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Simple Summary: Recent studies have shown the potential of next generation sequencing (NGS) for
the identification of genetic variants in tumour DNA that has been released into the bloodstream
(ctDNA). However, such variants are often rare in the sample and error correction is required to
filter out false calls. In this study we used error corrected ctDNA-sequencing to identify genetic
drivers of resistance in metastatic colorectal cancer (mCRC) patients that had become resistant to
combined chemotherapy and EGFR-antibody treatment. Our data showed that ctDNA-seq could
detect common and novel resistance mechanisms in cases of both primary and acquired resistance.
ctDNA-seq could therefore facilitate patient stratification to novel therapies and avoid ineffective
treatment with EGFR-antibodies. Furthermore, the data revealed a lack of detectable genetic resistance
in a large fraction of the cancer cell population, indicating a need to investigate other, potentially
non-genetic, resistance mechanisms.

Abstract: Epidermal growth factor receptor antibodies (EGFR-Abs) confer a survival benefit in
patients with RAS wild-type metastatic colorectal cancer (mCRC), but resistance invariably occurs.
Previous data showed that only a minority of cancer cells harboured known genetic resistance
drivers when clinical resistance to single-agent EGFR-Abs had evolved, supporting the activity of
non-genetic resistance mechanisms. Here, we used error-corrected ctDNA-sequencing (ctDNA-Seq)
of 40 cancer genes to identify drivers of resistance and whether a genetic resistance-gap (a lack
of detectable genetic resistance mechanisms in a large fraction of the cancer cell population) also
occurs in RAS wild-type mCRCs treated with a combination of EGFR-Abs and chemotherapy.
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We detected one MAP2K1/MEK1 mutation and one ERBB2 amplification in 2/3 patients with primary
resistance and KRAS, NRAS, MAP2K1/MEK1 mutations and ERBB2 aberrations in 6/7 patients with
acquired resistance. In vitro testing identified MAP2K1/MEK1 P124S as a novel driver of EGFR-Ab
resistance. Mutation subclonality analyses confirmed a genetic resistance-gap in mCRCs treated
with EGFR-Abs and chemotherapy, with only 13.42% of cancer cells harboring identifiable resistance
drivers. Our results support the utility of ctDNA-Seq to guide treatment allocation for patients with
resistance and the importance of investigating further non-canonical EGFR-Ab resistance mechanisms,
such as microenvironmentally-mediated resistance. The detection of MAP2K1 mutations could inform
trials of MEK-inhibitors in these tumours.

Keywords: colorectal cancer; ctDNA-Sequencing; ctDNA-ddPCR; acquired resistance; genetic
resistance-gap; EGFR-antibodies

1. Introduction

KRAS and NRAS mutations are predictors of primary resistance to the EGFR-antibodies (EGFR-Abs)
cetuximab and panitumumab in metastatic colorectal cancer (mCRC) [1–5]. Furthermore, RAS
mutations evolve in most mCRCs when they acquire resistance to EGFR-Abs [6–8]. Other genetic
aberrations that re-activate the RAS/RAF pathway, such as EGFR and BRAF mutations or ERBB2
amplification, also confer primary and acquired resistance but are less common [9,10]. Analysing the
mutation status of these driver genes in the circulating tumour DNA (ctDNA) through so-called ‘liquid
biopsies’ can avoid the need for tumour re-biopsies associated with discomfort, a risk of complications,
and high costs. Furthermore, early detection of evolving resistance drivers may help monitor patients
and guide personalized treatment switching to alternative therapies.

Application of liquid biopsies in mCRC patient’s management is becoming increasingly feasible
by developing ctDNA-sequencing (ctDNA-Seq) technologies incorporating error correction [11,12],
which enable mutation detection in entire gene panels with high sensitivity and low false-positive rates.
We developed a ctDNA-Seq assay for CRC patients that applies molecular barcodes (MBC) and duplex
DNA identification for error correction and can be performed from 25 ng of ctDNA. We showed that
this could call mutations with variant allele frequencies (VAFs) of 0.15% in ctDNA [12].

Application of ctDNA-Seq to RAS wt mCRC patients who acquired resistance to single-agent
cetuximab in the third line setting showed the ability to identify mutations and DNA amplifications that
drive resistance [9]. Leveraging the ability of this ctDNA-Seq technique to reconstruct genome wide
copy number profiles [12], we assessed the clonality of resistance driver mutations by first correcting
VAFs for the influence of copy-number states and by subsequently calculating the proportion of cancer
cells that harbored resistance driver mutations by comparing against TP53 or APC mutations, which are
likely clonal. This subclonality analysis revealed that only a minority (36%) of cancer cells represented
in the ctDNA harbour resistance driver mutations despite radiological progression. This defined a
previously undiscovered genetic resistance-gap at the time of acquired cetuximab resistance and led to
discovering a novel non-genetic mechanism of single-agent cetuximab resistance, driven by an increase
in tumour-associated fibroblasts [9].

