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ABSTRACT

A suitable clinical-grade platform is required for detection of somatic mutations
with high sensitivity in cell-free DNA (cfDNA) of patients with solid tumors. In this
study, we evaluated in parallel ultra-deep NGS with MassARRAY and allele-specific
droplet digital PCR (ddPCR) for cfDNA genotyping and correlated cfDNA yield and
mutation status with overall survival (0OS) of patients. We assessed plasma samples
from 46 patients with various advanced metastatic solid tumors and known mutations
by deep sequencing using an Ampliseq cancer hotspot panel V2 on Ion Proton. A
subset of these samples with DNA availability was tested by ddPCR and UltraSEEK
MassARRAY for mutation detection in 5 genes (IDH1, PIK3CA, KRAS, BRAF, and
NRAS). Sixty one of 104 expected tissue mutations and 6 additional mutations
not present in the tissue were detected in cfDNA. ddPCR and MassARRAY showed
83% and 77% concordance with NGS for mutation detection with 100% and 79%
sensitivity, respectively. The median OS of patients with lower cfDNA yield (74 vs 50
months; P < 0.03) and cfDNA negative for mutations (74.2 vs 53 months; p < 0.04)
was significantly longer than in patients with higher cfDNA yield and positive for
mutations. A limit-of-detection of 0.1% was demonstrated for ddPCR and MassARRAY
platforms using a serially diluted positive cfDNA sample. The MassARRAY and ddPCR
systems enable fast and cost-effective genotyping for a targeted set of mutations
and can be used for single gene testing to guide response to chemotherapy or for
orthogonal validation of NGS results.

INTRODUCTION tumor genotyping for analysis of diagnostic, predictive
and prognostic biomarkers. Tissue biopsy, however, is
Cancer is a microcosm of evolution in which gene invasive and is associated with a risk of complications
mutations that give a cell a growth advantage are selected due to the biopsy procedure itself. At the cellular level,
and sequential alterations of genes eventually result in a there are also challenges with excisional biopsy specimens
cancer phenotype. Targeting genomic alterations as they such as intra-tumor heterogeneity and discrepancies in the
evolve using novel therapeutic agents in a timely manner genetic profiles between the primary neoplasm and its
is a key for successful precision cancer medicine [1-3]. metastases [3].
Tumor biopsy specimens are currently considered to be Circulating cell-free DNA (cfDNA) analysis has
the gold standard for pathological diagnosis as well as emerged recently as a potential noninvasive alternative
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to tissue biopsy for tumor genotyping in patients with
advanced solid tumors, due to ease of sample collection,
availability, and shorter turnaround time [4—8]. Plasma
cfDNA is secreted into the circulation by tumor cells
and cells in the tumor microenvironment that undergo
apoptosis or necrosis. Levels of circulating tumor DNA
(ctDNA) have been shown to correlate with the degree of
tumor burden and may contain DNA mutations derived
from both primary and metastatic [9—11]. However, there
is still limited data on the comparison of paired tumor and
plasma samples that is needed to establish the clinical
validity for cfDNA-based genotyping [12, 13]. Factors that
may affect concordance between tissue biopsy specimens
and cfDNA for a given somatic mutation include limited
assay sensitivity, limited sample volume, a low overall
contribution of DNA from the tumor into plasma, intra-
tumor heterogeneity, subclonal mutation, tumor and
plasma samples being obtained at different time points,
and the potential evolution of a systemic tumor over time
[1, 14].

Detection of mutations in ctDNA which can
represent only a fraction of total cfDNA also imposes a
challenge due to the signal to noise ratio and hence cfDNA
genotyping requires highly sensitive platforms with a
detection sensitivity of 0.1 to 0.01%. Next generation
sequencing-based ultra-deep sequencing enables detection
of a low amount of ctDNA in blood or other body fluids,
but is restricted by errors introduced into the sample
preparation and sequencing process [15], [16—19]. To
overcome this challenge, various platforms have been
developed. The MassARRAY (Sequenom,Inc), a medium-
throughput multiplexed ultrasensitive mutation detection
system based on MALDI-TOF, can be used to achieve
a detection sensitivity of 0.1%. The process includes
multiplex PCR, followed by mutation-specific, single-
base extension. The captured and enriched products are
then identified using matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry [20]. In
contrast, the droplet digital PCR (ddPCR) platform,
which uses a water—oil emulsion droplet system, offers
easy workflow, better allele-specific sensitivity, and better
precision and reproducibility than standard quantitative
PCR [21]. Droplet digital PCR (ddPCR), is capable of
detecting low-level mutations using low nucleic acid
inputs, and can perform absolute quantification of mutant
gene copy number in the background of wildtype sequence
using allele specific probes or primers. However, ddPCR
is limited in its multiplexing capability.

In this study, we detected mutations in plasma
cfDNA by deep sequencing using the semiconductor-based
Ion Proton NGS platform using cancer hotspot panel v2
and we compared the results with those of the UltraSEEK
MassARRAY and ddPCR platforms for mutation detection
sensitivity and specificity. We also compared the potential
effects of cfDNA yield and cfDNA mutation status on
overall patient survival.

