-stage and advanced-stage NSCLC patients, respect-
ively (Fig. 2a and c). Three patients (No.7, 14, 16)
showed complete concordant genomic alterations in
tumor tissue and cfDNA. Five patients (No.5, 8, 15, 18,
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Fig. 1 Error rate reduction in LC103 and L82 gene panels compared to conventional NGS for Q30 bases. LC103 targets 103 regions of interest in
22 lung and colon cancer related genes. L82 interrogates 82 regions in 17 overlapping genes with LC103. Data were generated on lllumina
NextSeq. Only the overlapping bases between two panels are plotted. At each base position, error rates are calculated by dividing the number of
error alterations by the total base coverage using the data from cell line FFPE references after removing known mutations, and from healthy
individuals analyzed for cfDNA analysis. The error rate of LC103 is well below 1%, which allows reliable mutation detection above mutant allele
frequency (MAF) of 2% in tumor tissue. For all mutations in the Multiplex Reference standards (FFPE DNA or sections, Horizon Discovery), the
observed allele frequencies are consistent with the expected allele frequencies. In the L82 dataset (green), recurrent background errors (< 0.1% of
error rate) are shown in the figure. These errors appear at non-hotspot positions and can be further reduced using a position-specific

® LC103 error rate upper limit

0.6% ® L82 error rate upper limit
0.5% .

0.4% H R
0.3% . *

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
Targeted genomic position




Guo et al. Molecular Cancer (2018) 17:131

Page 3 of 5

a Plasma processed in 2 h Plasma processed in 4-6 h Plasma processed in 8-12 h
>
&
Stage /Il Stage llI/IV Stage /1l % Stage I/l
O [§)
AC sce AC scc AC 32 AC @

12345678 910111213 14151617 181920 21 2223 2425 26 27 28 29 30 31 32 33 34 35 36 37 38 3940 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56

ecFrRECCECACOOOOREOORECODODEEDEOEROOEEEEEROOO0O0EOEREECOECBESECmC
Trs3s HACCOROOREEROOCOROOEOO00ORECOEEREOOBEOCO0O00O0ORO00REEOEOOO0CEE
PTEN JDOODOCOOOOEEEOOOO00000O0O0EOOOOO0O000000DO0D00OOO0O000000000000
krAS OROOOOO0CODOOECO0O0O0000000000000000000BO0RE0C0000000000m0c
pPkcAODODOOCO0OOREOCOOO000ODOCEOOOO0EO000000DOCROO0O0000000000C
BrRAFIOEROCO0O0O0O000000ROCO0O0O0O0E0000000CO000O00O00000000000
ALK OOOO0000000000000000000a0000000000000000000000000000000E
oorz OO OOOROCOCOCO00O0OO0000000000O0O0000O0000000000000O00000O000C
VMET OO0 0000000000 0000O000000C0000000000000000C00000O0O00000\0c
ersB2 (1ACOOOOOOCO000O00O0O00O00O00C0DO0O0O0O0000000000O0O0000000C
NRAS CEOOOO0O0O0O0OO00000O000O00O00O000O0O0000DODO000O0O00000DO000000C
sTk11 JO000000000000000000000000000000000000000EO0O0000000000E
mvAP2<1 OO0 ODO0ODODO00DOROOO0000DODODODO0OODO0O00DOOODODODOOOOOOO0os

m Identical alteration in cfDNA, m Identical alteration in m Identical alteration in
FFPE tumor DNA and FF tumor DNA cfDNA and FFPE tumor DNA FFPE tumor DNA and FF tumor DNA
I Alteration only in cfDNA [0 Alteration only in FFPE tumor DNA [l Alteration only in FF tumor DNA

No alteration in cfDNA,
O FFPE tumor DNA or FF tumor DNA

00 c d e

-
o
o
=
o
o
-
o
o

@
o
@
o
[o]
o
o

(o]
o
(o]
o
(%]
o
o

N
<)
N B
=)

o

N
o
Positive concordance (%)
N
o
Overall concordance (%)
N B [} [e-]
o o

Specific mutations (%)

o

o
o
o

Frequency of cases
with ctDNA alterations (%)
N
o

I-1l -1v -1l
Stage

n-1v I-1l
Stage

-1v
Stage

CfDNA  FFPE+FF

-t

Q

8
=

100 —~ 5100 150 3 S
S £ < E S 3
3 80 @ 80 e 80 = o o
3 -2 © _‘5100 1] 1]
E 60 T 60 T 60 3 o o
o =] o 5]

c £ c © *kk K
) 40 o 40. S 40 % 50

35 S = <

§ 20 o] 20 g 20 %

o o @ 0 o 0 B 0

0-2 46 8-12
Plasma processing time (h)

