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Abstract

Purpose—Liquid biopsies allow the tracking of clonal dynamics and detection of mutations 

during treatment.

Experimental design—We evaluated under blinded conditions the ability of cell free DNA 

(cfDNA) to detect RAS/BRAF mutations in the plasma of 42 metastatic colorectal cancer patients 

treated on a phase Ib/II trial of FOLFOX and dasatinib, with or without cetuximab.

Results—Prior to treatment, sequencing of archival tissue detected mutations in 25/42 patients 

(60%), while the cfDNA assay detected mutations in 37/42 patients (88%). Our cfDNA assay 

detected mutations with allele frequencies as low as 0.01%. After exposure to treatment, 41/42 

patients (98%) had a cfDNA detected RAS/BRAF mutation. Of 21 patients followed with serial 

measurements who were RAS/BRAF mutant at baseline, 11 (52%) showed additional point 

mutation following treatment and 3 (14%) no longer had detectable levels of another mutant allele. 

Of RAS/BRAF wild type tumors at baseline, 4/5 (80%) showed additional point mutations. 

cfDNA quantitative measurements from this study closely mirrored changes in CEA and CT scan 

results, highlighting the importance of obtaining quantitative data beyond the mere presence of a 

mutation.
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Conclusions—Our findings demonstrate the development of new RAS/BRAF mutations in 

patients regardless of whether they had pre-existing mutations in the pathway, demonstrating a 

convergent evolutionary pattern.
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INTRODUCTION

Targeted therapies are rapidly being integrated into the treatment of patients with cancer. 

However, the acquisition of resistance to such treatments is observed in virtually all cases. 

This resistance may arise as de novo mutations or as the expansion of a sub-clonal 

population of cells with pre-existing resistance (1,2). Detecting these resistant sub-clones 

and monitoring clonal populations over time is difficult and requires the development of 

more sensitive assays that are also convenient and safe for patients to have serially 

performed. While the advancement of next generational sequencing (NGS) coupled with pre 

and post-treatment biopsies may provide snapshots of clonal evolution, they are often 

difficult to implement and do not provide a longitudinal assessment of heterogeneity (2–8) 

Not only do these biopsies not provide the ability to frequently assess heterogeneity and 

follow changes, they are also hindered by the fact that biopsies are inherently of a single 

location, often the safest lesion to biopsy, and this may not represent the entire clonal 

population of a tumor (8–10)

The ability to comprehensively and longitudinally characterize the clonal architecture of a 

tumor will have profound treatment implications. Early detection of acquired resistance may 

allow initiation of new therapies that suppress the expansion of clones that would otherwise 

result in disease progression. In addition, there may be clonal populations that were resistant 

to previous therapies that subsequently experience an extinction event, thus rendering the 

patient sensitive to re-use of a previous line of therapy and expanding potential treatment 

options. “Liquid biopsies” or cell free DNA (cfDNA) may better capture the complexity of 

tumor heterogeneity, while at the same time minimizing patient risks and associated costs 

(11,12). Recent studies have shown that liquid biopsies can be used to effectively genotype 

tumors (13,14) and monitor the emergence of resistant clones during the course of treatment 

(15–17)

Use of the EGFR directed monoclonal antibodies cetuximab and panitumumab in the 

treatment of metastatic colorectal cancer (mCRC) is limited to RAS wild type (WT) patients 

(18–20). Activating KRAS and NRAS (RAS) mutations in exons 2,3, and 4 of each gene 

have been shown to result in a lack of benefit from EGFR targeted therapy (21,22). Other 

genetic alterations associated with resistance to EGFR directed therapy include KRAS 
amplification (4), activating-BRAF mutations (4,23), activating-PIK3CA mutations and 

PTEN loss (4,24). Despite the knowledge of these mechanisms of resistance, there are still 

RAS WT patients without these other perturbations who display primary resistance to 

cetuximab/panitumumab (1,19). In addition, secondary resistance develops in all patients 

and is associated with the development of secondary KRAS, NRAS, EGFR or BRAF 
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mutations (11,25,26). This demonstrated the ability to detect additional mutation of these 

secondary KRAS and NRAS mutations in the blood of patients receiving anti-EGFR 

therapies using a liquid biopsy approach and showed that resistant clones could be detected 

months before radiographic progression. Further reports have confirmed this technique and 

highlight the potential of cfDNA as a powerful way to longitudinally follow cancer patients 

(27,28). Diaz et al (15) described a mathematical modelling to suggest variants that lead to 

resistance are present prior to initiation of therapy. Thus, we can speculate that the mutations 

corresponding to those emerging clones may have initially been below the limit of detection 

of the platform before treatment. As a result, we will below refer to the “detection of 

additional mutation” rather than “developed” or “emerging mutation”.

In this study, we present Intplex, a novel multi-marker assay for the analysis of cfDNA and 

demonstrate its ability to sensitively detect the changing clonal dynamics of colorectal 

cancer. IntPlex is based on a refined allele specific competitive blocker q-PCR method 

specifically designed to improve quantification based on the structure and size of cfDNA 

(29–31) It enables simultaneous determination of five parameters: the total concentration of 

cfDNA, the presence of a point mutation, the mutant DNA concentration, the mutant allele 

fractions of cfDNA, and the cfDNA fragmentation index (32,33). Using IntPlex, we 

evaluated cfDNA in the plasma of 42 mCRC patients treated on a phase Ib/II trial of 

FOLFOX and dasatinib with or without cetuximab and compared our findings to the results 

obtained from the archival tissue-based assay, currently considered the standard of care. The 

use of serial plasma collections from some of the patients on this trial allowed evaluation of 

the clonal dynamics of RAS and BRAF during therapy. Here we present the evolutionary 

changes that occurred and compare our findings to standard clinical observation with 

radiographic imaging and carcinoembryonic antigen (CEA) of a select subset of patients.