RESULTS

Patient population clinical characteristics and
cfDNA yield

The median age of the patients was 56 years (range,
25-82), and 27 (57%) were women. At last follow up, 25
(54%) patients were alive and 21 (46%) had deceased. The
median time from tumor biopsy to plasma collection was
231.7 days (range, 0-3010 days). Tumor samples were
obtained by resection (52%), biopsy (46%), or fine-needle
aspiration (2%) from a variety of anatomic sites: lymph
nodes (22%), lungs (17%), liver (15%) brain (13%), colon
(9%), head and neck (7%), rectum (4%), breast (4%),
pancreas (2%), femoral bone (2%), esophagus (2%), and
spine (2%). These samples were derived from 19 (41%)
primary, 19 (41%) metastatic, and 8 (17%) recurrent
tumors. 22/36 (48%) cases showed metastasis to lymph
nodes at time of primary diagnosis. 36 (78%) patients
received surgery as primary therapy. 38 (82%) patients had
undergone various modalities of treatment before tumor
specimens were obtained, and 4 (9%) were on a single
line of therapy. For 4 (9%) patients therapy data are not
available (Table 1; Supplementary Table 1).

c¢fDNA yield varied among different tumor types.
The median amount of cfDNA isolated per mL of plasma
was 39 ng per mL (range, 4-763.9 ng). Patients with brain
tumors has lower yield as compared to other tumor type
tested (Figure 1; Supplementary Table 1).

Limit-of-detection studies for ddPCR and
MassARRAY

To assess mutation detection sensitivity, we serially
diluted a cfDNA sample positive for KRAS p.G12D
(36%) into a cfDNA sample negative for this mutations
to achieve dilutions of 50% (1:1 dilution), 25% (1:4),
12.5% (1:8), 6.25% (1:16), 3.12% (1:32), 1.5% (1:67),
and 0.625% (1:160). These diluted samples were run
on ddPCR and MassARRAY for detection of analytical
sensitivity. Both the MassARRAY and ddPCR platforms
detected the KRAS mutation at all dilutions tested and
consistently showed a limit-of-detection of 0.1% variant
allelic frequency in the background of wildtype (Figure
2A and 2B; Supplementary Table 2).

Concordance between tumor and plasma DNA
for detection of mutations

One hundred and four mutations in a number of
genes were identified in tumor tissue using the lon PGM
platform and the Ion Ampliseq Cancer Hotspot Panel V2
(Supplementary Table 3). The median number of altered
mutations per tumor was 2 (range, 1-4) and the median
allelic fraction was 31% (range, 1.1-.84.3%). The most
frequently mutated genes detected in tumor tissue in this
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cohort were TP53 (26%), KRAS (13%), PIK3CA (13%),
APC (10%) and BRAF (7%). Deep sequencing of 46
plasma samples using the semiconductor sequencing-
based lon Proton achieved an average output of 78.1M
total reads. The mean sequencing depth across the samples
was 8,860X. We detected 61 (59%) of 104 expected
mutations and 6 additional mutations in plasma cfDNA
which were not present in the tumor tissue specimen
(Figure 3). TP53 (16%), KRAS (10%), PIK3CA (11%),
APC (5%) and BRAF (4%) were the most frequently
mutated genes in this cohort in plasma (Supplementary
Table 3). 32 (70%) plasma samples assessed showed a
mutation in at least one of the gene mutations detected
in the tissue biopsy specimen. The median number of
altered mutations per plasma sample was 2 (range, 1-4),
and the median detected VAF by NGS was 1.0% (range,
1-51.7%). In order to improve specificity and avoid
false positive calls, we strictly set the cutoff to 1% allelic
frequency, 250X coverage and 25 variant coverage for
NGS and hence considered the calls below 1% as negative.
Manual inspection in IGV was performed for each of
the call. Fourteen of 46 patients showed discordance in
mutation detection between the plasma cfDNA and tumor
tissue. The explanation for this discordance may be related
to the time lapse between obtaining the tissue biopsy
specimen and plasma collection (range, 7 to 1,786 days)
(Supplementary Table 4).

In patients in whom the tissue biopsy specimen was
positive and cfDNA negative, manual inspection revealed
few reads in some of discordant calls in plasma cfDNA
(allelic fraction range 0.1 to 0.3%). We detected 7P53p.
Y220C (1.5%) EGFRp.E602G (5%), EGFRp.F712S (1%),

PIK3CAp.E542K (1.1%), TP53p.R273H (1%) and APCp.
A1582P (5%) mutations in ¢fDNA but not in tissue; in
these cases no mutation reads were observed in the tissue-
derived DNA by manual inspection in IGV. The samples
in which additional clones detected were also positive for
mutation in other expected variants. Time difference from
tissue to plasma collection for the samples positive for
additional clones in plasma ranges from 1 day to 127 days
(Supplementary Table 4).

Correlation between NGS, ddPCR and
MassARRAY

Thirty-one cfDNA samples positive for /DHI,
KRAS, PIK3CA, NRAS, AKT, BRAF, and IDH2 mutations
in tumor tissue were selected for ddPCR, MassARRAY
and NGS comparison. A total of 35 variant calls, 19 (54%)
positive and 16 (46%) negative for mutations detected
by NGS in ¢fDNA samples were compared with ddPCR
results. 25 calls were detected as positive and 10 negative
for mutation by ddPCR. Due to higher analytical senstivity
6 variant calls (allelic fraction range 0.15-2.2%). which
were not detected by NGS detected positive by ddPCR
(Figure 4 and Supplementary Table 5). ddPCR showed
100% sensitivity, 63% specificity 76% positive predictive
value and 100% negative predictive value for mutation
detection as compared with the NGS platform for mutation
detection (R? = 0.9763; p < 0.0001) on plasma cfDNA
(Figure 5A and Table 2).