In this study, we first aimed to validate this ctDNA-Seq technology’s ability using a targeted
40 gene panel to identify mutations in 10 patients who initially showed RAS wild-type status in
tumour tissue and either showed primary or acquired resistance when treated with EGFR-Ab therapy
predominantly in combination with chemotherapy. Moreover, as most patients in this study received
a combination of EGFR-Abs and chemotherapy, we investigated what proportion of the cancer cells
harboured these drivers to assess if a genetic resistance-gap also occurs in mCRCs that acquired
resistance to chemotherapy and EGFR-Ab or if this only arises with single-agent cetuximab.
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2. Results

Plasma samples were collected after radiologically confirmed progression from ten patients with
mCRCs that were RAS wild-type based on clinical testing (Table S1). Nine of them had received an
EGFR-Ab (cetuximab or panitumumab) in combination with chemotherapy and one single-agent
EGFR-Ab (panitumumab) (Table 1). Two (patients 3 and 4) were analysed at the time they were
re-challenged with EGFR-Ab therapy. Analogous to previous work [9], we classified patients with
progressive disease (PD) within 12 weeks of EGFR-Ab initiation (n = 3, the median time to progression:
9 weeks) as cases with primary resistance. Those who obtained a benefit for at least 12 weeks (n = 7,
the median time to progression: 26 weeks) were considered cases with acquired resistance before
they progressed.

Table 1. Clinical characteristics of metastatic colorectal cancer patients.

Patient
ID

Age
(Years) Gender Histology Primary

Location
Differentiation

Grade
EGFR-Ab
Therapy

Line of Therapy
for Metastatic

Disease

Time on
EGFR-Ab
Therapy

Resistance

1 80 Male Adenocarcinoma Right-colon Moderate Panitumumab
+ FOLFOX 2nd 2 weeks Primary

2 79 Male Adenocarcinoma Rectum Moderate Panitumumab 3rd 9 weeks Primary

3 57 Male Adenocarcinoma Sigmoid Well

Cetuximab +
Irinotecan

(rechallenge with
EGFR-Ab)

3rd 10 weeks Primary

4 58 Female Adenocarcinoma Rectum Well

Cetuximab +
Irinotecan

(rechallenge with
EGFR-Ab)

3rd 16 weeks Acquired

5 52 Male Adenocarcinoma Sigmoid Moderate Cetuximab +
Irinotecan 2nd 20 weeks Acquired

6 64 Male Adenocarcinoma Rectum Moderate Panitumumab
+ FOLFOX 1st 12 weeks Acquired

7 41 Female Adenocarcinoma Sigmoid Poor Cetuximab +
FOLFIRI 1st 27 weeks Acquired

8 53 Female Adenocarcinoma Right-colon Poor Cetuximab +
FOLFIRI 2nd 27 weeks Acquired

9 46 Female Adenocarcinoma Sigmoid Moderate Panitumumab
+ FOLFOX 2nd 29 weeks Acquired

10 30 Male Adenocarcinoma Rectum Moderate Panitumumab
+ FOLFIRI 5th 26 weeks Acquired

2.1. ctDNA Sequencing Results

Up to 25 ng of the ctDNA were sequenced with our error-corrected ctDNA-Seq panel (40 cancer
genes, 221kb target region), which includes commonly mutated CRC driver genes (APC, TP53, FBXW7,
PIK3CA, and SMAD2/4) and known EGFR-Ab resistance driver genes (KRAS, NRAS, EGFR, BRAF,
MAP2K1, MET, NF1, FGFR2, and ERBB2) [1–10]. The average read depth in the analysable target
region after MBC deduplication was 1388x (Figure 1A). Mutations in the CRC driver genes TP53 or
APC were identified in the ctDNA of 9 out of 10 patients (Figure 1A). Genome-wide DNA copy number
profiles were reconstructed for all cases to identify gene amplification (Figure S1).
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Figure 1. Resistance drivers identified by ctDNA-Seq in mCRC patients at PD to anti-EGFR-Abs. (A) 
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depth in ctDNA-Seq. The Variant Allele Frequencies for each mutation are shown. (B) Chromosome 
17 copy number profile for patient 1 (C) and patient 9. (D) Drivers mutations/amplifications identified 
by ctDNA-Seq. Numbers represent the Variant Allele Frequencies of detected mutations. 
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Figure 1. Resistance drivers identified by ctDNA-Seq in mCRC patients at PD to anti-EGFR-Abs.
(A) Non-silent mutations in the CRC driver genes TP53 or APC identified in the ctDNA and average read
depth in ctDNA-Seq. The Variant Allele Frequencies for each mutation are shown. (B) Chromosome 17
copy number profile for patient 1 (C) and patient 9. (D) Drivers mutations/amplifications identified by
ctDNA-Seq. Numbers represent the Variant Allele Frequencies of detected mutations.