Materials and Methods

Ethics statement, eligibility criteria, drug administration and study design, treatment are 
described in Parseghian et al (back to back report)

Study Design and treatment—We conducted a single-institution, open-label, 

investigator-initiated phase IB/II study in refractory metastatic colorectal cancer patients 

treated with modified FOLFOX6, cetuximab, and dasatinib, with dasatinib dose escalation 

by cohort. This study is presented in a companion publication (34). The regimen consisted 

of cetuximab (400 mg/m2 week 1 followed by weekly doses of 250mg/m2), oxaliplatin (85 

mg/m2 q2weeks), bolus 5-FU (400 mg/m2 q2weeks) and leucovorin (400 mg/m2 q2weeks), 

followed by a 46-hour infusion of 5-FU (2400 mg/m2 q2weeks). Dasatinib was dosed orally 

daily in cohorts of 100mg/d, 150mg/d, and 200mg/d, administered without interruption. 

Dasatinib dose escalation was performed using a standard “3+3” design. Appropriate 

radiographic images were collected for all patients enrolled at baseline and at all post-

baseline evaluations by the same radiological method, in order to assess response. All 

radiological tests that demonstrated tumor at baseline were repeated after every 4 cycles and 

at discontinuation of study treatment. For the Phase II study, patients deemed to be KRAS 
codon 12/13 wildtype based on archival tissue received the MTD from the Phase I study, 

while KRAS mutant patients received the same, without cetuximab.
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Sample preparation—We retrospectively assessed archival tissue and plasma samples at 

baseline for mutational status, with repeat plasma samples occurring every 4 cycles prior to 

each restaging CT scan (2 to 6 hours after taking the daily dose of dasatinib). Investigators 

were blinded to the results of the clinical grade assay during the experiment. Plasma samples 

for cfDNA analysis were stored at −80°C and transferred between institutions on dry ice. 

The plasma isolation protocol we adapted from Chiu et al (35) as well as handling and 

storage conditions were previously described (36). Briefly, plasma was first centrifuged at 

1600g at 4C° for 10 minutes and supernatant was centrifuged at 16,000g at 4°C for 10 

minutes. Supernatant was immediately used for DNA extraction and stored at −20°C. Total 

cfDNA was extracted from 1mL of isolated plasma using the QIAmp DNA mini blood kit 
(Qiagen, CA) in accordance with the pre-analytical guidelines we previously described (36) 

in an elution volume of 130μL. DNA extracts were kept at −20°C until use or used 

immediately. In total, we analyzed 81 serial plasma samples from 46 mCRC patients 

(Supplemental Figure S1).

Tumor tissue collection/storage/analysis—DNA was extracted from paraffin-

embedded formalin-fixed tumor tissue. Genomic analysis samples were evaluated by using a 

next generation sequencing (NGS) platform using the semiconductor-based Ion PGM NGS 

platform with Ampliseq Cancer Hot Spot Panel v2 in 46, 50 gene panels for the detection of 

frequently reported point mutations in human malignancies in CLIA-certified molecular 

diagnostics laboratory.

Intplex analysis of cfDNA—Intplex analysis was performed as previously described 

(31,32). Briefly, the qPCR assays were performed according the MIQE guidelines. Q-PCR 

amplifications were carried out at least in duplicate in a 25μL volume on a CFX96 

instrument using the CFX manager software (Bio-Rad). Each PCR reaction was composed 

of 12.5 μL of IQ supermix Sybr Green (Bio-Rad), 2.5 μL of free water (Qiagen) or specific 

oligoblocker, 2.5μL of forward and reverse primers (0.3 pmol/mL) and 5μL of template. 

Thermal cycling comprised three repeated steps: a hot-start activation step at 95°C for 3 

minutes, followed by 40 cycles of denaturation-amplification at 95°C for 10 seconds, then 

60°C for 30 seconds. Melting curves were investigated by increasing the temperature from 

60°C to 90°C with a plate reading every 0.2°C. Standard curve were performed for each run 

with a genomic extract of the DiFi cell line at 1.8 pg/μL of DNA. Each PCR run was carried 

out with no template control and positive control for each primer set. Positive controls were 

extracted from cell lines bearing KRAS/BRAF or NRAS point mutations or we purchased 

synthetic DNA (Horizon dx, UK. Cambridge). In each single run, negative and positive 

controls for each tested mutation were included and one standard curve was prepared. 

Validation of Q-PCR amplification was made by melt curve differentiation. ctDNA mutation 

testing was made here without any sensitivity cutoff while a threshold of >0.5% (mutant to 

WT ctDNA ratio) was used in our previous report (31). Consequently, ctDNA mutation 

testing here is much more sensitive (up to 500-fold) with a sensitivity ranging from 0.001% 

to 0.005% depending upon the mutations. When point mutations were found in only one of 

the two replicates, the point mutation was confirmed in triplicate.
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Design of patient’s follow-up and detection of point mutations—Point mutations 

tested in this retrospective study with the IntPlex Q-PCR method are presented in the 

supplemental Table S1. Total circulating cfDNA quantification was carried out on all serial 

plasma samples. However, for patients with KRAS c12/13, NRAS, or BRAF V600E point 

mutations at baseline, only these mutations were assessed for on-treatment samples. Final 

plasma samples at disease progression for all patients were assessed for all mutations in 

KRAS (exon 2, 3, 4), NRAS (exon 2, 3, 4), and BRAF V600E. In the case of a patient 

having no KRAS/NRAS/BRAF point mutation at baseline, we also assessed KRAS codons 

61, 146 and NRAS point mutations in all on-treatment samples. EGFR S492R mutation 

testing was performed only on patients with prior cetuximab therapy (37,38).