For MassARRAY, 35 variants detected by NGS
were compared. 19 (54%) calls were detected as positive
and 16 (46%) negative for mutation by MassARRAY

150+
n=14
E Total n=46 n=4
100+ =
= n=4
% n=7* n=7 n=
> [ | - % @ =
g ;
a 50+
G n=
g
i ] =
0 L] T L] L] L] L} L]
Head & Neck Breast Melanoma Sarcoma  Brain Colon Others

Tumor Type

Figure 1: Average cfDNA yield (ng/mL) in different solid tumor types studied. cfDNA extracted using the QIAamp Circulating
Nucleic Acid Kit and quantified using the Qubit dsDNA HS Assay cfDNA yield (ng/mL). n represent the number tested for each tumor type.
* one sample excluded from graph due to high cfDNA concentration (769 ng/mL).
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Table 1: Clinical characteristics of studied cohort (/V=46)

Characteristics Number (%)
Sex
Male 19 (41)
Female 27 (59)

Age at diagnosis, median, years
Specimen type
Resection
Biopsy
Fine-needle aspiration
Type of cancer
Brain
Breast
Colon
Head and Neck
Melanoma
Sarcoma
Others
Primary vs. metastatic disease
Primary
Metastatic
Recurrent
Stage at tissue collection
1
2
3
4
Unknown
Treatment modalities
Single line of therapy
Multiple line of therapy
Unknown
Survival Status
Alive
Dead

56 (range, 25-82)

24 (52)
21 (46)
12.1)

o B

—_— W 00 N

19 (41)
19 (41)
8(17)

18

16

38

25 (54)
21 (46)

(Supplementary Table 5 and Table 2). MassARRAY
showed 79%%, sensitivity, 75% specificity, 79% positive
predictive value, and 75% negative predictive value for
mutation detection (R?=0.8897; p < 0.0001) as compared
to NGS. (Figure 5B and Table 2). MassARRAY showed
80% concordance for mutation detection with ddPCR.
MassARRAY confirmed 4 out of 6 new variant calls
detected by ddPCR and missed 4 calls detected by NGS.
MassARRAY showed 72% sensitivity, 100% specificity,
100% positive predictive value and 59% negative
predictive value compared with ddPCR for cfDNA

mutation detection (R? =0.9253; p < 0.0001) (Figure 5C,
Table 2 and Supplementary Table 5).

Correlation of cfDNA yield and mutation status
to overall survival

The amount of total cfDNA (ng/mL) and mutation
status detected in cf plasma was associated with overall
patient survival. We categorized samples into two
subgroups: patients with < 30 ng and patients with > 30
ng cfDNA total yield per mL. The median OS of patients
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with < 30 ng was 74 months which was significantly
longer than that of patients with > 30 ng which was 50
months. A multivariate analysis for all 46 patients showed
a hazard ratio (HR) of 3.5 (95% CI 1.0 to 6.5) for samples
with > 30 ng cfDNA yield as compared to a HR of 0.28
(95% CI 0.15 to 0.91; p < 0.03) for cfDNA yield < 30
ng (Figure 6A, Supplementary Table 1). Similarly, when
we correlated cfDNA mutation status with OS we found
that patients negative for mutation in cfDNA showed
significantly a higher OS of 74.2 months as compared
to patients positive for mutation in cfDNA that showed
an OS of 53 months. A multivariate analysis for all 46
patients showed a HR of 3.88 (95% CI 1.0650 to 7.096)
for cfDNA mutation positive samples as compared to a HR
0f 0.26 (95% CI 0.1409 to 0.9520, p < 0.04) for cfDNA
negative samples (Figure 6B, Supplementary Table 1).

DISCUSSION

Advancement in genotyping technologies and
ultrasensitive detection methods has created great interest
in the detection of somatic mutations in DNA from
plasma, so-called “liquid biopsy”, for individualized
patient management [3, 7]. Detection of genetic alterations
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associated with cancer in cfDNA and its concordance with
mutations detected in tumor tissue biopsy specimens in
several studies have suggested analysis of cfDNA for
potential cancer biomarker in patients with solid tumors
[22-26]. However, mutational analysis in cfDNA can be
affected by many technical factors, such as low amount
of cfDNA, lack of standardization of pre-analytic and
analytical variables for implementation of cfDNA
genotyping in the clinic, and background noise affecting
the reliability of detecting low-level mutations [27, 28].
In the current study, we assessed plasma cfDNA for
mutations in patients with advanced cancers with known
tumor tissue specimen mutation status by deep sequencing
using the Ion Proton platform. These plasma samples
were subsequently used to test the ability and sensitivity
of ddPCR and UltraSEEK MassARRAY platforms for
mutation detection. We also compared the effect of cfDNA
yield obtained in different tumor types tested and cfDNA
mutation status on the overall survival of this patient
cohort.

The most commonly altered mutations detected
in plasma cfDNA were: TP53 (16%), KRAS (10%),
PIK3CA (11%), APC (5%) and BRAF (4%), as would
be as expected from the tumor types included in this
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Figure 2: Limit of detection study (LOD) using a serially diluted patient positive sample for (A) Droplet digital PCR (ddPCR) (B)
Sequenom based UltraSEEK MassARRAY assay for mutation detection in cfDNA samples. Patient cfDNA sample positive for KRAS
p-GI12D (33.7%) mutation was serially diluted to wild type cfDNA sample for LOD study. The positive cfDNA was diluted with a cfDNA
sample negative for these mutations to obtain 50%, 25%, 12.5%, 6.25%, 3.15%, 1.5%, or 0.75% percent positive (mutated) DNA in
wild-type DNA. For ddPCR allelic fraction was measured as Fractional abundance (FA) whereas for MassARRAY it was measured as