2.1.1. Identification of Drivers of Primary Resistance by ctDNA Sequencing

We next identified likely drivers of resistance to EGFR-Ab in the three patients with primary
resistant mCRCs. ERBB2 amplification was detected in the copy number profile of patient 1 (Figure 1B).
ERBB2 amplifications have previously been shown to confer primary EGFR-Ab resistance [13].
Furthermore, a mutation in the tumour-suppressor gene NF1 (encoding F1247L) was called in this
sample, but this has not been seen in the Cosmic cancer mutation database, and it was not an
inactivating mutation (Table S2). No further resistance driver mutations were detected in this patient.
In addition, we identified a MAP2K1/MEK1 K57N mutation in patient 2 (Figure 1D). K57N is known to
constitutively activate MEK1 in colorectal cancer cell lines [14], and we and others previously showed
a role in EGFR-Ab resistance [9,13]. No resistance mechanism was identified in patient 3. Thus,
ctDNA-Seq identified an explanation for primary resistance in 2/3 cases (67%).

2.1.2. Identification of Drivers of Acquired Resistance by ctDNA Sequencing

We analysed ctDNA-Seq results from the seven patients with acquired EGFR-Ab resistance.
Genetic aberrations that were likely responsible for acquired resistance were detected in 6/7 patients
(Figure 1D). Two patients harboured more than one aberration. NRAS G13D and EGFR K467E
mutations were found in patient 4, in addition to an NF1 A2511V mutation reported in ClinVar as likely
benign [15] (Table S2). NRAS G12S, KRAS Q61H, and MAP2K1/MEK1 K57T mutations were detected
in patient 6. A KRAS G13F mutation was identified in patient 8 and a MAP2K1/MEK1 P124S mutation
in patient 5 (Figure 1D). P124S is located in the MEK1 protein kinase domain and has previously
been shown to confer resistance to BRAF- and MEK-inhibitor therapy in melanoma [16], but its role
in EGFR-Ab resistance in CRC was unknown. Expression of MAP2K1/MEK1 P124S and wild-type
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MAP2K1/MEK1 in the cetuximab sensitive CRC cell line DiFi showed that the mutation rescued ERK
phosphorylation and confirmed it as a new driver of acquired cetuximab resistance (Figure 2).
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Figure 2. Western blot analysis of parental, MAP2K1/MEK1 wild-type transduced, and MAP2K1/MEK1
P124S transduced DiFi cell line treated with cetuximab for 2 h. Original blot images are provided in
Figure S2.

Amplification of ERBB2 was identified in patient 9 (Figure 1C) and an ERBB2 R143Q mutation
(0.19%) in patient 7 (Figure 1D). The latter has previously been described in bladder cancer cell lines
as a potential activating mutation, which sensitises to the pan-EGFR inhibitor lapatinib in-vitro [17].
CtDNA-Seq identified no driver of acquired resistance in patient 10 (Figure 1D). This is likely due to
low tumour content in the ctDNA as indicated by the absence of clear DNA copy number aberrations
in this sample (Figure S1) and APC or TP53 mutations, which had been detected in all other samples.

Together, likely drivers of acquired EGFR-Ab resistance were detected in 86% (6/7) of patients
using ctDNA-Seq (Figure 1D). Consistent with prior studies that showed that acquired resistance is
often polyclonal [8,9], more than one resistance driver was detected in 2/7 (29%) patients.

2.1.3. Clonality of Drivers of Primary and Acquired Resistance

We recently showed that most cancer cells did not harbor any resistance mutations at the time
CRCs acquired resistance and progressed on single-agent cetuximab [9]. Whether a similar genetic
resistance-gap occurs at acquired resistance in mCRCs treated with a combination of chemotherapy
and EGFR-Ab is unknown. Using our established method [9], we assessed the clonality of resistance
driver mutations by first correcting VAFs for the influence copy-number states and by subsequently
calculating the proportion of cancer cells that harboured resistance driver mutations by comparing
against TP53 or APC mutations, which are likely clonal (Table S3). This also corrects for variable
tumour contents in different ctDNA samples. Clonality assessment was not possible for patient 9
where an amplification had been detected, as the absolute number of amplified DNA copies in such
subclones cannot be assessed; also for patient 10 where no resistance drivers were identified.

The eight driver mutations found in the remaining five tumours with acquired resistance were
only present in a median of 7.65% (range 1.14–17.24%) of the cancer cells sampled by ctDNA-Seq.
Therefore, they were subclonal (Table S3). When all mutations in each patient were added together,
still only a median of 13.42% (range 8.91–17.24%) of all cancer cells represented in the ctDNA were
mutated (Figure 3A). In comparison, when we applied the same analysis to patient 2, which showed
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primary resistance and a MAP2K1/MEK1 mutation, this was estimated to be present in 100% of the
ctDNA and hence clonal (Figure 3A).Cancers 2020, 12, 3736 6 of 11 
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we also applied a published approach to estimate clonality, which uses the ratio of resistance mutation
VAFs to the highest VAF of likely truncal drivers without any correction for copy number status [18].
All drivers of acquired resistance combined per case had a median ratio of 4.37% (range 3.60–8.55%)
compared to truncal mutations in either TP53 or APC (Figure 3B). Thus, both approaches support
the presence of a considerable genetic resistance-gap at acquired resistance to combination EGFR-Ab
and chemotherapy.