RESULTS

Prior to initiation of therapy, 25/42 patients (59.5%) had detectable KRAS 12/13, 

BRAFV600E or NRAS mutations in archival tumor tissue and 37/42 patients (88%) were 

found to have mutations in cfDNA (Figure 1A). Among the 25 patients with mutations in 

archival tissue, 24 (96%) also had mutations in cfDNA (Figure 1B). Considering archival 

tumor sequencing as the “gold standard”, the concordance between our cfDNA and tissue 

based methodologies for KRAS exon2 testing was 71%, while the specificity and sensitivity 

of the cfDNA assay were 48% and 95%, respectively (Supplemental Table S2A). For 

BRAFV600E testing the concordance between the two assays was 97%, while the 

specificity and sensitivity of the cfDNA was 97% and 100% respectively (Supplemental 

Table S2A), compared to the archival tissue based assessment. As can be seen in Table 1, the 

two cohorts were well matched with no difference in age, gender, grade, presence of an 

intact primary, number of metastatic sites, or previous therapies. Fourteen patients in Cohort 

2 had received prior anti-EGFR therapy, while only 1 patient in Cohort 1 had received prior 

anti-EGFR therapy.

Mutation Analysis and cfDNA Assay Sensitivity

Cohort 1: Patients with previously documented RAS mutation and treated with 
FOLFOX plus dasatinib—Prior to treatment, 100% patients were found to have KRAS 
c12/13 point mutations in archival tissue, while 20/21 (95%) patients had cfDNA mutations 

detected (Figure 2A). No BRAFV600E mutations were detected at baseline in tissue or 

cfDNA. Compared to tissue detected mutations, 4/19 patients (21%) had different KRAS 
12/13 point mutations noted in cfDNA while 7/14 patients (50%) with concordant results 

had a second mutation detected in cfDNA (Figure 1B). Of the 20 patients with cfDNA 

detected mutations, 50% had a second concurrent mutation while no patients with two 

concurrent mutations were detected in tissue (Figure 2A).

Pre-treatment (FOLFOX/dasatinib) and post progression plasma was available for 11/21 

patients (52%) who had completed between 4 and 8 cycles of therapy. New point mutations 

were found in 8/11 (73%) patients (Figure 2B), 6 of whom had additional KRAS mutations, 

1 of whom developed 2 new KRAS mutations, and 3 of whom developed new BRAFV600E 
mutations. There was 1 patient with a baseline KRAS G12C mutation that was no longer 

detected after 4 cycles of therapy. Since all plasma were scored KRAS exon2/BRAF mutant 
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at baseline or during treatment, no extended RAS mutation testing was performed in this 

cohort.

Cohort 2: Patients without a previously documented RAS mutation and 
treated with FOLFOX, dasatinib plus cetuximab—Eleven out of twenty-one patients 

(52%) were KRAS 12/13 mutant using our cfDNA analysis before treatment (Figure 2A), 

while 3 patients (14%) were BRAFV600E mutant using the cfDNA analysis. Archival 

testing detected only 2 (10%) patients with BRAFV600E mutations (Figure 2A). 

Concordance of BRAFV600E mutation results using archival tissue results as the “gold 

standard” was 95%, with specificity of 95% and sensitivity of 100% (Supplemental Table 

S2C). Extended RAS mutation testing was performed on cfDNA only in patients with WT 

KRAS 12/13 and BRAF. No KRAS exon 3 or 4 mutations were noted in archival tissue, 

whereas 1 patient had a KRAS Q61H mutation by cfDNA testing prior to treatment. Two 

patients were NRAS 61 mutant on tissue while 3 were NRAS 61 mutant in plasma (Figure 

2A). The same NRAS exon 61 mutation was detected from tumor tissue and plasma. Eight 

out of twenty-one patients (38%) had concordant pre-treatment results by archival tissue and 

cfDNA analysis. Conversely, 13/21 (62%) were scored mutant only using plasma cfDNA 

analysis: 11 were KRAS 12/13 mutant, 1 was KRAS Q61H mutant, and another was NRAS 
Q61R mutant. In Cohort 2, 5/17 patients (29%) were found to have multiple concurrent RAS 
mutations by plasma analysis at baseline, while none had multiple mutations in the tissue 

based assay (Figure 2A). One patient was KRAS 12/13 and BRAFV600E mutant before 

initiation of treatment.

Pre-treatment and post progression plasma was available for 15/21 patients who had 

completed between 4 and 16 cycles of FOLFOX, dasatinib plus cetuximab therapy. Plasma 

analysis showed new point mutations in 6/15 patients (40%), including detection of 

additional point mutations in patients who were WT extended RAS/RAF before treatment 

(Figure 2B). Seven of fifteen patients (47%) had no molecular change during treatment, 

including only 1 patient who remained RAS/BRAF WT during treatment and never 

developed a documented resistance mechanism in the RAS/BRAF pathway. In 2/15 patients 

(13%) the cfDNA point mutation detected at baseline was no longer detected during 

treatment. Compared to exon 2 RAS testing, extended RAS in plasma decreased the number 

of WT patients from 48% to 29% at baseline, and 43% to 19% upon completion of treatment 

(Figure 2C). Our cfDNA assay re-classified even more patients to contain a mutation in the 

RAS/BRAF axis. Pre-treatment, 19% of patients were deemed to be extended RAS and 

BRAF V600E WT, while post treatment only 5% lacked a mutation. Three of fifteen (20%) 

patients with single baseline RAS mutations developed novel concurrent RAS mutations by 

the time of disease progression.

