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Assessing circulating tumor DNA (ctDNA) is a promising method to evaluate somatic mu-

tations from solid tumors in a minimally-invasive way. In a group of twelve metastatic

colorectal cancer (mCRC) patients undergoing liver metastasectomy, from each patient

DNA from cell-free DNA (cfDNA), the primary tumor, metastatic liver tissue, normal

tumor-adjacent colon or liver tissue, and whole blood were obtained. Investigated was

the feasibility of a targeted NGS approach to identify somatic mutations in ctDNA. This tar-

geted NGS approach was also compared with NGS preceded by mutant allele enrichment

using synchronous coefficient of drag alteration technology embodied in the OnTarget

assay, and for selectedmutations with digital PCR (dPCR). All tissue and cfDNA samples un-

derwent IonPGM sequencing for a CRC-specific 21-gene panel, which was analyzed using a

standard and a modified calling pipeline. In addition, cfDNA, whole blood and normal tis-

sue DNA were analyzed with the OnTarget assay and with dPCR for specific mutations in

cfDNA as detected in the corresponding primary and/or metastatic tumor tissue. NGS with

modified calling was superior to standard calling and detected ctDNA in the cfDNA of 10

patients harboring mutations in APC, ATM, CREBBP, FBXW7, KRAS, KMT2D, PIK3CA and

TP53. Using this approach, variant allele frequencies in plasma ranged predominantly

from 1 to 10%, resulting in limited concordance between ctDNA and the primary tumor

(39%) and the metastases (55%). Concordance between ctDNA and tissue markedly

improved when ctDNA was evaluated for KRAS, PIK3CA and TP53 mutations by the OnTar-

get assay (80%) and digital PCR (93%). Additionally, using these techniques mutations were

observed in tumor-adjacent tissue with normal morphology in the majority of patients,

which were not observed in whole blood. In conclusion, in these mCRC patients with
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oligometastatic disease NGS on cfDNA was feasible, but had limited sensitivity to detect all

somatic mutations present in tissue. Digital PCR and mutant allele enrichment before NGS

appeared to be more sensitive to detect somatic mutations.

ª 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction

The use of targeted therapies has markedly transformed can-

cer treatment in the last decade (Haber et al., 2011). Unfortu-

nately most of the responses to targeted therapies in the

advanced setting are transitory at best, because intrinsic or

acquired resistance to these agents is present or rapidly de-

velops (Leto and Trusolino, 2014). Tumor heterogeneity is

thought to play a pivotal role in the development of acquired

resistance (Turner and Reis-Filho, 2012). Heterogeneity is pre-

sent in the tumor lesion itself (intra-tumor heterogeneity),

while in the advanced setting also heterogeneity between

different metastatic lesions (inter-metastatic heterogeneity)

can be present (Gerlinger et al., 2012; Vogelstein et al., 2013).

Furthermore, during effective treatment the genomic land-

scape of tumor cells evolves. For example, there are strong in-

dications that the emergence of KRASmutations inmetastatic

CRC (mCRC) patients who initially harbored a tumor wildtype

for KRAS, contributes to resistance against anti-EGFR mono-

clonal antibodies (Misale et al., 2012; Siravegna et al., 2015).

Altogether, this clearly stresses that in the advanced setting,

particularly after treatment with agents dependent on a ge-

netic aberration, the analysis of a single biopsy to evaluate

the cancer genome and to guide treatment decision making

is likely insufficient. The only way to acquire a comprehensive

overview of the cancer genome would be to take multiple bi-

opsies from metastases, which is cumbersome and even

impossible in some patients due to inaccessibility of lesions.

As an alternative approach to taking biopsies from solid le-

sions, assessing circulating tumor DNA (ctDNA) in the periph-

eral blood has been proposed as a minimally-invasive way to

evaluate the tumor mutation status. Tumor cells release frag-

mented DNA into the peripheral blood, and these DNA frag-

ments can be detected as ctDNA in the cell-free

compartment (i.e., serum and plasma) of the blood. It is

thought that ctDNA can represent the most prevalent tumor

clones from primary tumors as well as metastatic lesions.

In the last years, various techniques have been introduced

to detect and quantify mutations in ctDNA. Generally, for

choosing a technique to detect mutant ctDNA one has to

take into account the rarity of ctDNA alleles relative to wild-

type DNA alleles in the cell-free compartment of the blood.

Frequencies of ctDNA vary largely, from roughly <0.1% to

>10% (Diehl et al., 2008; Haber and Velculescu, 2014). Tech-

niques such as digital PCR (dPCR) (Wang et al., 2010) and

BEAMING (Diehl et al., 2006) have the advantage of superior

sensitivity, being able to detect ctDNA in frequencies as low

as 0.01%. However, using these techniques only one or a

limited number of specific somatic mutations can be
analyzed simultaneously. Recently, a technique called syn-

chronous coefficient of drag alteration (SCODA) (Marziali

et al., 2005; Thompson et al., 2012) has been used to develop

an assay (OnTarget assay) which is able to analyze up to 96

mutant alleles in 9 genes with reported sensitivity similar to

dPCR and BEAMING of 0.01e0.001% (Kidess et al., 2015). This

OnTarget assay firstly enriches for mutant alleles and subse-

quently genes are targeted next-generation sequenced (NGS).