Normalized intensity (NI).
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study. Tumor and plasma cfDNA samples showed 70%
concordance for mutation detection. Fourteen (39%)
out of 46 samples showed a discordance for mutation
detection between plasma cfDNA and tumor tissue. A
total of 43 mutations were detected in the tissue biopsy
specimen, but not in plasma cfDNA. Time difference
between tissue biopsy specimen and plasma collection
for these discordance cases range from 14 to 1330 days
In order to improve specificity and avoid false positives,
we strictly set the cutoff to 1% allelic frequency, 250X
coverage and 25X variant coverage for NGS to avoid
false positives. These cut off for cfDNA genotyping
using NGS were set on the basis of limit of detection
studies carried out using a serially diluted positive cfDNA
samples [29]. 6 mutations were observed in cfDNA but
were absent in the tissue specimen: TP53p.Y220C (1.5%)
EGFRp.E602G (5%), EGFRp.F712S (1%), PIK3CAp.
E542K (1.1%), TP53p.R273H (1%) and APCp.A1582P
(5%). These mutations were not detected in the tissue
specimen by manual observation performed in IGV.
However 5 out of 6 ¢cfDNA samples which showed
additional clone are positive for other expected mutations.
Time difference between tissue biopsy specimen and
plasma collection for these discordance cases range
from 1 -127 days. All KRAS, BRAF, PIK3CA, EGFR,
IDHI, IDH2, NRAS and AKT mutations were validated
with droplet ddPCR and UltraSEEK MassARRAY that
provide higher sensitivity and lower cost than NGS
[22, 30, 31]. NGS can interrogate many targets within
a single reaction, but sensitive detection of minor
variants at or below 1% frequency is difficult because of
polymerase errors, and hence NGS requires a stringent

bioinformatics pipeline and use of molecular barcodes to
eliminate false positives. TAm-Seq, and CAAP Seq based
NGS approaches showed a sensitivity of 2% to 0.5%
[16, 17]. High-throughput platforms with higher analytical
sensitivity, such as ddPCR, are capable of uncovering
these minor variants and may reduce the false negative
rate, but are limited in the number of targets that can
be interrogated simultaneously, especially ddPCR. The
UltraSEEK Oncogene panel can detect somatic mutations
at clinically relevant levels with a performance that is
equivalent to ddPCR, without compromising analytical
sensitivity and accuracy using the same amount of input
DNA [30, 32]. ddPCR showed higher analytical sensitivity
as compared to MassARRAY and NGS and able to
detect 6 variant calls which were detected as negative by
NGS. ddPCR and MassARRAY showed 83% and 77%
concordance with NGS for mutation detection with 100%
and 79% sensitivity, respectively. MassARRAY showed
80% concordance for mutation detection with ddPCR.
MassARRAY confirmed 4 out of 6 new variant calls
detected by ddPCR. However, MassARRAY missed 4
variants detected by NGS and ddPCR. 3 out of 4 missed
PIK3CA variants and hence reflect lower sensitivity of
assay for PIK3CA variants.

We observed that cfDNA yield varied among
different tumor types [9]. Many studies have shown that
changes in cfDNA concentration can be correlated with
development, prognosis, and survival of cancer patients.
An increase of cfDNA concentration can be observed
in patients with breast, gastric, lung, colon, and prostate
cancers [21, 24, 33-35]. In this cohort, there was a marked
correlation between cfDNA concentration and overall

Total variants in tissue =104

Tumor,

Plasma

TP53p.Y220C (1.5%)
EGFRp.E602G (5%)
EGFRp.F7125 (1%)
PIK3CAp.E542K (1%)
TP53p.R273H (1%)
APCp.A1582P (5%)

Figure 3: Concordance between mutations detected in tissue and plasma cfDNA by NGS. Sixty one out of 104 expected
mutations were detected in both tissue derived genomic DNA and plasma cfDNA. 43 mutations detected in tissue was not present in plasma.
Six additional mutations TP53p. Y220C (1.5%) EGFRp.E602G (5%), EGFRp.F712S (1%), PIK3CAp.E542K (1.1%), TP53p.R273H (1%)
and APCdupAp.11311f5"4 (1.5%) were detected in plasma cfDNA only.
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Table 2: Clinical performance of ddPCR, MassArray and NGS test for mutation detection in

plasma cfDNA
ddPCR vs NGS
NGS
o Positive Negative
4 Positive 19 6
< Negative 0 10
Statistic Value 95% CI
Sensitivity 100.00% 82.35% to 100.00%
Specificity 62.50% 35.43% to 84.80%
Positive Predicitive Value 76.00% (%) 62.72% to 85.63%
Negative Predicitive Value 100.00 % (%)
MassARRAY vs NGS
NGS
5 Positive Negative
=4
< Positive 15 4
172}
]
= Negative 4 12
statistics Value 95% CI
Sensitivity 78.95% 54.43% t0 93.95%
Specificity 75.00% 47.62% t0 92.73%
Positive Predicitive Value 78.95% (%) 60.87% to 90.04%
Negative Predicitive Value 75.00 % (%) 54.56% to 88.23%
MassARRAY vs ddPCR
. ddPCR
g Positive Negative
< Positive 18 0
s
= Negative 7 10
Statistic Value 95% CI
Sensitivity 72.00% 50.61% to 87.93%
Specificity 100% 69.15% to 100.00%
Positive Predicitive Value 100.00% (%) 53.70% to 85.36%
Negative Predicitive Value 58.82 % (%) 43.24% to 72.82%

survival [36]. We observed a median OS for patients
with lower ¢fDNA vyield (< 30 ng) to be longer (74 vs
50 months; P = 0.03). Similarly, absence of mutations in
plasma cfDNA was significantly longer than in patients
with higher cfDNA yield and positive for mutation in

cfDNA (74 vs 53 months; P = 0.04). A similar association
between survival and ctDNA concentration has been
reported in patients with advanced breast and metastatic
colon cancers [9, 21]. Most (70%) patients in the cohort
had at least one detectable mutation in plasma, which is
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consistent with earlier reports. cfDNA showed a similar
mutation pattern to matched tissue biopsy specimen
derived DNA.