Combined Cohorts Assay Analysis—The median interval between tumor tissue and 

plasma collection was longer for Cohort 2 patients than for Cohort 1 (1074 days and 699 

days, respectively; P-value, 0.038) (Supplemental Figure S2A). Delay between tissue/plasma 

collection was statistically different between patients with concordant and discordant data 

(692 versus 1074 days, respectively (P-value: 0.0163) (Supplemental Figure S2B). The 
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median time between tumor tissue collection and enrollment on the clinical trial was 845 

days in both arms compared to less than one day for plasma collection.

Eighty percent (4/5) of patients who were RAS/BRAF WT on both tissue and cfDNA assay 

became RAS or BRAF mutant during or at the end of the therapy. Only one patient (2%) 

among the 42 examined in the two arms was WT for both RAS/BRAF. No detection of 

EGFR S492R was found either before or during anti-EGFR targeted therapy in plasma of 

this patient.

Impact of cetuximab re-challenge on mutational status—Among patients 

examined in Cohort 2, 13 patients had previously received cetuximab in a prior line of 

therapy. Of these patients, 9/13 (69%) had a RAS mutation noted and another 1/13 (8%) had 

a BRAFV600E mutation at baseline. Thus, 77% of re-challenged patients previously 

determined to be WT by archival tissue analysis, were indeed mutant. Notably, 30% (3/10) 

of the re-challenged RAS mutant patients had multiple co-occurring RAS point mutations at 

baseline. All plasma samples originating from cetuximab re-challenged patients (n=13) were 

tested for the EGFR S492R point mutation. No patients carried EGFR S492R mutations 

before, during, or after FOLFOX, dasatinib plus cetuximab treatment.

Temporal trends in cfDNA concentration during therapy

Circulating WT KRAS/BRAF cfDNA concentration—The total concentration of WT 

cfDNA was determined by quantifying a wild type sequence of both KRAS and BRAF 
genes and is shown in Table 2A and 2B, for cohort 1 and 2 respectively. At baseline and as 

expected, data showed a linear positive relationship between the RefA values (ng/mL) of 

KRAS and BRAF wild type sequences (Supplemental Figure S3A) as previously observed 

(32). The KRAS:BRAF ratio was close to 1, both before and during treatment 

(Supplemental Figure S3B). KRAS WT concentration did not statistically differ between 

cohorts (P-value: 0.36) (Supplemental Figure S4), and in most patients KRAS WT 

concentration was higher at the end of treatment than at baseline (Figure 3A & 3B). Of 

patients with serial measurements, 4/11 (36%) and 12/15 patients (80%) showed an increase 

of 50% (1.5 fold) above their baseline value at the end of FOLFOX plus dasatinib or 

FOLFOX, dasatinib plus cetuximab therapy respectively (Figure 3). No significant 

difference was seen in total concentration of WT cfDNA at baseline between patients whose 

treatment was stopped before cycle 4 and those treated with more than 4 cycles (P- value: 

0.76) (Supplemental Figure S5).

Circulating mutant RAS/BRAF cfDNA concentration—Concentration of mutant 

cfDNA (Table 2A and 2B) did not differ at baseline when comparing cohorts 1 and 2 (P-

value: 0.65) (Supplemental Figure S6). No significant difference was observed in the 

baseline concentration of mutant cfDNA between patients whose treatment was stopped 

before the fourth cycle and patients who continued more than four cycles without 

progression (P-value: 0.18) (Supplemental Figure S7). In both cohorts combined, 7/46 point 

mutations (15.2%) found at baseline had concentrations higher than 1 ng/mL of plasma, 

19/46 mutations (41.3%) had concentrations less than 0.1 ng/mL, and 4/46 (8.7%) were 

noted at 0.01 ng/mL (Table 2A and 2B).

Thierry et al. Page 7

Clin Cancer Res. Author manuscript; available in PMC 2018 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mutant allele frequency—The mutant allele frequency represents the proportion of 

detected alleles that are mutant for a particular point mutation. The distribution of mutant 

allele fraction (Table 2A and 2B) for both cohorts highly varied before and during treatment, 

ranging from 0.009% to 60% (Figure 3C). Pre-treatment, 65% (30/46) of detected mutations 

were below an allele frequency of 1%, including 45.68% (21/46) below 0.5% and 15% 

(7/46) below 0.1% (Table 2A and 2C). At baseline, mutant allele fraction varied from 

0.009% to 31.83%. In patients with concordant results between archival tissue and cfDNA, 

56% (10/18) had a mutant allele fraction >1%, 33% (6/18) were between 0.01% and 1%, 

and 11% (2/18) were <0.01% (Supplemental Table S3). One mutation was detectable but not 

quantifiable by our Q-PCR assay, as its allele fraction was <0.01%.

During treatment 65% (31/48) of variants were found below 0.5% allele frequency, 

including 27% (13/48) below 0.1% (Table 2A and 2B). We noted that 83% (15/18) of new 

point mutations during treatment occur with a mutant allele fraction less than 0.5% and 50% 

(9/18) are first noted at fractions ≤0.1% (Supplemental Table S4). We observed no difference 

between mutant allele fraction at baseline between Cohorts 1 and 2 (P-value: 0.77) 

(Supplemental Figure S8).