Still, when all somatic variants in numerous genes are of in-

terest, NGS for multiple genes is indicated. A potential draw-

back of these NGS techniques is however their lack of

sensitivity for detecting ctDNA frequencies below 1e2%

(Diaz and Bardelli, 2014).

The current study set out to explore the feasibility of Ion

Torrent PGM (IonPGM) targeted NGS on plasma cfDNA of pa-

tients with mCRC undergoing colorectal liver metastasec-

tomy. To this purpose, 12 patients undergoing resection of

CRC metastases were investigated. In these patients the pri-

mary tumor, the resected liver metastasis, cfDNA and normal

tumor-adjacent tissue were sequenced using a 21-gene CRC-

specific panel on the IonPGM platform. In addition, to gain

more insight into the advantages and disadvantages of ctDNA

detection with different techniques, results generated with

the IonPGM platformwere compared with the OnTarget assay

and with digital PCR for specific variants.
2. Methods

2.1. Patients and sample collection

Patients with colorectal livermetastases undergoing resection

of liver metastases were included as part of a prospective

study in the ErasmusMC Cancer Institute evaluating the prog-

nostic value of circulating tumor cells (CTCs) as described

before (Lalmahomed et al., 2015; Mostert et al., 2015). Prior to

surgery 30 mL of blood was drawn in EDTA tubes from all pa-

tients for DNA isolation from plasma or whole blood as

described in the next paragraph. In addition, 30 mL of blood

was drawn in CellSave tubes and subsequently processed for

CTC enumeration on the CellSearch system (Janssen Diagnos-

tics, Raritan, NJ, USA) as described previously (Lalmahomed

et al., 2015). During surgery, the liver metastases and normal

tissue of the liver were collected and freshly frozen (FF) for

later analyses. In all cases the tissue was also stored as

formalin-fixed paraffin-embedded (FFPE). In patients present-

ing with synchronous CRCmetastases, the resection of the co-

lon was combined with the resection of the liver metastases

and normal tumor-adjacent colon was also collected.

http://dx.doi.org/10.1016/j.molonc.2016.10.001
http://dx.doi.org/10.1016/j.molonc.2016.10.001
http://dx.doi.org/10.1016/j.molonc.2016.10.001


M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 1 5 7 5e1 5 8 4 1577
For this mutation analysis study, only patients with a

complete set of available plasma cfDNA, primary tumor tis-

sue, metastatic tumor tissue and normal tumor-adjacent tis-

sue of the liver or the colon were included. Other criteria for

inclusion were 1) acquisition of metastatic tissue, normal tis-

sue and plasma on the same day; 2) a minimum percentage

of 30% tumor cells in the primary tumor sample and the liver

metastasis sample as assessed using hematoxylin and eosin

(H&E) slides from macro-dissected tissue by an experienced

pathologist; 3) no tumor cells detected in macro-dissected

tissue from tumor-adjacent colon and liver as assessed on

H&E slides by an experienced pathologist; 4) no adjuvant

treatment given in case of metachronous metastases. All pa-

tients provided written informed consent and the institu-

tional board approved the protocols (Erasmus MC ID MEC-

2006-089).

2.2. DNA isolation

DNA was isolated from all tissues using the NucleoSpin DNA

tissue kit (MachereyeNagel, D€uren, Germany). For FFPE mate-

rials deparaffinization was done prior to isolation of DNA

(Banerjee et al., 1995). For the isolation of cell-free DNA

(cfDNA), 30mL of peripheral bloodwas pooled and centrifuged

for 10 min at 800 g within 24 h after the blood draw. Subse-

quently plasma was removed and snap frozen at �80 �C.
Cell-free DNA was isolated from 3 � 1 mL plasma and eluted

in 20 mL buffer using the QIAamp circulating nucleic acid kit

(Qiagen, Venlo, The Netherlands) according to the manufac-

turer’s instructions. Subsequently the eluate from 3 � 1 mL

of plasma was used for each assay (IonPGM, dPCR and OnTar-

get) (Supplementary Table 1). DNA from whole blood samples

was isolated using the QIAamp Blood Mini kit (Qiagen), ac-

cording to the manufacturer’s instructions. Extracted DNA

was quantified using the Qubit dsDNA HS Assay kit (Thermo

Fisher, Waltham, MA, USA).