3. Discussion

We identified MAP2K1/MEK1 mutations in 3 and RAS mutations in 4 of 10 patients. Hence,
MAP2K1/MEK1 mutations were the second most common driver of resistance in this small series that
was predominated by tumours with acquired resistance. While MAP2K1/MEK1 codon K57 mutations
have previously been associated with EGFR-Ab resistance [9,13,14], we provide the first evidence
that P124S mutations contribute to resistance to EGFR-Ab therapy in mCRC. Together, our results
highlight the importance of using ctDNA analysis panels that include a broad range of resistance driver
genes beyond RAS and BRAF, such as MAP2K1 and ERBB2 [12,19] to stratify patients to EGFR-Abs
optimally. The detection of ERBB2 amplifications and activating MAPK2K1 through ctDNA-Seq could
furthermore stratify these patients for treatment with trastuzumab or treatment with MEK-inhibitors
in clinical trials [20]. The ability of ctDNA-Seq to assess mutation clonality may help select tumours
with clonal drivers to avoid targeting subclonal drivers that will likely be futile [21].
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Importantly, subclonality analyses demonstrated that mutations driving acquired resistance to
EGFR-Ab in combination with chemotherapy were confined to small subclones. No genetic resistance
drivers were detected in a median of 86.58% of the cancer-derived ctDNA. This defines a genetic
resistance-gap in patients with acquired resistance to chemotherapy and EGFR-Abs, similar to the
64% of the cancer cells sampled by ctDNA that had no detectable genetic resistance drivers observed
in patients treated with single-agent cetuximab [9]. The clonality estimates are based on published
approaches [9,18], but some inaccuracies are possible as these technologies are relatively novel, and not
all sources of bias may have been identified. Importantly, our assay’s average sequencing depth was
similar to other current ctDNA sequencing technologies [22–24], and we have previously shown that
the sensitivity of this assay was comparable to other technologies with error correction [12]. Thus, it is
unlikely that poor assay sensitivity explains these results.

Moreover, we previously showed that tumours with a cetuximab-sensitive transcriptomic subtype
before single-agent EGFR-Ab treatment changed to a fibroblast- and growth factor-rich subtype at
progression and that this stromal remodeling enables non-genetic cetuximab resistance, likely explaining
the genetic resistance-gap [9]. Confirming a similar resistance-gap in mCRCs treated with EGFR-Ab
and chemotherapy now suggests that non-genetic resistance mechanisms may also be relevant when
combination therapy is used. This will require confirmation through studies of tumour biopsies
in the future, particularly as several other candidate mechanisms for non-genetic resistance have
been described, including myeloid-derived suppressor cells infiltrates [25] or paracrine growth factor
secretion by cancer cells [26]. Several of the identified non-genetic resistance mechanisms depend on
secreted growth factors and may be clinically targetable through blocking agents. Dissection of these
mechanisms may therefore inform rational combination treatments with EGFR-Abs and chemotherapy.
Minimally invasive technologies to assess the cancer microenvironment compositions or growth
factor secretion in the microenvironment are an unmet need. Developing these could accelerate the
interrogation of such understudied resistance mechanisms.

An alternative explanation for this resistance-gap could be that EGFR-Ab resistance is the
consequence of genetic drivers scattered across many genes that are rarely mutated individually
and therefore remained unidentified to date. However, our previous finding that cancer-associated
fibroblasts increased in PD biopsies without detectable genetic resistance drivers and that these can
mechanistically rescue cancer cell growth supported by the non-genetic resistance model [9].

4. Materials and Methods

4.1. Patients

Ten patients with RAS wild-type status mCRCs who received treatment with EGFR-Ab
(cetuximab/panitumumab) containing therapy were included in this study. The study has been
approved by the Hospital Sírio Libanês Ethics Committee (Study # HSL 2015-22), and all patients
provided written informed consent before study inclusion. Information from clinical RAS mutation
tests of tumour tissue from each patient was available for this study.

4.2. Plasma Samples

Blood samples (15 mL) were collected in EDTA-tubes at the time of clinical progression to EGFR-Ab.
Plasma was separated by centrifugation at 800× g for 10 min at 4 ◦C within 2 h after collection. Plasma
was spun again at 11,000× g for 10 min at 4 ◦C and stored at −80 ◦C. ctDNA was isolated using the
QIAamp MinElute Virus Vacuum Kit (Qiagen, Hilden, Germany).

4.3. ctDNA-Sequencing

Between 17.6 ng and 25 ng of ctDNA was sequenced per sample using SureSelectXT-HS library
preparation (Agilent Technologies, Santa Clara, CA, USA) and custom target enrichment of 40 genes
as described [9,12]. Library pools were clustered using a cBot (Illumina, San Diego, CA, USA)
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and sequenced with 75 bp paired-end reads on a HiSeq2500 (Illumina, San Diego, CA, USA) in
rapid-output mode.