Ability of cfDNA to monitor disease progression and track therapeutic 
resistance—We collected data on imaging CT-scan and CEA biomarker in most of the 

patients from baseline to stop of the treatment and compare them to mutant cfDNA 

parameters such as mA%, mA or refA (Supplemental Table S5). To illustrate the clinical 

application of circulating cfDNA to track detection of additional mutant subclones and 

assess disease response/progression, we present four example patients. Patient #8 was 

treated with FOLFOX plus dasatinib while patients #28, #31, and #36, were treated with 

FOLFOX, dasatinib plus cetuximab. Treatment of patients #8, #36, #28, and #31 was 

stopped at cycles 4, 8, 12, and 16, respectively (Figure 4A and 4B). RAS WT and mutant 

allele concentration and mutant allele fraction were compared to standard clinical 

assessment with CT-scan and CEA level. For all patients except #8, RAS WT concentration, 

RAS mutant concentration, and mutant allele fraction closely matched laboratory and 

radiologic indicators of disease status. For patient #36, cfDNA may have provided a signal 

of disease progression earlier than standard clinical assessments when a rising KRAS G12S 

clone was noted.

Interestingly, differential evolution of mutant subclones may be occurring in patients #31 

and #36 (Figure 4A and 4B), with some clones increasing in mutant allele frequency while 

others decrease over time. In patient #36 there was detection of additional KRAS G12S 

mutant subclone and a decrease of a KRAS G12A subclone at cycle 8. Similarly in patient 

#31 there are KRAS G12A and G12V clones that have inverse dynamics noted.

Discussion

Although monoclonal antibodies to EGFR improve mCRC patient survival, they are limited 

by primary and secondary resistance (39). Standard of care clinical biomarkers poorly track 

treatment resistance during early tumor progression. The selective pressure from targeted 

therapy combined with spatial and temporal clonal heterogeneity lead to a complex clinical 

Thierry et al. Page 8

Clin Cancer Res. Author manuscript; available in PMC 2018 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



challenge. Early detection of secondary resistance may impact clinical outcomes. Bertotti et 

al (40) characterized secondary resistance to EGFR blockade in mCRC and observed that 

alterations in KRAS, NRAS, and BRAF were important mechanisms of resistance. With two 

recent reports showing the ability of cfDNA to detect secondary resistance to anti-EGFR 

therapies with using liquid biopsy (15,17), this study further explored cfDNA and expanded 

upon work in the field by examining both the ability of cfDNA assays to assess for the 

presence of a mutation, and the ability of quantitative parameters associated with this assay 

such as RAS WT concentration, RAS mutant concentration, and mutant allele fraction, to 

impact outcome.

cfDNA Assay Performance—Approximately half (52%) of the patients from Cohort 2 

who initially tested WT for KRAS exon 2 mutations from archival tumor tissue analysis 

were actually noted to have KRAS exon 2 mutations in their plasma, and even more patients 

were found to have extended RAS or BRAF mutations. While concordance between tissue 

and plasma appeared better for BRAFV600E mutations, discordance for KRAS exon 2 

mutations was notable. Concordance between cfDNA and archival tissue seems to be lower 

in patients who do not have their primary tumor in situ at the point of study entry as well in 

case of long delay between tumor-tissue and blood collection (Supplementary Table S6). 

Our study suggests that cfDNA may be more sensitive than archival tumor tissue analysis in 

detecting mutations. We can speculate that discordance in 10 patients from cohort 2 might 

result from the fact that blood was collected following pre-study targeted therapy, causing 

selection of mutant clones potentially detectable by plasma analysis at baseline before study 

treatment of cohort 2. (Figure 2A). We recently reported similar findings in another 

prospective and blinded study where we found a much higher proportion of mCRC patients 

with RAS or BRAF mutations using a cfDNA assay compared to tissue (76% instead of 

55%) – (41). Various factors may explain this discordance. Tissue biopsies provide a static 

snapshot of the tumor at the time of tissue collection and do not necessarily represent the 

entire tumor genome due to tumor heterogeneity and clonal evolution (9,10,42). Temporal 

clonal evolution (43) may also impact concordance as we noted that time between collection 

of archival tissue and blood draw differed significantly between those with concordant and 

discordant results (692 versus 1074 respectively; P-value: 0.016; Figure S11 and S12). This 

suggests that therapeutic pressures and tumor evolution over time make archival tissue less 

reliable for determining the genotype of a tumor and highlights the advantage of real-time 

genotyping with cfDNA.

There are only a few other prospective studies examining the concordance of RAS mutation 

in tissue and cfDNA under blinded conditions (44–46).

Many other retrospective or small studies are available in the literature (45,47). In these 

studies, specificity, sensitivity and overall concordance in comparison to archival tissue was 

highly variable (55%–97%, 26%–92%, 64%–96%, respectively), likely due to assay 

characteristics coupled with time between tissue and plasma collection. When using an 

ultrasensitive method (48) such as employed in this study, another group noted a significant 

level of discordance (15–25%), mainly associated with an increase in tumors classified as 

mutation positive by mutant cfDNA assessment. Our results are in agreement with Kuo et al. 

(49) who observed that 21% of patients who were wild type by archival tissue were actually 
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cfDNA positive for a KRAS mutation for an overall concordance of 79%. Since detection of 

actionable mutations by plasma analysis is not limited by (i), intra-tumoral, (ii), inter-

tumoral and (iii), temporal clonal heterogeneity, in contrast to tumor tissue analysis, cfDNA 

testing has clear advantages that may lead to the earlier and more sensitive detection of 

mutations. Tumor tissue in now challenged as the gold standard in screening for actionable 

mutations in oncology.