2.3. Targeted NGS using IonPGM

ACRC-specific 21-gene panel was established based on the top

19 most frequently mutated genes for CRC in the Catalogue of

somatic mutations in cancer (COSMIC, June 2014). Based on

the clinical relevance of NRAS in CRC (De Roock et al., 2010)

and recent literature suggesting that KDR is a marker for

hypermutation in CRC (Lee et al., 2014), these genes were

also included in the panel. This resulted in a 21-gene panel

consisting of TP53, APC, KRAS, ATM, PTEN, PIK3CA, BRAF,

FBXW7, SMAD4, NF1, RB1, ARID1A, PTCH1, CREBBP, KIT,

KMT2D, CDH1, MLH1, EGFR, NRAS & KDR. These 21 genes

were included in a custom amplicon-based sequencing panel

(1115 amplicons, w89 kb), where the amplicons covered the

whole exome of the gene, except for genes KRAS, PIK3CA,

BRAF, EGFR and NRAS in which only the hotspot regions

were sequenced (Supplemental Table 2). Libraries for these

genes were constructed using the Ion AmpliSeq library kit

2.0 (Thermo Fisher) and subsequently the libraries were

sequenced on the Ion Torrent NGS platform (Thermo Fisher),

all as described before (Weerts et al., 2016).

IonPGM data was analyzed using our previously described

standard calling pipeline (Jansen et al., 2016; Weerts et al.,
2016). In short, raw IonPGM data was first loaded into the Tor-

rentSuite variant caller 4.3, and variants were called with so-

matic low stringency setting. Then additional filtering was

applied: variants were excluded if they were not present in

the targeted exonic regions, if they were present in �90% of

the samples, if they had a Q-score of �20, strand bias of

�90%, read depth �100 (�20 for normal tissue) or mutant

allele read depth of �10. Then variants detected in normal tis-

sue with a variant allele frequency of �35% and/or variants

present in the virtual normal database (Hiltemann et al.,

2015) were excluded as somatic variants. Lastly, all detected

variants were inspected in all patient-matched samples using

raw data without any of the filtering steps (IonPGM hotspot

file). The remaining variants were considered to be true so-

matic variants.

A modified approach to sensitively call known variants in

cfDNA was also evaluated. In this modified calling pipeline,

all variants observed in the primary tumor or the metastasis

as identified with the standard calling pipeline were analyzed

in the cfDNA. All of the above criteria to call a variant were

used, except for the criterion that variants had to be called

by the TorrentSuite variant caller. The somatic low stringency

calling was omitted in this approach, as this calling was orig-

inally developed for variant calling in tissue, in which variant

allele frequencies are usually higher than in cfDNA.
2.4. NGS preceded by OnTarget enrichment

DNA isolated fromall plasma samples and a selected set of tis-

sue samples and whole blood samples were sent to Boreal Ge-

nomics (Vancouver, BC, Canada), and processed with the

OnTarget assay (Thompson et al., 2012) followed by targeted

sequencing on the MiSeq platform (Illumina, San Diego, CA,

USA) as described before (Kidess et al., 2015). Boreal Genomics

was blinded from all results obtained with IonPGM and digital

PCR. The OnTarget assay targets 96 mutations in 9 genes

(BRAF, CTNNB1, EGFR, KRAS, FOXL2, GNAS, NRAS, PIK3CA and

TP53; Supplementary Table 3). The assay detects mutant

DNA by electrophoretically removing wild-type DNA from

the sample before significant PCR amplification or sequencing.

Mutations were called positive if they were detected above a

limit of detection (LOD), which was calculated as the mean

plus 3 standard deviations of the mutant background (as

observed on >100 known wild-type samples), plus two copies

of the mutant. In cases where a mutant was called positive on

a given PCR amplicon, the LOD for all other mutants on the

same ampliconwas raised by 1% of the detectedmutant abun-

dance to prevent false positives from PCR errors on the

detected mutant. The limit of detection was calculated sepa-

rately for each mutation in each sample to maximize assay

sensitivity and specificity. Further details regarding the

OnTarget methods are described in the Supplementary

Methods. To evaluate the linearity, accuracy, and precision

of the OnTarget assay, a set of samples designed for validation

of cfDNA assays (Multiplex I cfDNA Reference Standard, from

HorizonDX, Cambridge UK)were tested. The validation exper-

iments (its methods discussed in detail in the Supplementary

Methods) demonstrated high sensitivity and specificity of the

assay (Supplementary Table 4).

http://dx.doi.org/10.1016/j.molonc.2016.10.001
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2.5. Digital PCR

Digital PCR for somatic variants was performed using vali-

dated Taqman SNP genotyping assays for KRAS p.G12D,

KRAS p.G12V, KRAS p.G13D, PIK3CA p.E545K, TP53 p.R273H

and TP53 p.R248Q (Thermo Fisher) on the Quantstudio 3D dig-

ital PCR system (Thermo Fisher), according to the manufac-

turer’s instructions. In case of cfDNA, the maximum input of

7.8 mL DNAwas used. The presence of at least 2mutant signals

(FAM-positive, VIC-negative) was considered positive for a

certain mutation.