In summary, this study demonstrates that targeted
Ion Proton based ultra-deep sequencing of cfDNA and
confirmation of variants by digital PCR enables more
sensitive detection and monitoring of specific mutations in
plasma cfDNA. We observed a good concordance among
the different platform tested for mutation detection in

plasma cfDNA. A strong correlation for mutation detection
and allelic fraction was observed for tested methods. We
have established sensitive detection of <1% minor allele
frequency using ddPCR or UltraSEEK platforms with
medium to high throughput capabilities. Clinical relevance
of detection of variants < 1% in cfDNA in different
solid tumors is yet to be explored. However, detection
of low lying mutations in cfDNA can help in real time
monitoring of response to therapy and evolution of new
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Figure 4: Comparison of ddPCR and ultraSEEK MassARRAY for mutation detection in plasma cell free DNA: A total
of 35 variants in 31 samples were compared between ddPCR and MassARRAY. MassARRAY showed 80% concordance for
mutation detection with ddPCR (R?= 0.9253; p < 0.0001). Red boxes represent positive mutations and yellow boxes represent negative
mutations detected by ddPCR or MassARRAY.
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clones. With the availability of genomic profiles of patient
tumors, use of ddPCR or MassARRAY in conjunction
with NGS technology is an ideal approach for the rapid
assessment and confirmation of mutations in plasma and
can be applied in personalized medicine for predicting the
prognosis and monitoring treatment efficacy of cancer
patients.

MATERIALS AND METHODS

Study cohort

Peripheral blood was collected from 46 patients
with diverse advanced cancers and known tumor mutation

A 50

40+

ddPCR

0 T

status. One hundred four tumor mutations were identified
in using DNA from fixed, paraffin-embedded tumor tissue
sections by using the semiconductor-based lon PGM
NGS platform with Ampliseq Cancer Hot Spot Panel
v2 in a clinical molecular diagnostic laboratory. The
tumors assessed were: 30 (65%) carcinomas, 7 (15%)
melanomas, 5 (11%) sarcomas and 4 (9%) brain tumors.
The carcinomas included adenocarcinomas of the colon
(n = 14), breast (n = 8), pancreas (n = 2), appendiceal
mucinous adenocarcinoma (n = 1), esophageal signet
ring carcinoma (n = 1). Also included were 3 cases of
squamous cell carcinoma of the tongue and 1 case of
head and neck mucoepidermoid carcinoma. This study
protocol was approved by the Institutional Review

R2=0.9763; p<0.0001

0 10

30 40

257 R®=0.8897; p<0.0001

MassARRAY

N
o

MassARRAY
— -

[— NS, B — I

30 40

ddPCR

Figure 5: Correlation between ddPCR, UltraSEEK MassARRAY and NGS for mutation detection in plasma cfDNA.
Correlation established for 35 variants between NGS, ddPCR and MassARRAY. (A) ddPCR vs NGS (R?= 0.9763; p < 0.0001) (B)
UltraSEEK MassARRAY vs NGS (R?= 0.8897; p < 0.0001) (C) UltraSEEK MassARRAY vs ddPCR (R?= 0.9253; p < 0.0001).
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Board of MD Anderson Cancer Center and is consistent
with international ethical standards on human subject’s
research. Informed consent was obtained from each study
participant.

Sample collection, cfDNA extraction and
quantitation

10 ml peripheral blood was drawn from each
patient in regular K3-EDTA tubes (BD Vacutainer, Becton
Dickinson, NJ). Plasma was separated from blood within
16 hours. The plasma layer was carefully removed without
disturbing the buffy coat, transferred to a new vial, and
subjected to centrifugation at 2000Xg for 10 minutes at
room temperature to remove residual cells. Plasma cfDNA
was extracted from a 3-mL plasma sample using the
QIAamp Circulating Nucleic Acid Kit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions followed
by elution in 50 pl. DNA was quantified by using the
Qubit dsDNA HS Assay (Life Technologies, Illkirch,
France).

Ultra deep sequencing of cfDNA

10ng cfDNA was used to prepare libraries using the
Ion Torrent Ampliseq 2.0 kit (ThermoFisher Scientific,
Waltham, MA) and Ampliseq Cancer Hot Spot Panel v2
(CHPv2) according to the manufacturer’s instructions.
Samples were barcoded and quantified by qPCR using the
Ion Xpress Barcode Adapter 1-96 kit and the Ion Library
Tagman quantitation kit (ThermoFisher Scientific),
respectively. Quantified libraries were pooled followed
by e-PCR and sequenced on the Ion Proton using the Ion
HI-Q PI Chip v3 and Ion PI HI-Q sequencing 200 kit
(ThermoFisher Scientific) as described earlier [29].

Data analysis for NGS was performed as described
earlier [29]. A cutoff of 300,000 reads with a quality
score of AQ20 (one misaligned base per 100 bases) and
a minimum sequencing depth of 250X was used as a
measure of successful sequencing of a sample Sequencing
results, mutations, and their respective allelic frequencies
observed in cfDNA were compared with those identified
in tumor tissue biopsy specimens to establish concordance.
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Figure 6: Effect of ¢cfDNA yield and mutation status on overall survival. (A) Effect of higher (> 30 ng) and lower (< 30 ng)
cfDNA yield on overall survival (B) Effect of mutation status detected in cfDNA on overall survival calculated from time of collection of

plasma in patients undertaken for study.
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UltraSEEK MassARRAY