Sensitivity is a crucial requirement for analyzing cfDNA due to the potentially low mutant 

allele frequency noted during sampling. To address this, we developed IntPlex, an allele 

specific Q-PCR technique that uses several nested primer sets and takes into account the low 

fragment size of cfDNA (mean size of 100 bp) to optimize assay performance. IntPlex 

enables detection of variant alleles down to a sensitivity of 0.005% mutant to WT ratio that 

greatly surpasses conventional NGS-based methods (0.5%–2%) (4,50,51). Spiking 

experiments showed clearly single-copy detection in highly diluted PCR mixture under 

Poisson law distribution (Supplemental Figure S9). Using this technique one mutant 

fragment may be detected among 10 Billion cfDNA fragments providing a sensitivity level 

(0.005%, mutant/WT ratio) This targeted method is limited by the number of mutant 

fragments existing in the plasma, with a limit of 26 mutant cfDNA fragments/mL of plasma. 

Despite the fact that plasma for the present study was stored frozen for more than 4 years 

(4–6 years storage range) and the pre-analytical conditions were not optimal, IntPlex was 

still able to detect mutations at very low frequencies and performed well. Note, no KRAS 
exon 2 and BRAFV600E mutation could be detected in 29 certified healthy volunteers in an 

Ad-Hoc study of our previous report, regardless of the threshold of detection used (31).

There are some limitations to our assay. IntPlex enables the detection of only a restricted set 

of common mutations (i.e. known point mutations). Only 15 KRAS, 9 NRAS and one BRAF 
mutations were tested in this study, however these hotspot mutations represent more than 

95–99%, 92–99% and 96–97% of all mutations found in these three genes in CRC patients, 

respectively.

Significance of low mutant allele frequency mutations—The impressive sensitivity 

of our assay and its ability to quantify mutations noted at as low as 0.01 ng/mL allowed the 

identification of many mutations with very small allelic fractions. The ability to confidently 

detect these low frequency mutations likely explains part of the discrepancy between the 

results from the initial clinical assay used for trial enrollment and our results. CLIA certified 

laboratory often have a mutant allele fraction limit of detection of 5%. Positive results below 

this threshold are often suppressed from clinicians because a false positive result due to 

sequencing errors cannot be ruled out. We retrospectively sequenced archival tissue with a 

high sensitivity assay to confirm mutations (Figure 1B), and note significant discordance 

regardless of whether a clinical grade or high-sensitivity research based platform is used 

(Figure 1).

We observed subclones with very low allele frequency (down to 0.009%) either at baseline 

or during the course of treatment (Supplemental figure S10). There were 30% of patients 

with a mutation at an allele frequency below 0.1% at baseline, and 20% of patients with a 

mutation noted below 0.1% during the course of treatment. These rare subclones may exist 
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before treatment but be undetectable by clinical grade assays and subsequently emerge under 

anti-EGFR treatment. Secondary RAS mutations have been previously shown to develop in 

up to 60% of tumors progressing during anti-EGFR therapy and we noted that they could be 

found in all but 1 patient on this study, however many of these mutations may have been 

present yet undetectable at baseline. Retrospective studies have suggested that many of these 

mutations may be detected in cfDNA prior to initiation of therapy (13), while other work 

using mathematic models of tumor kinetics and growth has shown that these mutations must 

be present prior to initiation of therapy (15).

Since these low frequency mutations may result in treatment resistance, very sensitive 

methods to initially select patients for anti-EGFR therapies are needed. Tougeron et al (52) 

recently demonstrated that low-prevalence KRAS mutations detected by an advanced 

pyrosequencing method in tumors previously defined as KRAS wild type were associated 

with shorter PFS. Our data revealed that 52% (22/42) of patients had an allele fraction below 

1%, 31% (13/42) were below 0.5% and 19% (8/42) were below 0.1% (Supplemental Table 

S7). These low allelic values may not perfectly correlate to the allele frequency that would 

be detected in a tumor. Plasma analysis relies on the total number of cfDNA fragments shed 

into the blood stream from normal and tumor cells. In contrast, tumor tissue analysis relies 

on the number of malignant cells in a biopsy and may be enriched by pathologist selection 

of section with higher tumor content. As a consequence, the value used to estimate cfDNA 

sensitivity does not correspond directly to that of tumor tissue analysis which precludes use 

of a universal sensitivity threshold for detection of mutations. We illustrated this by showing 

that in the 16% (4/25) of patients with cfDNA allele frequency below 0.5%, mutations could 

be readily detected in matched tumor tissue (supplemental table S8) (41).

Impact of therapy on clonal dynamics and development of additional RAS 
mutations—Following EGFR directed therapy, we noted that 98% of patients had at least 

one mutation in RAS or BRAF that likely contributed to treatment resistance. More 

interestingly, of the 21 patients defined as RAS/BRAF mutant at baseline, 11 (50%) showed 

additional point mutation that was not present at baseline while 3 (14%) lost previously 

detected mutations. There was even a single patient with a baseline KRAS G12A mutation 

that subsequently developed additional G12D, G12V, and G13D mutations after receiving 16 

cycles of cetuximab containing therapy. These findings demonstrate that even if a single 

clonal population with a resistance mechanism is present in a tumor, treatment pressures 

may drive the development of additional alternative resistance mechanisms in a pattern of 

convergent evolution. These multiple convergent mutations were noted to develop whether 

patients received FOLFOX plus dasatinib or FOLFOX, dasatinib plus cetuximab. Another 

important clonal dynamic that we noted was that some RAS mutations appeared to be more 

strongly associated with secondary mutation than primary resistance. Our data shows that 

KRAS codon 61 was expressed more frequently in acquired resistance mutations (5.5%) 

than in the general mCRC population (1–4%) (Zhang,2011), suggesting that mutations at 

this codon might provide a selective growth advantage under cetuximab treatment. This was 

also observed for KRAS codon 146 mutations by Morelli et al (48). Our findings also 

reinforce the importance of BRAF mutations as mechanisms of resistance, as we 
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demonstrated that 4/42 patients (10%) had additional BRAFV600E mutations during 

therapy.