To assess the proportion of cfDNA fragments, a Taqman

b-actin dPCR assay was used based on the assay described

by Norton et al. (2013) which is able to detect small

(�136 bp) and long (�420 bp) b-actin fragments. This assay

was used to quantify the extent of leukocyte lysis, which is

characterized by an increased number of large DNA frag-

ments relative to small DNA fragments (Van Dessel et al.,

2016). A standardized input of 2 ng was used for the assay,

to minimize the chances of double-positive events related

to high input. Double-positive events (positive for �136 bp

& �420 bp) were classified as long fragments �2000 bp, as

the primers for the 136 bp and 420 bp span about 2000 bp.

All dPCR experiments were analyzed in the Quantstudio 3D

AnalysisSuite (Thermo Fisher) by one experienced technician

(JH).
2.6. Statistical considerations

Our primary endpoint was the feasibility of ionPGM

sequencing on ctDNA using our standard algorithm. Second-

ary endpoints included to explore if ctDNA is more resem-

bling of the primary tumor or the metastases, to explore

associations between the number of circulating tumor cells

and ctDNA detection, to explore associations between cfDNA

fragmentation and ctDNA detection, and to explore how

ionPGM sequencing relates to other methods detecting muta-

tions in ctDNA. As this study was meant to be exploratory, no

formal statistics were performed to compare groups or

methods.
3. Results

3.1. Patients and tissues

Twelve patients were identified whom matched the inclusion

criteria (Supplementary Table 5). Six patients presented with

synchronous metastases, and 6 patients had metachronous

metastases. Median number of days between the resection

of the primary tumor and the resection of the liver metastases

for the patients with metachronous metastases was 830 days

(range 270e2522 days). None of the patients received adjuvant

therapy after surgery of the primary tumor or induction-

therapy prior to the surgery for the liver metastases. In the

set of 36 tissue samples (primary tumor, metastases and

normal liver or colon), 25 tissue samples were FF and 11 tissue

samples were FFPE. The median tumor cell percentage was

80% (interquartile range 20%).
3.2. Plasma isolation and raw analysis of samples

Median cfDNA concentration after isolation was 564 pg/mL

(range 442e1224). A total of 5.75e15.91 ng cfDNA was

sequenced on the IonPGM platform (Supplementary Table 6).

Median coverage was 751x (range 582xe1141x) for tissue sam-

ples and 728x (range 527xe812x) for cfDNA samples. Raw data

was analyzed and variants not meeting our criteria for so-

matic mutations were excluded with the exception of one

variant (TP53 p.R273H). This variant was observed in one of

the 478 virtual normal genomes (0.2%), but since this variant

is enriched in TCGA CRC data (3,3%) (Cancer Genome Atlas,

2012) and linked to enhanced proliferation and invasion (Li

et al., 2014) it was evaluated as a somatic variant. Following

further filtering of variants using the standard variant calling

pipeline, amedian of 3 variantswere called per primary tumor

or metastasis. However, in the primary tumors of patients 1, 4

& 5 more than 200 variants remained after filtering. Further

investigation of these variants revealed that >97% of the

called variants were C > T or G > A variant substitutions,

which had previously been linked to sequencings artefacts

caused by formalin fixation (Do and Dobrovic, 2012; Do et al.,

2013). In an attempt to reduce these artefacts one FFPE-

derived DNA was treated with uracil-DNA glycosylase (UDG),

which has been described to reduce FFPE-related sequencing

artefacts (Do and Dobrovic, 2012; Do et al., 2013). While a great

reduction of variants was observed after UDG treatment, still

more than 100 variants remained after filtering (data not

shown). Since these FFPE-related artefacts severely limited so-

matic mutation detection, the primary tumor FFPE samples of

patients 1, 4 & 5 were omitted from further analysis.

3.3. Concordance between primary tumor, metastasis
and cfDNA using IonPGM NGS

Following standard filtering 28 variants were observed in the

primary tumor and 33 variants in the metastases, comprising

a total of 29 distinct variants (Table 1). Of these 29 variants, 10

variants were not previously described in COSMIC. Concor-

dance of all variants between the primary tumor and the me-

tastases was 72%. In the cfDNAs, a total of 11 variants were

observed in the blood of 6 patients. Two variants were found

exclusively in ctDNA (KMT2D p.G794R & ATM p.A2301T) which

were not previously described in COSMIC. From 28 variants

observed in the primary tumor, 5 were retrieved in cfDNA

(18%). Of note is that 4 of these 5 retrieved variants were

observed in the same patient (patient 9). Out of 33 variants

observed in the metastases, 9 variants were retrieved in the

cfDNA (27%).