PCR was performed using 10 ng cfDNA per
plex according to manufacturer’s instructions (Agena
Bioscience, San Diego, CA). Reactions were incubated
initially at 94°C for 4 min. Forty-five cycles of PCR
were performed at 94°C for 30 s, 56°C for 30 s, and
72°C for 1min. The PCR was completed with a final
incubation of 5 minutes at 72°C. Thermocyling and
incubation were performed in a GeneAmp PCR System
9700 (Thermo Fisher Scientific). Amplified products
(5mL) were treated with shrimp alkaline phosphatase
for 40 minutes at 37°C, followed by denaturation for 10
minutes at 85°C. Single-base extension was performed
at 94°C for 30 s, followed by 40 cycles at 94°C for 5 s
with five nested cycles of 52°C for 5 s, then 80°C for 5
s and incubation at 72°C for 3 min. Streptavidin-coated
magnetic beads were used to capture the amplicon.
Beads with captured products were pelleted using a
magnet and, suspended with 13mL of elution solution,
and incubated at 95°C for 5 minutes. Eluted products
were conditioned with 5 mL (3 mg) of anion exchange
resin slurry. Finally, the analyte was dispensed onto a
Spectro CHIPArray solid support using a MassARRAY
RS1000 Nano-dispenser. Data were acquired via matrix-
assisted laser desorption/ionization time-of-flightmass
spectrometry using the MassARRAY Analyzer. Data
analysis were performed using Typer software version
4.0.26.74 (Agena Bioscience)

Droplet digital PCR (ddPCR)

Genotyping was performed using 10 ng cfDNA on
QX100 Droplet Digital PCR System (Bio-Rad, Hercules,
CA). The primers and probes for detection of KRAS,
BRAF, PIK3CA, EGFR, IDHI, IDH2, NRAS and AKT
were obtained from Bio-Rad. PCR components were
separated into individual reaction vessels using the QX100
Droplet Generator (Bio-Rad). The droplet generation
process combines 70 pL of droplet generation oil with 22
uL of the ddPCR. 40 ul of formed droplet reaction was
subjected to amplification. The cycling conditions for the
PCR reaction included an initial incubation at 95°C for
10 minutes (min), 40 cycles of 94°C for 30 seconds (s)
and 55°C for 60 s, and enzyme inactivation at 98°C for
10 min. After thermal cycling, the plates were transferred
to a Droplet reader (Bio-Rad). The digital PCR data were
analyzed with the Quanta Soft analytical software package
(Bio-Rad).

Limit-of-detection (LOD) by NGS, UltraSEEK
and ddPCR

The LOD for the NGS platform has been performed
using serially diluted samples as described earlier [29].
ddPCR and Ultrseek MassARRAY LOD study for

mutation detection was performed using a serially diluted
patient cfDNA sample positive for KRAS G 12D mutation.
The DNA was diluted with a cfDNA sample negative for
these mutations to obtain samples with 50%, 25%, 12.5%,
6.25%, 3.15%, 1.5%, or 0.75% percent positive (mutated)
DNA in wild-type DNA.

Statistical and concordance analysis of tumor
DNA and cfDNA

A paired #-test and Wilcoxon rank sum test were
performed for statistical analysis to compare results
among data sets. All analyses were performed with Graph
Pad Prism software. Survival curves were calculated using
the Kaplan—Meier method. The log-rank test was used to
compare the survival curves. For statistical analysis of
correlation between a pair of selected data for mutant
allelic frequency in cfDNA was performed using Pearson
correlation coefficient and p < 0.05 calculated by two
tailed test were considered as significant.

ACKNOWLEDGMENTS

The authors like to thank the Division of Pathology
and Laboratory Medicine and Institute of Personalized
Cancer Therapy (IPCT), The University of Texas MD
Anderson Cancer Center for support towards this study.

CONFLICTS OF INTEREST

None declared.

REFERENCES

1. Murtaza M, Dawson SJ, Tsui DWY, Gale D, Forshew T,
Piskorz AM, Parkinson C, Chin SF, Kingsbury Z, Wong
ASC, Marass F, Humphray S, Hadfield J, et al. Non-
invasive analysis of acquired resistance to cancer therapy
by sequencing of plasma DNA. Nature. 2013; 497:108-12.
https://doi.org/10.1038/nature12065.

2. Syn NL, Yong WP, Goh BC, Lee SC. Evolving landscape of
tumor molecular profiling for personalized cancer therapy:
a comprehensive review. Expert Opin Drug Metab Toxicol.
2016; 12:911-22. https://doi.org/10.1080/17425255.2016.1
196187.

3. Diaz LA Jr, Bardelli A. Liquid biopsies: genotyping
circulating tumor DNA. J Clin Oncol. 2014; 32:579-86.
https://doi.org/10.1200/JC0O.2012.45.2011.

Kato S, Janku F. Cell-free DNA as a novel marker in cancer
therapy. Biomarkers in Medicine. 2015; 9:703—12. https://
doi.org/10.2217/Bmm.15.38.

5. Karampini E, McCaughan F. Circulating DNA in solid

organ cancers-analysis and clinical application. QJM. 2015.
https://doi.org/10.1093/qjmed/hcv146.

www.impactjournals.com/oncotarget

10269

Oncotarget



10.

11.

12.

14.

16.

Jung K, Fleischhacker M, Rabien A. Cell-free DNA in the
blood as a solid tumor biomarker-A critical appraisal of
the literature. Clinica Chimica Acta. 2010; 411:1611-24.
https://doi.org/10.1016/j.cca.2010.07.032.

Cai X, Janku F, Zhan Q, Fan JB. Accessing Genetic
Information with Liquid Biopsies. Trends Genet. 2015;
31:564-75. https://doi.org/10.1016/j.tig.2015.06.001.
Diehl F, Schmidt K, Choti MA, Romans K, Goodman S, Li
M, Thornton K, Agrawal N, Sokoll L, Szabo SA, Kinzler
KW, Vogelstein B, Diaz LA. Circulating mutant DNA to
assess tumor dynamics. Nature Medicine. 2008; 14:985-90.
https://doi.org/10.1038/nm.1789.

Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y,
Agrawal N, Bartlett BR, Wang H, Luber B, Alani RM,
Antonarakis ES, Azad NS, Bardelli A, et al. Detection
of circulating tumor DNA in early- and late-stage human
malignancies. Sci Transl Med. 2014; 6:224ra24. https://doi.
org/10.1126/scitranslmed.3007094.