cfDNA to follow disease progression—cfDNA quantitative measurements from this 

study closely mirrored changes in CEA and CT scan results as evaluated in 18 and 16 

patients in cohort 1 and 2, respectively. We noted that both the qualitative detection of a 

mutation and quantitative information such as RAS mutant and WT cfDNA concentrations 

and mutant allele fraction appeared to be useful in following disease course. The level of 

RAS/BRAF mutations expressed as % of mutant cfDNA as well as ng/mL plasma of mutant 

cfDNA did not correlate with the treatment response highlighting the necessity of detecting 

low level and low frequency mutations. (Supplemental Table S9). The circulating WT 

cfDNA concentration appeared to closely approximate other clinical parameters, and it was 

not only the detection of a mutant cfDNA sample that was related to disease progression 

(Figure 4B). The patient in Figure 4B had an interesting molecular profile which 

demonstrated falling levels of RAS DNA, both WT and mutant during response to therapy. 

Subsequently, after 16 cycles of therapy this patient had developed 3 additional RAS 
mutations beyond the baseline KRAS G12A mutation. Mutant allele frequency of the single 

baseline mutation was very low (0.04%), and the subsequent new clones all remained 

subclonal with allelic frequencies ranging from 0.01%–0.11%, potentially explaining why 

the patient continued to respond for over several cycles. There was likely a large proportion 

of this tumor that lacked RAS mutations.

Siravegna et al (53) elegantly demonstrated the utility of following cfDNA to measure 

KRAS mutant subclones as a potential for re-using prior targeted therapies. Upon 

withdrawal of the selective pressure of anti-EGFR treatment, KRAS mutant clones declined 

(53). These patients subsequently regained sensitivity to anti-EGFR therapy. In a similar 

manner, following the patient in Figure 4B serially may allow continuation of therapy until a 

resistance clone becomes more dominant, highlighting the importance of obtaining 

quantitative data beyond the mere presence of a mutation (12,54). If therapy had been 

stopped at the first incidence of a new resistance mutation, that patient would have switched 

therapy 2 months earlier than was required clinically.

Limitations

While this study demonstrates the potential applications of highly sensitive cfDNA to follow 

tumor dynamics, it must be interpreted within the contexts of its limitations. The small 

sample size of our study makes it difficult to draw firm conclusions. Our assessment of 

mutation status was blinded and samples were prospectively collected, both features that add 

to the rigor of experimental design but do not obviate the need for larger trials for validation. 

We were also limited by the infrequent plasma samples that were available for cfDNA 

analysis, occurring at baseline and once every 4 cycles. While our study does not provide 

evidence that cfDNA detects mutant clones and progression earlier than clinical assessment, 

this is likely due to the fact that we only assessed cfDNA once every four cycles.

An important finding in the present study was the convergent evolution of clones with 

redundant resistance mechanisms in the EGFR pathway. We were only able to test three 
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clinically relevant genes and did not test genes involved in EGFR downstream signaling 

pathways or the mTOR pathway. PIK3CA mutation, PTEN loss (55), EGFR mutations, as 

well as MET and ERBB2 amplifications may predict a lack of response to anti-EGFR 

agents. Thus, it would be interesting to see if there were redundant resistance pathways that 

also developed in these genes in addition to the multiple concurrent KRAS clones that were 

noted (40,48). Because EGFR S492R has been described as an alternate mechanism of 

resistance, we did test the 13 plasma samples of patients who had previously received anti-

EGFR therapy for EGFR S492R mutations at baseline, however none of the 13 plasma 

samples were positive for this mutation.

Conclusion

With our assay we were able to uncover the development of secondary resistance mutations 

in RAS and BRAF in all but one out of 42 patients. A significant fraction of these mutations 

detected either before or in the course of treatment from plasma analysis harbor low mutant 

allele frequency in cfDNA. This shows the need of a ultra-sensitive method to detect 

additional point mutation when tracking secondary resistance. Periodic liquid biopsies 

require a simple blood draw, and if optimized for clinical use would optimize patient safety 

and convenience. We note that not only was the qualitative presence of a mutant clone 

important, but the additional quantitative measurements of WT KRAS concentration, mutant 

KRAS concentration, and mutant allele fraction may be useful parameters to follow. We also 

noted that many patients experienced convergent evolution that resulted in redundant 

mutations that would provide multiple mechanisms of resistance to EGFR directed therapy.
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Statement of translational relevance

Cell-free circulating DNA (cfDNA) provides a liquid biopsy alternative to tissue biopsies 

for monitoring cancer genetic changes over time. In this study, we used a recently 

developed multi-marker assay enabling a qualitative and a quantitative cfDNA analysis 

for tracking acquired resistance by studying the real-time clonal evolution of the tumor. 

CfDNA of refractory mCRC patients to anti-EGFR therapy may harbor mutations at very 

low frequency down to 0.01% before initiation or during treatment revealing the need of 

a high sensitive technique. CfDNA demonstrates convergent evolution and common 

resistance mechanisms during treatment of colorectal cancer. Serial analysis of cfDNA 

provides a unique opportunity to study the evolving genomic landscape of a cancer 

during therapy, and to identify the early emergence of treatment resistance and guide 

targeted therapeutic decisions.
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Figure 1. Comparison of mutational status of RAS/BRAF as determined by tumor tissue and 
plasma analysis at baseline (n=42)
A) Plasma analysis was carried out in cohort 1 and 2 before initiation of treatments 

(baseline) according with targeted genes. B) Comparison of the type of point mutation as 

determined by tumor tissue and plasma analysis before initiation of treatments and for 

cohort 1 and 2. Extended RAS testing was only performed on plasma for patients who were 