4.4. Variant Calling

SureCall (version 4.0.1.46, Agilent Technologies, Santa Clara, CA, USA) was used to trim and
align fastq reads to the hg19 reference genome with default parameters and to deduplicate using
Molecular Barcode (MBC) error correction, permitting one base mismatch within each MBC. Consensus
families comprising single reads were removed. The SureCall software was used to determine the
average on-target read depth (the average number of reads at each position of the analyzable target
regions) and variant calls using the SNPPET function. The DuplexCaller [12] was used to identify
mutations supported by duplex reads in the common CRC driver genes TP53, APC, SMAD2/4, FBXW7,
PIK3CA, and in the known resistance driver genes KRAS, NRAS, BRAF, MAP2K1, EGFR, FGFR2,
ERBB2, NF1. Mutations supported by reads with this duplex configuration were inferred to come from
double-stranded DNA molecules.

4.5. Genome-Wide DNA Copy Number Analysis

BAM files from MBC-deduplication before removing single-read consensus families were used
to generate genome-wide DNA copy number profiles with CNVkit [27] (v0.8.1). CNVkit was run in
non-batch mode with antitarget average size set to 30 kb. Data from healthy donor samples were used
as the normal reference pooled dataset [12]. We then assessed each profile for amplifications of the
known resistance driver genes ERBB2, MET, FGFR2, and NRAS/KRAS.

4.6. Mutation Clonality Analysis

Absolute copy number data was estimated from the genome-wide copy number profiles using
the following assumptions: the lowest arm level loss corresponds to copy number 1, the modal
chromosome number has a copy number between 2 and 4, and copy number states are approximately
equally spaced. For the most conservative clonality estimate, we assumed that only one copy of
resistance driver genes is mutated and that all copies of the tumour suppressor genes TP53 and APC
harbour the detected mutations as this leads to the highest clonality estimate for resistance drivers.
The fraction of cancer cells sampled by ctDNA that harboured a resistance driver mutation at PD was
calculated by first correcting VAFs for the influence of copy-number states and then by dividing the
corrected VAF of resistance drivers by the corrected VAF of clonal TP53/APC mutations. Referencing
the resistance driver mutations against clonal mutations corrects for differences in the admixed DNA
from normal cells, which varies between patients. The clonality calculations were performed with
formulas from Reference [9].

4.7. Generation of MAP2K1 Transgenic DiFi Cell Lines and Western Blot Analysis

HEK293T cells were transfected with pHAGE-MAP2K1 and pHAGE-MAP2K1-P124S (plasmids
#116757 and #116428, respectively; a gift from Gordon Mills & Kenneth Scott by means of the
Addgene non-profit plasmid repository, Watertown, MA, USA) lentiviral constructs in combination
with packaging plasmids psPAX and pMD2.G (plasmids #12260 and #12259, respectively; a gift
from Didier Trono, Addgene, Watertown, MA, USA) using TransIT-LT1 (Mirus Bio, Madison, WI,
USA). DiFi cells were transduced with the resultant viral supernatants in the presence of Polybrene
(8µg/mL). Transduced wild-type MAP2K1 overexpressing cells were selected using 5µg/mL Puromycin.
Mutant MAP2K1 cells (P124S) were selected by fluorescence-activating cell sorting for GFP-high cells
on a Sony SH800.

Cells were treated for 4 h with 6.25, 25, or 100 µg/mL cetuximab or with vehicle control GCTS
buffer. Total cell lysates were prepared with NP-40 buffer supplemented with protease and phosphatase
inhibitors (Sigma, Merck Group, Darmstadt, Germany). Western blotting used primary antibodies
p-ERK (#9101, Cell Signaling Technology, Danvers, MA, USA) and ERK (#9102, Cell Signaling
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Technology). HRP-conjugated anti-beta Tubulin antibody (#ab21058, Abcam, Cambridge, UK) was
used as a loading control. Bands were detected using ECL Prime (GE Healthcare, Chicago, IL, USA)
and visualised on a C300 digital imaging system (Azure Biosystems, Dublin, CA, USA).

5. Conclusions

Error corrected ctDNA-sequencing with a targeted panel allows the detection of broad genetic
resistance mechanisms in CRCs treated with EGFR-Abs and chemotherapy. This may inform patient
stratification to novel therapies and help to avoid ineffective treatment with EGFR-Abs. Furthermore,
our data show a genetic resistance-gap after treatment with EGFR-Abs in combination with
chemotherapy, indicating a need to investigate resistance mechanisms beyond the well-described genetic
point mutations and amplifications in receptor tyrosine kinases and RAS/RAF pathway members.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/3736/s1,
Figure S1: Log copy ratio plots for 10 patients in our cohort from ctDNA-Seq assay, Figure S2: Original Western
blot images relating to Figure 2, Table S1: Molecular analysis performed with tissue biopsy at diagnosis of mCRC
patients, Table S2: Somatic mutations called by ctDNA-Seq, Table S3: Fraction of cancer cells sampled by ctDNA
that harbored a resistance driver mutation at PD.