3.4. Investigation of modified calling pipeline for cfDNA

To explore whether the sensitivity for calling variants in

cfDNA from plasma with the standard filtering strategy could

be improved, variants previously observed in the primary tu-

mor or the metastasis were investigated for their presence

in cfDNA using a modified calling pipeline. For this pipeline,

the variant in cfDNA did not have to be called by the Torrent-

Suite variant calling program. The modified calling approach

led to the identification of 9 additional variants in cfDNA

http://dx.doi.org/10.1016/j.molonc.2016.10.001
http://dx.doi.org/10.1016/j.molonc.2016.10.001
http://dx.doi.org/10.1016/j.molonc.2016.10.001


Table 1 e Variants called in the primary tumor, metastases and plasma.

Patient Gene Position COSMIC Primary ionPGM Meta ionPGM Plasma ionPGM

Metachronous 1 APC p.Q1388X Yes X 54

APC p.R858X Yes X 27.4 .

2 CREBBP p.P2383L No 5.4 . .

FBXW7 p.D399Y No 19.8 39.4 .

KRAS p.G12D Yes 28.6 38.6 .

PIK3CA p.E545K Yes 41.1 74.8 .

TP53 p.G108S Yes 40.9 78.4 .

TP53 p.L130I No 44.1 74.7 .

3 APC p.C1369X No 52.0 78.2

CREBBP p.P2383S No 6.0 . .

TP53 p.R273H Yes 50.6 82.0 7.3

4 APC p.R223X Yes X 66.8 25.8

5 APC p.E1288X Yes X 5.4 .

APC p.R284X Yes X 10

TP53 p.R248Q Yes X 17.9

6 APC p.R481X Yes . 76.2 15.8

FBXW7 p.R689W Yes 22.0 . .

FBXW7 p.S582L Yes 23.8 . .

PIK3CA p.E545K Yes 5.3 . .

KRAS p.G12V Yes . 49.7 5.3

TP53 p.R273H Yes . 72.3 12.2

Synchronous 7 KRAS p.G12D Yes 12.7 8.5 .

ATM p.A2301T No . . 3.4

8 APC p.E1390X Yes 22.3 50.7

KRAS p.G12D Yes 30.9 51.2

TP53 p.R175H Yes 37.2 69.2 .

KMT2D p.G794R No . . 4.2

9 APC p.R858X Yes 24.4 41.2 17.2

CREBBP p.P937Q No 4.2 4.3 7.2

KRAS p.G12D Yes 39.7 35.0 20.5

TP53 p.R248Q Yes 37.5 55.7 14.1

10 TP53 p.R282W Yes 66.8 61.7 .

11 APC p.R481X Yes 23.9 16.3

TP53 p.M237I Yes 55.4 37.3

12 APC p.E1390X Yes 26.0 20.9 .

APC p.E564X No 19.1 12.5 .

CREBBP p.P975S No . 4.2 .

CREBBP p.R601Q No 13.0 9.8 .

KRAS p.G13D Yes 37.9 26.6

PIK3CA p.E545K Yes 18.0 12.9 .

Variants in plasma only called aftermodified variant calling are in red. Excluded samples because of FFPE-related artefacts are indicated with an

“X”. Not detected variants are indicated with a dot.
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and showed variants in the blood of 10 patients (Table 1). In

the primary tumor now 11 of 28 variants could be retrieved

in the cfDNA samples (39% compared to 18% with standard

filtering). In the metastases 18 of 33 variants were retrieved

in the cfDNA samples (55% compared to 27% with standard

filtering).

After using the modified pipeline, 20 different variants in

cfDNA (5 in cfDNA versus primary tumor, 3 in cfDNA versus

metastases, 12 in cfDNA versus both primary tumor and me-

tastases) still remained undetected. When the raw data for

these variants was explored (Supplementary Table 7), for 10

variants nomutant reads were observed at all in cfDNA, while

for 5 other variants the number of mutant reads did not

exceed the number of mutant reads found in cfDNA of pa-

tients without that variant found in their tissue. For 5 addi-

tional variants the number of mutant reads did exceed the

number of mutant reads observed in cfDNA of patients
without that variant in tissue, however, these were generally

low-confidence variants with Q-scores below 20.