KRAS exon 2 and BRAFV600E wild type on all assays. ND, scored positive but the 

mutation is non-determined; WT, wild type for mutations tested.
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Figure 2. RAS/BRAF mutational status
Comparison of RAS/BRAF mutational status as determined by tumor tissue and plasma 

analysis. A) Before initiation of treatment of cohorts 1 and 2 (baseline). B) Longitudinal 

plasma genotyping during treatment (n=26). C) Distribution of mutational status from 

cfDNA analysis of cohort 2 patients before and after EGFR directed therapy. Percentage of 

mutant patients as determined by tumor tissue analysis and plasma analysis before initiation 

and during FOLFOX/dasatinib + cetuximab treatment as determined by serial plasma 

analysis. Results are shown according the target genes. An, acquired n additional mutation; 
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CO, co-occurring mutations from plasma analysis; WT, wild type for mutations tested; 

Single, one mutation was found in patient; Multiple, at least two mutations were found in 

patient.
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Figure 3. Impact of treatment on the evolution of cfDNA concentration
A) RefA values during Folfox/dasatinib treatment (Cohort 1, n=11), and B) during Folfox/

dasatinib/cetuximab treatment (Cohort 2, n=15). RefA are expressed in fold change of 

baseline value. C) cfDNA mutant allele frequency of each detected mutant samples. mA% 

was determined by Intplex as described in materials and methods before (blue, baseline) and 

after treatment (red, follow-up) in both cohorts. mA% varies from 0.009% to 60.28%. 21% 

and 64% of all samples showed an mutant allele frequency below 0.1% and 1% (dotted 
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lines), respectively. RefA, concentration of total cfDNA (ng/mL of plasma); BL, baseline; 

mA%, cfDNA mutation load.
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Figure 4. Quantitative cfDNA analysis in the course of treatments in comparison with serum 
CEA and CT scan measurements
Patients #8, #28, #31 and #36 illustrate impact of treatment on those biomarkers. A) Patients 

#8, #28 and #36 are patients who responded to treatment with stable disease. B) patient #31 

was the single patient in both cohort showing initial response to therapy (cetuximab). CEA, 

carcinoembryonic antigen (expressed in ng/mL); CT-scan, computed tomography scan 

(expressed as percentage change of baseline value) ; RefA, concentration of total cfDNA 

(ng/mL of plasma); mA, concentration of mutant cfDNA (ng/mL of plasma); mA%, 
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mutation load; PR, Partial response; SD, Stable disease (RECIST criteria); PD, progressive 

disease (RECIST criteria).
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Table 1
Patient’s baseline clinicopathological characteristics

FOLFOX/dasatinib treatment (cohort 1) and FOLFOX/dasatinib/cetuximab treatment (cohort 2).

Cohorts N (%)

Cohorts 1 + 2 Cohort 1 Cohort 2

 N 42 21 (50) 21 (50)

Age

 Median 58.5 58 59

 Min–Max 26–74 26–74 33–70

Gender

 Male 27 (64.3) 15 (35.7) 12 (28.6)

 Female 15 (35.7) 6 (14.3) 9 (21.4)

Grade of tumour

 Moderate 34 (81) 17 (40.5) 17 (40.5)

 Moderate–poor 6 (14) 3 (7) 3 (7)

 missing data 2 (4.8) 1 (2.4) 1 (2.4)

Primary tumor in place

 Yes 21 (50) 8 (19) 13 (31)

 No 20 (47.6) 13 (31) 7 (16.6)

 missing data 1 (2.4) 0 1 (2.4)

Delay between tumor tissue and blood collection

 < 1 year 3 (7) 2 (4.8) 1 (24)

 [1 year – 2 years] 15 (35.7) 10 (23.8) 5 (11.9)

 > 2 years 24 (57) 9 (21.7) 15 (35.7)

No. of metastatic sites

 1 26 (62) 13 (31) 13 (31)

 >1 15 (36) 8 (19) 7 (17)

 missing data 1 (2.4) 0 1 (2.4)

Previous chemotherapy

 Oxaliplatin 38 (91) 20 (48) 18 (43)

 Irinotecan 33 (78.6) 1 6 (38.1) 17 (40.5)

 Any 3 (7.1) 1 (2.4) 2 (4.8)

Previous targeted therapies

 bevacizumab 33 (78.6) 19 (45.3) 14 (33.3)

 cetuximab 14 (33.3) 1 (2.4) 13 (31)

 panitumumab 2 (4.8) 0 2 (4.8)

 Any 3 (7.1) 1 (2.4) 2 (4.8)
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Table 2
Impact of treatment on total cfDNA and mutant RAS/BRAF cfDNA concentration and 
mutant RAS/BRAF allele frequency

A) The total cfDNA concentration was determined by Intplex as described in materials and methods, for each 

patients of cohorts 1 before initiation of treatment up to progression and at the end of treatment. Also, the 

concentration of mutant cfDNA and mutation loads were determined by Intplex as described in materials and 

methods, for all point mutations found in each mutant patients of cohorts 1 before initiation of treatments up to 

the end of treatment. B) The total cfDNA concentration was determined by Intplex as described in materials 

and methods, for each patients of cohorts 2 before initiation of treatment up to progression and at the end of 

treatment. Also, the concentration of mutant cfDNA and mutation loads were determined by Intplex as 

described in materials and methods, for all point mutations found in each mutant patients of cohorts 2 before 
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initiation of treatment up to the end of treatment. RefA, concentration of total cfDNA (ng/mL of plasma); mA, 

concentration of mutant cfDNA (ng/mL of plasma); mA%, mutation load.
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