Author Contributions: Conceptualization, A.A.C., F.H.K., and M.G.; Methodology, L.J.B.; Software, L.J.B., A.W.,
and D.K.; Validation, L.J.B., F.H.K., and F.B.; Formal Analysis, F.H.K., A.N., L.J.B., and M.G.; Investigation,
F.H.K., L.J.B., A.N., B.G., and K.F.; Resources, M.F.S.A.R., L.d.F., F.C., F.C.C., P.M.H., and J.S.; Data Curation,
A.W.; Writing—Original Draft Preparation, F.H.K., L.J.B., and M.G.; Writing—Review & Editing, all authors;
Visualization, F.H.K.; Supervision, L.J.B., A.A.C., and M.G.; Project Administration, F.H.K.; Funding Acquisition,
F.H.K., A.A.C., and M.G. All authors have read and agreed to the published version of the manuscript.

Funding: This project received funding from Fundação de Amparo a Pesquisa do Estado de São Paulo—FAPESP
(2015/16854-4; 2018/23531-5) and Ludwig Cancer Research and was supported by the National Institute for Health
Research Biomedical Research Centre for Cancer at the ICR/RMH. M.G., L.J.B., and A.W. are supported by the
European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation programme
(grant agreement No. 820137), and a charitable donation from Tim Morgan. The ICR Centre for Evolution and
Cancer was supported by a Wellcome Trust Strategic Grant (105104/Z/14/Z).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Karapetis, C.S.; Khambata-Ford, S.; Jonker, D.J.; O’Callaghan, C.J.; Tu, D.; Tebbutt, N.C.; Simes, R.J.;
Chalchal, H.; Shapiro, J.D.; Robitaille, S.; et al. K-ras mutations and benefit from cetuximab in advanced
colorectal cancer. N. Engl. J. Med. 2008, 359, 1757–1765. [CrossRef] [PubMed]

2. Van Cutsem, E.; Köhne, C.H.; Hitre, E.; Zaluski, J.; Chien, C.-R.C.; Makhson, A.; D’Haens, G.; Pintér, T.;
Lim, R.; Bodoky, G.; et al. Cetuximab and chemotherapy as initial treatment for metastatic colorectal cancer.
N. Engl. J. Med. 2009, 360, 1408–1417. [CrossRef] [PubMed]

3. De Roock, W.; Claes, B.; Bernasconi, D.; De Schutter, J.; Biesmans, B.; Fountzilas, G.; Kalogeras, K.T.;
Kotoula, V.; Papamichael, D.; Laurent-Puig, P.; et al. Effects of KRAS, BRAF, NRAS, and PIK3CA mutations
on the efficacy of cetuximab plus chemotherapy in chemotherapy-refractory metastatic colorectal cancer:
A retrospective consortium analysis. Lancet Oncol. 2010, 11, 753–762. [CrossRef]

4. Douillard, J.Y.; Oliner, K.S.; Siena, S.; Tabernero, J.; Burkes, R.; Barugel, M.; Humblet, Y.; Bodoky, G.;
Cunningham, D.; Jassem, J.; et al. Panitumumab–FOLFOX4 treatment and RAS Mutations in colorectal
cancer. N. Engl. J. Med. 2013, 369, 1023–1034. [CrossRef] [PubMed]

5. Peeters, M.; Douillard, J.-Y.; Van Cutsem, E.; Siena, S.; Zhang, K.; Williams, R.; Wiezorek, J. Mutant KRAS
codon 12 and 13 alleles in patients with metastatic colorectal Cancer: Assessment as prognostic and predictive
biomarkers of response to panitumumab. J. Clin. Oncol. 2013, 31, 759–765. [CrossRef] [PubMed]

6. Misale, S.; Yaeger, R.; Hobor, S.; Scala, E.; Janakiraman, M.; Liska, D.; Valtorta, E.; Schiavo, R.; Buscarino, M.;
Siravegna, G.; et al. Emergence of KRAS mutations and acquired resistance to anti-EGFR therapy in colorectal
cancer. Nature 2012, 486, 532–536. [CrossRef]

7. Diaz, L.A., Jr.; Williams, R.T.; Wu, J.; Kinde, I.; Hecht, J.R.; Berlin, J.; Allen, B.; Bozic, I.; Reiter, J.G.;
Nowak, M.A.; et al. The molecular evolution of acquired resistance to targeted EGFR blockade in colorectal
cancers. Nature 2012, 486, 537–540. [CrossRef]

http://www.mdpi.com/2072-6694/12/12/3736/s1
http://dx.doi.org/10.1056/NEJMoa0804385
http://www.ncbi.nlm.nih.gov/pubmed/18946061
http://dx.doi.org/10.1056/NEJMoa0805019
http://www.ncbi.nlm.nih.gov/pubmed/19339720
http://dx.doi.org/10.1016/S1470-2045(10)70130-3
http://dx.doi.org/10.1056/NEJMoa1305275
http://www.ncbi.nlm.nih.gov/pubmed/24024839
http://dx.doi.org/10.1200/JCO.2012.45.1492
http://www.ncbi.nlm.nih.gov/pubmed/23182985
http://dx.doi.org/10.1038/nature11156
http://dx.doi.org/10.1038/nature11219