3.5. OnTarget enrichment followed by NGS

To explore whether enrichment of mutant alleles with the

OnTarget technique followed by NGS would improve sensi-

tivity compared to IonPGM NGS, all cfDNA samples and

normal tissues were analyzed with the OnTarget assay

(Supplementary Table 8). A total of 3.0e10.0 ng cfDNA was

used for the procedure, which was a similar input as used

with IonPGM. The OnTarget assay covers 96 hotspot muta-

tions in 9 genes, and based on our IonPGM sequencing in the

primary tumor and metastases, a maximum of 15 mutations

could potentially be detected by the OnTarget assay in the

samples of 9 patients included in our study (for 3 patients

the OnTarget assay did not comprise the observed mutations

http://dx.doi.org/10.1016/j.molonc.2016.10.001
http://dx.doi.org/10.1016/j.molonc.2016.10.001
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in the tissues of these patients). These 15 mutations were

detected with IonPGM in 5 cfDNA samples with the standard

pipeline (33%) and in 8 cfDNA samples with themodified pipe-

line (58%). Using the OnTarget assay 12 out of 15 variants (80%)

could be retrieved in the cfDNA (Table 2). No additional vari-

ants were detected in cfDNA with the OnTarget assay. Inter-

estingly, the OnTarget assay also detected a total of 13

variants in 7 of 9 normal tumor-adjacent tissues

(Supplementary Table 8). For 5 patients in which mutations

in tumor-adjacent normal tissue were observed there was

whole blood available, and all of these variants were absent

in whole blood.

3.6. Digital PCR

For 14 mutations observed in the primary tumor and/or the

metastases, we had validated dPCR assays available

(Supplementary Table 9). Using dPCR, 13 of 14 mutations

(93%) observed in the primary tumor and/or the metastases

were detected (Table 2). Of note is that the one mutation

that was not detectedwas only observed in the primary tumor

of patient 6 at a low frequency (5%), and not the metastases.

Digital PCR was however able to detect all mutations that

occurred in the liver metastasis of this particular patient.

Compared to the OnTarget assay, dPCR detected two addi-

tional mutations, both in patient 2. Again, a significant num-

ber of mutations (9 out of 14) were detected in tumor-

adjacent tissue with normal appearing histology

(Supplementary Table 10), confirming the findings with the

OnTarget assay. None of these mutations were observed in

whole blood.

3.7. CTC enumeration & DNA fragmentation assay

To gain more insight into why ctDNA was or was not detected

in some samples, the number of CTCs and fragmentation of

cfDNA were assessed. CTC enumeration results of the main

study were retrieved (Lalmahomed et al., 2015) for each
Table 2 e Detection of plasma ctDNA mutations using various techniqu

Patient Gene Position Plasma IonPGM standard
filtering VAF%

P

2 KRAS p.G12D .

PIK3CA p.E545K .

3 TP53 p.R273H 7.3%

5 TP53 p.R248Q .

6 KRAS p.G12V 5.3%

TP53 p.R273H 12.2%

PIK3CA p.E545K .

7 KRAS p.G12D .

8 KRAS p.G12D .

TP53 p.R175H .

9 KRAS p.G12D 20.5%

TP53 p.R248Q 14.1%

10 TP53 p.R282W .

12 KRAS p.G13D .

PIK3CA p.E545K .

Not detected variants are indicated with a dot. VAF% ¼ variant allele fre
patient at the time of cfDNA isolation (Table 3). In 4 patients,

no CTCs were detected in 30 mL of blood, and in 1 of these pa-

tients, mutations in ctDNA were detected using IonPGM with

our standard calling pipeline. The use of themodified pipeline,

the OnTarget assay or dPCR however led to the identification

of mutations in most patients, including the patients without

CTCs. Because EDTA blood was used that was processed

within 24 h, it was also evaluated whether large DNA frag-

ments from lysed leukocytes diluted out small DNA fragments

and decreased sensitivity for ctDNA analyses. A dPCR-based

assay was used to detect small fragments (136 bp) and large

fragments (>400 bp), the latter indicative of the presence of

large DNA fragments from lysed leukocytes. The median per-

centage of small DNA fragments out of the total number of

fragments (small þ large) was 65% (range 46e73%; Table 3).

When patients were separated in two groups using the me-

dian of small fragments, we found that mutations in ctDNA

using IonPGMandmodified filteringwere detected in 5 of 6 pa-

tients (in which 53% of all potentially detectable mutations

were detectable) with a number of small fragments above

the median, and in 5 of 6 patients (in which 62% of all poten-

tially detectable mutations were detectable) with a number of

small fragments below the median.
4. Discussion

In the era of precision medicine in oncology, there is a high

need for accurate biomarkers that can be used before, during

and after treatment in a minimally invasive way. Assessing

ctDNA has sparked much interest to become such a

biomarker. To date, most reports using ctDNA in CRC have re-

ported on strategies using a limited set of genes (most often

KRAS, BRAF & PIK3CA) (Bettegowda et al., 2014; El Messaoudi

et al., 2016; Kidess et al., 2015; Mouliere et al., 2013;

Siravegna et al., 2015; Tabernero et al., 2015; Thierry et al.,

2014) or an approach in which personalized assays based on

mutations found in the primary tumor or metastases were
es and strategies.

lasma ionPGM modified
filtering VAF%

Plasma OnTarget
VAF%

Plasma
dPCR VAF%

. . 1.94%

. . 2.23%

7.3% 3.5% 7.03%

2.2% 1.5% 2.7%

5.3% 3.6% 8.5%

12.2% 4.9% 7.03%

. . .