Benesova L, Belsanova B, Suchanek S, Kopeckova M,
Minarikova P, Lipska L, Levy M, Visokai V, Zavoral M,
Minarik M. Mutation-based detection and monitoring of
cell-free tumor DNA in peripheral blood of cancer patients.
Analytical Biochemistry. 2013; 433:227-34. https://doi.
org/10.1016/j.ab.2012.06.018.

Esposito A, Bardelli A, Criscitiello C, Colombo N, Gelao
L, Fumagalli L, Minchella I, Locatelli M, Goldhirsch A,
Curigliano G. Monitoring tumor-derived cell-free DNA
in patients with solid tumors: clinical perspectives and
research opportunities. Cancer Treat Rev. 2014; 40:648-55.
https://doi.org/10.1016/j.ctrv.2013.10.003.

Chae YK, Davis AA, Carneiro BA, Chandra S, Mohindra
N, Kalyan A, Kaplan J, Matsangou M, Pai S, Costa
R, Jovanovic B, Cristofanilli M, Platanias LC, et al.
Concordance between genomic alterations assessed by
next-generation sequencing in tumor tissue or circulating
cell-free DNA. Oncotarget. 2016; 7:65364—73. https://doi.
org/10.18632/oncotarget.11692.

Gormally E, Caboux E, Vineis P, Hainaut P. Circulating free
DNA in plasma or serum as biomarker of carcinogenesis:
Practical aspects and biological significance. Mutation
Research-Reviews in Mutation Research. 2007; 635:105—
17. https://doi.org/10.1016/j.mrrev.2006.11.002.

Francis G, Stein S. Circulating Cell-Free Tumour DNA
in the Management of Cancer. International Journal of
Molecular Sciences. 2015; 16:14122-42. https://doi.
org/10.3390/ijms160614122.

Eerkes T, Santiago-Walker AA, Loreen M, Lim L,
Hernandez J, Raymond C, Henderson S, Dipasquo D,
Shaffer T, Motely C, Moy C, Wallace S, Eaton K, et al.
Utility of a targeted NGS oncology assay for circulating
tumor DNA in a multi-histology clinical setting. Annals
of Oncology. 2016; 27. https://doi.org/10.1093/annonc/
mdw380.3.

Newman AM, Bratman SV, To J, Wynne JF, Eclov NCW,
Modlin LA, Liu CL, Neal JW, Wakelee HA, Merritt RE,

17.

18.

19.

20.

21.

22.

23.

24.

Shrager JB, Loo BW, Alizadeh AA, et al. An ultrasensitive
method for quantitating circulating tumor DNA with broad
patient coverage. Nature Medicine. 2014; 20:552-8. https://
doi.org/10.1038/nm.3519.

Forshew T, Murtaza M, Parkinson C, Gale D, Tsui
DWY, Kaper F, Dawson SJ, Piskorz AM, Jimenez-
Linan M, Bentley D, Hadfield J, May AP, Caldas C, et
al. Noninvasive Identification and Monitoring of Cancer
Mutations by Targeted Deep Sequencing of Plasma DNA.
Science Translational Medicine. 2012; 4. https://doi.org/
ARTN136ra6810.1126/scitranslmed.3003726.

Lanman RB, Mortimer SA, Zill OA, Sebisanovic D, Lopez
R, Blau S, Collisson EA, Divers SG, Hoon DSB, Kopetz
ES, Lee J, Nikolinakos PG, Baca AM, et al. Analytical
and Clinical Validation of a Digital Sequencing Panel for
Quantitative, Highly Accurate Evaluation of Cell-Free
Circulating Tumor DNA. Plos One. 2015; 10. https://doi.
org/ARTNe014071210.1371/journal.pone.0140712.

FuY, Jovelet C, Filleron T, Pedrero M, Motte N, Boursin Y,
Luo Y, Massard C, Campone M, Levy C, Dieras V, Bachelot
T, Garrabey J, et al. Improving the Performance of Somatic
Mutation Identification by Recovering Circulating Tumor
DNA Mutations. Cancer Res. 2016; 76:5954—61. https://doi.
org/10.1158/0008-5472.CAN-15-3457.

Mosko MJ, Nakorchevsky AA, Flores E, Metzler H,
Ehrich M, van den Boom DJ, Sherwood JL, Nygren
AOH. Ultrasensitive Detection of Multiplexed Somatic
Mutations Using MALDI-TOF Mass Spectrometry. Journal
of Molecular Diagnostics. 2016; 18:23-31. https://doi.
org/10.1016/j.jmoldx.2015.08.001.

Janku F, Huang HJ, Fujii T, Shelton DN, Madwani K, Fu
S, Tsimberidou AM, Piha-Paul SA, Wheler JJ, Zinner RG,
Naing A, Hong DS, Karp DD, et al. Multiplex KRASG12/
G13 Mutation Testing of Unamplified Cell-Free DNA
from the Plasma of Patients with Advanced Cancers Using
Droplet Digital Polymerase Chain Reaction. Ann Oncol.
2016. https://doi.org/10.1093/annonc/mdw670.

Beije N, Helmijr JC, Weerts MJA, Beaufort CM, Wiggin
M, Marziali A, Verhoef C, Sleijfer S, Trapman-Jansen AM,
Martens JWM. Somatic mutation detection using various
targeted detection assays in paired samples of circulating
tumor DNA, primary tumor and metastases from patients
undergoing resection of colorectal liver metastases.
Molecular Oncology. 2016; 10:1575-84. https://doi.
org/10.1016/j.molonc.2016.10.001.