Cancers 2020, 12, 3736 10 of 11

8. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.;
Alani, R.M.; et al. Detection of Circulating Tumor DNA in Early- and Late-Stage Human Malignancies.
Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]

9. Woolston, A.; Khan, K.; Spain, G.; Barber, L.J.; Griffiths, B.; Gonzalez-Exposito, R.; Hornsteiner, L.; Punta, M.;
Patil, Y.; Newey, A.; et al. Genomic and transcriptomic determinants of therapy resistance and immune
landscape evolution during anti-EGFR treatment in colorectal cancer. Cancer Cell 2019, 36, 35–50.e9. [CrossRef]

10. Dienstmann, R.; Salazar, R.; Tabernero, J. Molecular subtypes and the evolution of treatment decisions in
metastatic colorectal cancer. Am. Soc. Clin. Oncol. Educ. Book 2018, 38, 231–238. [CrossRef]

11. Newman, A.M.; Lovejoy, A.F.; Klass, D.M.; Kurtz, D.M.; Chabon, J.J.; Scherer, F.; Stehr, H.; Liu, C.L.;
Bratman, S.V.; Say, C.; et al. Integrated digital error suppression for improved detection of circulating tumor
DNA. Nat. Biotechnol. 2016, 34, 547–555. [CrossRef] [PubMed]

12. Mansukhani, S.; Barber, L.J.; Kleftogiannis, D.; Moorcraft, S.Y.; Davidson, M.; Woolston, A.; Proszek, P.Z.;
Griffiths, B.; Fenwick, K.; Herman, B.; et al. Ultra-sensitive mutation detection and genome-wide DNA
copy number reconstruction by error-corrected circulating tumor DNA sequencing. Clin. Chem. 2018, 64,
1626–1635. [CrossRef] [PubMed]

13. Siravegna, G.; Mussolin, B.; Buscarino, M.; Corti, G.; Cassingena, A.; Crisafulli, G.; Ponzetti, A.; Cremolini, C.;
Amatu, A.; Lauricella, C.; et al. Clonal evolution and resistance to EGFR blockade in the blood of colorectal
cancer patients. Nat. Med. 2015, 21, 795–801. [CrossRef] [PubMed]

14. Russo, M.; Siravegna, G.; Blaszkowsky, L.S.; Corti, G.; Crisafulli, G.; Ahronian, L.G.; Mussolin, B.; Kwak, E.L.;
Buscarino, M.; Lazzari, L.; et al. Tumor heterogeneity and lesion-specific response to targeted therapy in
colorectal cancer. Cancer Discov. 2016, 6, 147–153. [CrossRef] [PubMed]

15. Nykamp, K.; Anderson, M.; Powers, M.; Garcia, J.; Herrera, B.; Ho, Y.Y.; Kobayashi, Y.; Patil, N.; Thusberg, J.;
Westbrook, M.; et al. Sherloc: A comprehensive refinement of the ACMG–AMP variant classification criteria.
Genet. Med. 2017, 19, 1105–1117. [CrossRef] [PubMed]

16. Emery, C.M.; Vijayendran, K.G.; Zipser, M.C.; Sawyer, A.M.; Niu, L.; Kim, J.J.; Hatton, C.; Chopra, R.;
Oberholzer, P.A.; Karpova, M.B.; et al. MEK1 mutations confer resistance to MEK and B-RAF inhibition.
Proc. Natl. Acad. Sci. USA 2009, 106, 20411–20416. [CrossRef]

17. De Martino, M.; Zhuang, D.; Klatte, T.; Rieken, M.; Rouprêt, M.; Xylinas, E.; Clozel, T.; Krzywinski, M.;
Elemento, O.; Shariat, S.F. Impact ofERBB2mutations on in vitro sensitivity of bladder cancer to lapatinib.
Cancer Biol. Ther. 2014, 15, 1239–1247. [CrossRef]

18. Strickler, J.H.; Loree, J.M.; Ahronian, L.G.; Parikh, A.R.; Niedzwiecki, D.; Pereira, A.A.L.; McKinney, M.;
Korn, W.M.; Atreya, C.E.; Banks, K.C.; et al. Genomic landscape of cell-free DNA in patients with colorectal
cancer. Cancer Discov. 2018, 8, 164–173. [CrossRef]

19. Cremolini, C.; Morano, F.; Moretto, R.; Berenato, R.; Tamborini, E.; Perrone, F.; Rossini, D.; Gloghini, A.;
Busico, A.; Zucchelli, G.; et al. Negative hyper-selection of metastatic colorectal cancer patients for anti-EGFR
monoclonal antibodies: The PRESSING case–control study. Ann. Oncol. 2017, 28, 3009–3014. [CrossRef]