. 0.92% 1.57%

2.3% 1.6% 1.66%

. 2.8% No assay

20.5% 14.0% 12.87%

14.1% 20.0% 15.02%

. 0.67% 2.94%

1.5% 3.1% 3.96%

. 2.7% 2.9%

quency.
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http://dx.doi.org/10.1016/j.molonc.2016.10.001
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Table 3 e Associations between the number of CTCs, the percentage of small fragments and detection of somatic mutations with ionPGM using
two filtering variants, and with OnTarget and dPCR.

Patient Number of
CTCs/30 mL

% of small DNA
fragments

Mutations present
in plasma with

standard filtering

Mutations present with
modified filtering

Mutations present
with OnTarget assay

Mutations present
with digital PCR

9 0 46% Yes (4 of 4) Yes (4 of 4) Yes (2 of 2) Yes (2 of 2)

10 0 55% No No Yes (1 of 1) Yes (1 of 1)

11 0 64% No Yes (2 of 2) Not applicable Not applicable

1 0 70% No Yes (1 of 2) Not applicable Not applicable

7 1 61% Yes (2 of 3) Yes (2 of 3) Yes (1 of 1) Yes (1 of 1)

12 1 63% No Yes (1 of 6) Yes (2 of 2) Yes (2 of 2)

3 1 66% Yes (2 of 3) Yes (2 of 3) Yes (1 of 1) Yes (1 of 1)

4 1 72% Yes (1 of 1) Yes (1 of 1) Not applicable Not applicable

8 2 62% Yes (2 of 5) Yes (4 of 5) Yes (2 of 2) Yes (2 of 2)

2 5 69% No No No Yes (2 of 2)

5 8 73% No Yes (2 of 3) Yes (1 of 1) Yes (1 of 1)

6 35 71% Yes (3 of 6) Yes (3 of 6) Yes (2 of 3) Yes (2 of 3)

For OnTarget and dPCR, only mutations previously found in the primary tumor or metastases are reported in this table.

Shadings represent the extent of concordance between tissue and plasma. “Not applicable” means that the mutation was not included in the

panel (OnTarget) or that there was no available assay (dPCR) for the mutation as observed with ionPGM sequencing.
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developed to detect ctDNA (Reinert et al., 2015; Tie et al., 2015).

Of note is that this latter approach also focuses on a limited

set of somatic mutations only. The current study reported

on the feasibility of a NGS panel on ctDNA in mCRC patients

covering the 21 most prevalent and relevant genes in CRC

known to date. It was observed that NGS with IonPGM is

feasible on cfDNA, however only a limited number of variants

observed in the primary tumor and the metastases could be

retrieved in the cfDNA. A number of specific variants not

observed in cfDNA with IonPGM could however be detected

using alternative methods such as OnTarget enrichment fol-

lowed by NGS and dPCR.

The sensitivity of IonPGM sequencing with standard

filtering to retrieve mutations found in tissue in ctDNA was

less than expected. As the plasmawas not optimally collected

(out of EDTA bloodwithin 24 h of the blood draw), the percent-

age of small fragments in cfDNA as a measure of leukocyte

lysis was assessed. In addition, the number of CTCs was

assessed as the number of CTCs was previously described to

be associated with the probability to detect ctDNA in breast

cancer (Dawson et al., 2013). However, both the extent of

leukocyte lysis as well as the number of CTCs did not provide

obvious explanations as to whymutant ctDNAwas or was not

detected in some patients, although the power of this analysis

was limited due to the small sample size of the presented

cohort. Interestingly, for example, is patient 9, in whom

ctDNA variant allele frequencies of 7e20% were observed,

but in whom no CTCs were detected and who had the lowest

percentage of small DNA fragments. This illustrates that we

have limited insight into why some patients have high or

low ctDNA frequencies. The ratio of ctDNA versus wildtype

cfDNA probably plays an important role, however to date

our understanding of this ratio, or a measure how to quantify

it, is lacking.
The observation that a modified calling pipeline for ctDNA,

instead of a standard calling pipeline based on calls by the

TorrentSuite variant caller, resulted in an increased detection

of mutations as found in tissue is in accordance with Couraud

et al. (2014). This group performed IonPGM sequencing on

ctDNA in patients with non-small cell lung cancer and

observed an increase in concordance rate between matched

tissue and ctDNA from 16% to 58% using an in-house calling

algorithm instead of using standard IonPGM variant calling.

Also similar to our results with the modified calling pipeline

is the report by Frenel et al. (2015) whom reported that 59%

of variants observed inmetastases of patients with various tu-

mors could be retrieved with IonPGM sequencing. However,

others have also reported higher concordance between tissue

and ctDNA using IonPGM of >80e90% (Lebofsky et al., 2014;

Rothe et al., 2014). A reason for the lower concordance as

observed in our study may be that in our study CRC patients

with oligometastatic disease were included, while in the

studies with higher concordances heavily pretreated patients

were included with probably a higher tumor load. This is also

reflected by the fact that in these studies, very high ctDNA

variant frequencies of >50% were observed in multiple

patients.