AC ScC FFPE FF FFPE FF
Fig. 2 Mutation analysis of matched tumor tissue and cfDNA from NSCLC patients by parallel NGS panel testing. a Mutational landscape of
matched cfDNA and FFPE, FF tissue DNA from NSCLC patients. Each column represents 1 patient. Only alterations in overlapping base positions
of L103 and L82 gene panels were included. For Patients 1-21, matched cfDNA, FFPE and FF tumor tissue DNA were sequenced. For Patients 22—
56, matched cfDNA and FFPE tumor tissue DNA were sequenced. Number in the square indicates the number of different mutations in each
gene. b-h Whole blood was collected from NSCLC patients1-21 in EDTA tubes and processed within 2 h post venesection. Frequency of cases
with detectable mutations in cfDNA in early-stage NSCLC (stages | and Il) and advanced-stage (stages Ill and IV) NSCLC (b), positive concordance
rate for genomic alterations in plasma and FFPE tumor tissue (c), overall concordance rate for genomic alterations in plasma and FFPE tumor
tissue (d), frequency of specific mutations in tumor tissue biopsies (including both FFPE and FF) and plasma cfDNA samples (e), overall
concordance of genomic alterations between plasma and FFPE tumor tissue in adenocarcinoma (AC) and squamous cell carcinoma (SCQ) (f),
specific variants in matched FFPE and FF biopsies (g) and overall concordance of genomic alterations between matched tumor tissue sample
(FFPE or FF) and cfDNA (h). i Whole blood was collected from three groups of early stage NSCLC patients (patients 1-11, 22-40 and 42-56) in
EDTA tubes, stored at RT and processed within 2 h, 4-6 h and 8-12 h post venesection, respectively. After cfDNA was isolated from plasma, the
cfDNA concentration was determined by Qubit 2.0. Means for each group are represented by the black bars in the columns analyzed. The
concentrations of cfDNA in plasma samples processed within 2 h, 4-6 h and 8-12 h are 34.27 ng/mL (95% Cl, 10.12-58.43), 7.64 ng/mL (95% (|,
543-9.85) and 13.02 ng/mL (95% Cl, 9.3-16.73), respectively
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21) displayed negative concordance with genomic alter-
ations detected in neither tumor tissue nor cfDNA. The
overall concordance was 54.6% (6/11) in early-stage pa-
tients and 80% (8/10) in advanced-stage patients (Fig. 2a
and d), consistent with recent findings [1]. Nevertheless,
the discordance rate at the mutation level was high,
similar to the reported results [7-9]. Only 22.5% (9/40)
of somatic alterations were detected in all three sample types
(FE, FFPE and cfDNA) and 2 additional concordant alter-
ations were identified in both FFPE and cfDNA (Fig. 2a). In
contrast, 32.5% (13/40) and 40% (16/40) mutations were
cfDNA-specific and tissue-specific, respectively (Fig. 2a and
e). Four high frequency mutations (15-51.03%) in FFPE and
FF tissues were not detected in ¢fDNA by both L82 panel
sequencing and ddPCR (Additional file 4: Table S3). One
high frequency mutation (TP53 481G > A) in FFPE and FF
tissues were only detected in cfDNA by ddPCR but not by
L.82 panel sequencing, presumably because the ctDNA cop-
ies corresponding to the variant was extremely low in
cfDNA. In addition, the overall concordance was 61.5% (2/6
in early-stage and 6/7 in advanced-stage) in lung
adenocarcinoma patients and 75% (4/5 in early-stage
and 2/3 in advanced-stage) in squamous lung carcinoma
patients (Fig. 2f). Collectively, genotyping FFPE tumor tis-
sue and ctDNA in parallel on the same testing platform
showed significant discordance in genomic alterations in
tumor tissue and cfDNA, suggesting that intrinsic bio-
logical mechanisms might affect the concordance between
tumor biopsy and ctDNA genomic profiling in different
patients.

Previous studies have indicated that DNA damage in
FFPE is a major source of erroneous identification of
somatic variants with low to moderate (1 to 5%) allelic
frequencies [10]. This error has also been attributed to
the discrepancies between tissue biopsy and ctDNA.
Therefore, we collected FF tissue in a different region of
each tumor from 21 patients and performed genotyping
analyses on matched FFPE and FF samples. In a total of
27 tissue somatic variants, 63% (17/27) are concordant
between matched FF and FFPE samples. 25.9% (7/27)
and 11.1% (3/27) of somatic mutations are FFPE- and
FE-specfic, respectively (Fig. 2a, g, and Additional file 5:
Table S4). The overall concordance rate between
matched FFPE sample/cfDNA and FF sample/cfDNA
were 66.7% (14/21) and 57.1% (12/21), respectively, (Fig.
2a and h). These results suggest that DNA damage in
FEPE is not the major factor contributing to the discord-
ance between tumor tissues and ctDNA in this study.

We next evaluated the impact of blood sample pro-
cessing on mutation detection in cfDNA. Whole blood
was collected from three groups of NSCLC patients in
EDTA tubes by a single operator following the same
protocol and then processed within 2 h, 4—6 h and 8-
12 h post venesection. We found that cfDNA
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concentration in plasma processed within 2 h was sig-
nificantly higher than that within 4-6 h or 8-12 h
(Fig. 2i). The low cfDNA concentration at 4—6 h is
most likely caused by cfDNA degradation, whereas
the elevated cfDNA concentration at 8—12 h might be
due to the genomic DNA released from leukocytes.
The positive detection rate decreased significantly
with the extended processing time (Fig. 2a). All 5
concordant cases had no genomic alterations detected
in both tumor and plasma. Our results highlight the
importance of processing blood samples in the EDTA
tubes within 2 h to improve mutation detection sensi-
tivity in cfDNA.

In summary, significant discordance in the genomic
alterations of the matched tumor tissues and ctDNA was
observed by genotyping tumor tissue and ctDNA in
parallel using the same NGS panel platform. Many
pre-analytical, analytical and biologic factors may affect
the genotyping results on tissue and ctDNA in a clinical
oncology setting. Among these factors, the intrinsic he-
terogeneous mutation pattern in tumor tissues and
ctDNA can jeopardize the clinical benefit of precision
medicine. Further understanding biologic factors that
affect ctDNA release are needed. Improving the assay
sensitivity and specificity of either genotyping approach
alone is unlikely to resolve this discordant genotyping
issue. To enhance assay accuracy and clinical utility, par-
allel NGS panel testing on multiple sample types for
each patient may be warranted for effective guidance of
cancer targeted therapies and possible early detection of
cancer. International standards for tumor molecular
profiling using tumor tissues and ctDNA should be
established.
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