20. Yaeger, R.; Corcoran, R.B. Targeting alterations in the RAF–MEK pathway. Cancer Discov. 2019, 9, 329–341.
[CrossRef]

21. Yap, T.A.; Gerlinger, M.; Futreal, P.A.; Pusztai, L.; Swanton, C. Intratumor heterogeneity: Seeing the wood
for the trees. Sci. Transl. Med. 2012, 4, 127ps10. [CrossRef] [PubMed]

22. Christensen, E.; Nordentoft, I.; Vang, S.; Birkenkamp-Demtröder, K.; Jensen, J.B.; Agerbæk, M.; Pedersen, J.S.;
Dyrskjøt, L. Optimized targeted sequencing of cell-free plasma DNA from bladder cancer patients. Sci. Rep.
2018, 8, 1917. [CrossRef] [PubMed]

23. Hilke, F.J.; Muyas, F.; Admard, J.; Kootz, B.; Nann, D.; Welz, S.; Rieß, O.; Zips, D.; Ossowski, S.; Schroeder, C.M.;
et al. Dynamics of cell-free tumour DNA correlate with treatment response of head and neck cancer patients
receiving radiochemotherapy. Radiother. Oncol. 2020, 151, 182–189. [CrossRef] [PubMed]

24. Lam, S.N.; Zhou, Y.C.; Chan, Y.M.; Foo, C.M.; Lee, P.Y.; Mok, W.Y.; Wong, W.S.; Fung, Y.Y.; Wong, K.Y.;
Huang, J.Y.; et al. Comparison of target enrichment platforms for circulating tumor DNA detection. Sci. Rep.
2020, 10, 4124. [CrossRef] [PubMed]

25. Calcinotto, A.; Spataro, C.; Zagato, E.; Di Mitri, D.; Gil, V.; Crespo, M.; De Bernardis, G.; Losa, M.; Mirenda, M.;
Pasquini, E.; et al. IL-23 secreted by myeloid cells drives castration-resistant prostate cancer. Nature 2018,
559, 363–369. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/scitranslmed.3007094
http://dx.doi.org/10.1016/j.ccell.2019.05.013
http://dx.doi.org/10.1200/EDBK_200929
http://dx.doi.org/10.1038/nbt.3520
http://www.ncbi.nlm.nih.gov/pubmed/27018799
http://dx.doi.org/10.1373/clinchem.2018.289629
http://www.ncbi.nlm.nih.gov/pubmed/30150316
http://dx.doi.org/10.1038/nm.3870
http://www.ncbi.nlm.nih.gov/pubmed/26030179
http://dx.doi.org/10.1158/2159-8290.CD-15-1283
http://www.ncbi.nlm.nih.gov/pubmed/26644315
http://dx.doi.org/10.1038/gim.2017.37
http://www.ncbi.nlm.nih.gov/pubmed/28492532
http://dx.doi.org/10.1073/pnas.0905833106
http://dx.doi.org/10.4161/cbt.29687
http://dx.doi.org/10.1158/2159-8290.CD-17-1009
http://dx.doi.org/10.1093/annonc/mdx546
http://dx.doi.org/10.1158/2159-8290.CD-18-1321
http://dx.doi.org/10.1126/scitranslmed.3003854
http://www.ncbi.nlm.nih.gov/pubmed/22461637
http://dx.doi.org/10.1038/s41598-018-20282-8
http://www.ncbi.nlm.nih.gov/pubmed/29382943
http://dx.doi.org/10.1016/j.radonc.2020.07.027
http://www.ncbi.nlm.nih.gov/pubmed/32687856
http://dx.doi.org/10.1038/s41598-020-60375-x
http://www.ncbi.nlm.nih.gov/pubmed/32139724
http://dx.doi.org/10.1038/s41586-018-0266-0
http://www.ncbi.nlm.nih.gov/pubmed/29950727


Cancers 2020, 12, 3736 11 of 11

26. Hobor, S.; Van Emburgh, B.O.; Crowley, E.; Misale, S.; Di Nicolantonio, F.; Bardelli, A. TGFα and amphiregulin
paracrine network promotes resistance to EGFR blockade in colorectal cancer cells. Clin. Cancer Res. 2014, 20,
6429–6438. [CrossRef]

27. Talevich, E.; Shain, A.H.; Botton, T.; Bastian, B.C. CNVkit: Genome-wide copy number detection and
visualization from targeted DNA sequencing. PLoS Comput. Biol. 2016, 12, e1004873. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/1078-0432.CCR-14-0774
http://dx.doi.org/10.1371/journal.pcbi.1004873
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	ctDNA Sequencing Results 
	Identification of Drivers of Primary Resistance by ctDNA Sequencing 
	Identification of Drivers of Acquired Resistance by ctDNA Sequencing 
	Clonality of Drivers of Primary and Acquired Resistance 


	Discussion 
	Materials and Methods 
	Patients 
	Plasma Samples 
	ctDNA-Sequencing 
	Variant Calling 
	Genome-Wide DNA Copy Number Analysis 
	Mutation Clonality Analysis 
	Generation of MAP2K1 Transgenic DiFi Cell Lines and Western Blot Analysis 

	Conclusions 
	References