The presented results of high concordance between tissue

and ctDNA when applying dPCR is in accordance with previ-

ous reports using similar techniques (Bettegowda et al., 2014;

Mouliere et al., 2013; Reinert et al., 2015; Tabernero et al.,

2015; Thierry et al., 2014; Tie et al., 2015). High concordance

between tissue and ctDNA with OnTarget followed by NGS

was also observed in the current study, which is consistent

with a previous report on this assay (Kidess et al., 2015). Inter-

estingly, using dPCR and the OnTarget assay somatic muta-

tions were observed at very low frequencies in the tumor-

adjacent control tissue with normal-appearing histology in

http://dx.doi.org/10.1016/j.molonc.2016.10.001
http://dx.doi.org/10.1016/j.molonc.2016.10.001
http://dx.doi.org/10.1016/j.molonc.2016.10.001
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the majority of patients, which were also observed in the

matched tissue samples. As the majority of these mutations

were observed by both methods, and the fact that none of

these mutations were detected in whole blood of the same

patient, we believe these are true somatic mutations present

in normal-appearing tumor-adjacent tissue. An explanation

for this finding may be that tumor DNA or tumor cells

diffused or migrated into the surrounding normal tissue.

Further examination of these findings is warranted, for

example by investigating whether mutations in normal-

appearing tissue are related to an increased chance of local

disease relapse.

The study as presented here has some limitations. The

small sample size, combined with having to omit 3 primary

tumor samples from the analysis due to FFPE-related variant

noise, together with the low sensitivity of IonPGM sequencing

to detect mutations, makes exploration whether or not ctDNA

resembles the metastases rather than the primary tumor

impossible. Also for this reason differences between patients

with metachronous metastases versus synchronous metasta-

ses could not be explored. This data does however provide

perspectives on the advantages and disadvantages of current

ctDNA methods for detecting somatic mutations, and which

one to use for which particular research purpose.

At least in this group of patients with oligometastatic dis-

ease, IonPGM sequencing on ctDNA lacks sensitivity to detect

mutations, especially if the tissue mutational status is un-

known. If the tissue mutational status is known, IonPGM

with the modified calling pipeline is a feasible option but still

sensitivity remains an issue to evaluate mutations in multiple

genes in ctDNA. However, NGS of multiple genes like we per-

formed here is probably the only option if resistance muta-

tions not present in tissue and not previously reported need

to be identified. This is also reflected by the fact that two novel

mutations in ctDNA were identified that have not been previ-

ously reported. However, given the limited sensitivity of

IonPGM sequencing to detectmutations this approach is likely

to be of restricted value since many variants remain unde-

tected. IonPGM sequencing of ctDNA in patients with higher

tumor loads may however yield better results.

If one would like to monitor certain mutations during

treatment, an NGS approach using the primary tumor or me-

tastases for discovery and subsequent tracing of mutations

with dPCR is likely a successful approach, given the high

sensitivity to detect mutations with dPCR as described here.

Reinert et al. (2015) reported on this approach and developed

2 to 6 individualized dPCR assays per patient for a total of 11

patients. They observed 100% sensitivity and 100% specificity

to detect recurrence of CRC using these individualized dPCRs.

However, disadvantages of such an approach are labor-

intensity because many individualized dPCR assays have to

be produced. In addition, novel or known mutations causing

resistance not present in the tissue, or developing during

treatment, are missed. Alternatively, the OnTarget assay

had high sensitivity to detect many hotspot mutations, tack-

ling the issue of labor-intensity and potentially of mutations

not present in the tumor tissue. While dPCR seemed to be

slightly more sensitive than the OnTarget assay to detect mu-

tations in ctDNA and tumor-adjacent tissue, the OnTarget

assay identified some mutations in tumor-adjacent normal
tissue that were not detected in the matched tumor tissue.

These mutations would certainly have been missed by an

approach using dPCR assays based on previous findings in tu-

mor tissue. Nonetheless, the OnTarget assay is still bound to a

limited repertoire of mutations, and currently unknown

resistancemutations are potentiallymissed by the technique.

Finally, our sample size is limited to make firm conclusions

about the OnTarget assay versus dPCR. At the very least, the

OnTarget assay seems like an attractive option for ctDNA

detection to screen for multiple mutations if no tumor tissue

is available.

In summary, three targetedmethods to detect somaticmu-

tations in ctDNA were described and pros and cons were pro-

vided for each method. Future efforts using ctDNA as a tool to

detect somatic mutations in cancer patients should carefully

consider all available methods for ctDNA detection and

choose the method most fit to answer the specific research

question.
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