El Messaoudi S, Mouliere F, Du Manoir S, Bascoul-Mollevi
C, Gillet B, Nouaille M, Fiess C, Crapez E, Bibeau F, Theillet
CG, Mazard T, Pezet D, Mathonnet M, et al. Circulating
DNA as a strong multi-marker prognostic tool for metastatic
colorectal cancer patient management care. Clin Cancer Res.
2016. https://doi.org/10.1158/1078-0432.CCR-15-0297.

He 'Y, Zhang X, Wang L, Tian Z, Liu Q, Yao J, Liu Y, Li C,
Min L, Shan B. Detection of cancer specific mutations in
early-stage non-small cell lung cancer using cell-free DNA
by targeted sequencing. Int J Oncol. 2016; 49:2351-8.
https://doi.org/10.3892/ij0.2016.3731.

WWw

.impactjournals.com/oncotarget

10270

Oncotarget



25.

26.

27.

28.

29.

30.

Hsieh CC, Hsu HS, Chang SC. Clinical Relevance
of Circulating Cell-Free DNA Level in Patients
With Squamous Cell Carcinoma of the Esophagus.
Gastroenterology. 2016; 150:S1206-S7.

Thierry AR, Mouliere F, El Messaoudi S, Mollevi C,
Lopez-Crapez E, Rolet F, Gillet B, Gongora C, Dechelotte
P, Robert B, Del Rio M, Lamy PJ, Bibeau F, et al. Clinical
validation of the detection of KRAS and BRAF mutations
from circulating tumor DNA. Nature Medicine. 2014;
20:430—+. https://doi.org/10.1038/nm.3511.

El Messaoudi S, Rolet F, Mouliere F, Thierry AR.
Circulating cell free DNA: Preanalytical considerations.
Clinica Chimica Acta. 2013; 424:222-30. https://doi.
org/10.1016/j.cca.2013.05.022.

Rachiglio AM, Esposito Abate R, Sacco A, Pasquale R,
Fenizia F, Lambiase M, Morabito A, Montanino A, Rocco
G, Romano C, Nappi A, laffaioli RV, Tatangelo F, et al.
Limits and potential of targeted sequencing analysis of
liquid biopsy in patients with lung and colon carcinoma.
Oncotarget. 2016; 7:66595-605. https://doi.org/10.18632/
oncotarget.10704.

Mehrotra M, Singh RR, Chen W, Huang RSP,
Almohammedsalim AA, Barkoh BA, Simien CM,
Hernandez M, Behrens C, Patel KP, Routbort MJ, Broaddus
RR, Medeiros LJ, et al. Study of Preanalytic and Analytic
Variables for Clinical Next-Generation Sequencing of
Circulating Cell-Free Nucleic Acid. J Mol Diagn. 2017;
19:514-24. https://doi.org/10.1016/j.jmoldx.2017.03.003.
Seki Y, Fujiwara Y, Kohno T, Takai E, Sunami K, Goto
Y, Horinouchi H, Kanda S, Nokihara H, Watanabe S,
Ichikawa H, Yamamoto N, Kuwano K, et al. Picoliter-
Droplet Digital Polymerase Chain Reaction-Based Analysis
of Cell-Free Plasma DNA to Assess EGFR Mutations in
Lung Adenocarcinoma That Confer Resistance to Tyrosine-
Kinase Inhibitors. Oncologist. 2016; 21:156-64. https://doi.
org/10.1634/theoncologist.2015-0288.

31.

32.

33.

34.

35.

36.

Zhang Y, Xu Y, Zhong W, Zhao J, Chen MJ, Zhang L, Li
LY, Wang MZ. Total DNA input is a crucial determinant
of the sensitivity of plasma cell-free DNA EGFR mutation
detection using droplet digital PCR. Oncotarget. 2017;
8:5861-73. https://doi.org/10.18632/oncotarget.14390.

Sefrioui D, Mauger F, Leclere L, Beaussire L, Di Fiore
F, Deleuze JF, Sarafan-Vasseur N, Tost J. Comparison
of the quantification of KRAS mutations by digital PCR
and E-ice-COLD-PCR in circulating-cell-free DNA from
metastatic colorectal cancer patients. Clin Chim Acta. 2017;
465:1-4. https://doi.org/10.1016/j.cca.2016.12.004.

Jansen MP, Martens JW, Helmijr JC, Beaufort CM, van
Marion R, Krol NM, Monkhorst K, Trapman-Jansen AM,
Meijer-van Gelder ME, Weerts MJ, Ramirez-Ardila DE,
Dubbink HJ, Foekens JA, et al. Cell-free DNA mutations as
biomarkers in breast cancer patients receiving tamoxifen.
Oncotarget. 2016; 7:43412-8. https://doi.org/10.18632/
oncotarget.9727.

Pu WY, Zhang R, Xiao L, Wu YY, Gong W, Lv XD, Zhong
FY, Zhuang ZX, Bai XM, Li K, Xing CG. Prediction of
cancer progression in a group of 73 gastric cancer patients
by circulating cell-free DNA. Bmc Cancer. 2016; 16.
https://doi.org/ARTN94310.1186/s12885-016-2977-7.

Levy B, Hu ZSI, Cordova KN, Close S, Lee K, Becker D.
Clinical Utility of Liquid Diagnostic Platforms in Non-
Small Cell Lung Cancer. Oncologist. 2016; 21:1121-30.
https://doi.org/10.1634/theoncologist.2016-0082.

Ocana A, Diez-Gonzalez L, Garcia-Olmo DC, Templeton
AlJ, Vera-Badillo F, Jose Escribano M, Serrano-Heras G,
Corrales-Sanchez V, Seruga B, Andres-Pretel F, Pandiella
A, Amir E. Circulating DNA and Survival in Solid Tumors.
Cancer Epidemiol Biomarkers Prev. 2016; 25:399-406.
https://doi.org/10.1158/1055-9965.EPI-15-0893.

www.impactjournals.com/oncotarget

10271

Oncotarget



