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Drug resistance is an almost inevitable consequence of cancer therapy and ultimately proves fatal for the majority of pa-

tients. In many cases, this is the consequence of specific gene mutations that have the potential to be targeted to resensitize

the tumor. The ability to uniformly saturate the genome with point mutations without chromosome or nucleotide sequence

context bias would open the door to identify all putative drug resistance mutations in cancer models. Here, we describe such

a method for elucidating drug resistance mechanisms using genome-wide chemical mutagenesis allied to next-generation

sequencing. We show that chemically mutagenizing the genome of cancer cells dramatically increases the number of

drug-resistant clones and allows the detection of both known and novel drug resistance mutations. We used an efficient com-

putational process that allows for the rapid identification of involved pathways and druggable targets. Such a priori knowl-

edge would greatly empower serial monitoring strategies for drug resistance in the clinic as well as the development of trials

for drug-resistant patients.

[Supplemental material is available for this article.]

Despite an increasing array of new cancer therapies, drug resis-
tance is an almost universal phenomenon that is likely due to
the presence of rare subclonal populations that act as a reservoir
for resistance mutations. The emergence of drug resistance ulti-
mately proves fatal for the majority of patients, and therefore the
early detection of resistance and the identification of novel resen-
sitization strategies is a subject of intense activity.

Previously, the identification of drug resistance genes has re-
lied on either rebiopsy of cancer patients following the develop-
ment of resistance or the use of cancer cell lines made resistant
by exposure in vitro to drug over many weeks. Both approaches
can suffer from inherent biases.With respect to the former, biopsy
of a single resistant site of disease may miss alternate resistance
mechanisms in other metastatic sites (Van Allen et al. 2014).
Equally, serial drug exposure in cancer cell lines will favor preexist-
ing drug-resistant clones that are specific for that cell line andmay
not represent the entire spectrum of resistance mechanisms for
that treatment.

For these reasons, there is considerable interest in the use of
forward genetic screens capable of engineering into the cancer ge-
nomemutational events that can be tested for their ability to cause
drug resistance in an unbiased fashion. Such screens, if sufficiently
unbiased, could in theory capture the entire breadth of genetic re-
sistance mechanisms for any drug. Recent studies have demon-
strated the power of both genome-wide gain- and loss-of-
function screens using CRISPR/Cas9, lentiviral shRNA, and large-
scale open-reading frame technologies to identify clinically rele-
vant drug resistance mechanisms in cancer (Hu and Zhang
2016). However, these screens all fail to capture a third important
mechanism of drug resistance, namely that of point mutations.
Point mutations account for resistance in large numbers of pa-
tients receiving targeted therapies in melanoma, colon and lung
cancers, and chronic myeloid leukemia (Supplemental Table S1;
Kobayashi et al. 2005; Katayama et al. 2012; Montagut et al.
2012; Ohashi et al. 2012; Bettegowda 2014; Long et al. 2014;
Van Allen et al. 2014; Wagle et al. 2014; Arena et al. 2015; Russo
et al. 2015; Siravegna et al. 2015; Thress et al. 2015).
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N-Ethyl-N-nitrosourea (ENU) has been used as a potentmuta-
gen in mouse models of development for over four decades
(Acevedo-Arozena et al. 2008). Exposure results in the efficient gen-
eration of random point mutations throughout the cell genome
(Tokunaga et al. 2014). We therefore tested whether, in cancer
cell line models, ENU could be used to mutagenize the genome
and enable expansion of drug-resistant cells following the applica-
tionof a targetedagent.Asproof of concept,wechose to investigate
whether this approach could identify all clinically demonstrated
resistance mutations in colorectal cancer patients treated with
the EGFR monoclonal antibody Cetuximab (Van Cutsem et al.
2009). In the clinic, resistance in such patients is heavily driven
by point mutations, and a decade of clinical studies has identified
the vast majority of the resistance mutations. This “ground truth”
should in theory allow us to define howwell a saturationmutagen-
esis screen can identify clinically relevant resistance mutations.

We used a sequencing and informatics approach to detect
novel resistance mutations from next-generation sequence data
and to detect statistical enrichment for mutually exclusive muta-
tions in specific signaling pathways comprising more than 8000
genes at the sample population level. Our mutagenesis screen
was able to successfully identify all known drug resistance muta-
tions to Cetuximab previously observed in the clinic as well as a
novel mutation that we subsequently identified in a colorectal
cancer patient. We suggest that this approach is a powerful and fa-
cile means to draw the landscape of point mutations that confer
resistance to targeted therapies. Such knowledge could be used
to discover therapeutic strategies to resensitize resistant tumors
as well as identify which genes should be prioritized for noninva-
sive monitoring during treatment using plasma DNA sequencing.

Results

ENU exposure confers stable resistance to Cetuximab in colon

cancer cells

We screened 51 colorectal cancer cell lines with a concentration
range of the EGFR monoclonal antibody Cetuximab and assessed
viability after 6 d (Fig. 1A). In keeping with clinical experience of
the genetic factors that underpin response to this drug, those cell
lines wild-type forKRAS/NRAS/BRAF (green bars) exhibited height-
ened sensitivity to Cetuximab (Douillard et al. 2013).We therefore
chose two of these lines, CCK-81 andNCI-H508, to use in the ENU
resistance experiment. Both cell lines additionally demonstrated
Cetuximab sensitivity in long-term clonogenic survival assays
(Supplemental Fig. S1). Moreover, CCK-81 has features of micro-
satellite instability (MSI), whereas NCI-H508 is microsatellite sta-
ble (MSS). MSI is detected in 16% of colorectal cancers and is
associated with a different phenotype and clinical outcome com-
pared to MSS cancers. The CCK-81 cell line was exposed to a
dose range of ENU (0.01–1 mg/mL) for 24 h, following which
the mutagenized cells were treated with Cetuximab (10 µg/mL)
for 8 consecutive weeks. The number of drug-resistant colonies
was counted at the end of the experiment. Importantly, we ob-
served no drug-resistant colonies in the absence of ENU (Fig. 1B).
With increasing ENU concentration, we observed a linear increase
in both the number of drug-resistant colonies (left y-axis, blue
bars) as well as the number of mutations per clone (right y axis,
green triangles). We subsequently used a concentration of ENU
(0.1 mg/mL) that resulted in minimal viability effect in both cell
lines (Methods). We next treated NCI-H508 cells with ENU (0.1
mg/mL) for 24 h followed by weekly Cetuximab treatment for

eight weeks. Drug-resistant colonies were picked, expanded in cul-
ture, and 72were submitted forwhole-exome Illumina sequencing
(a total of 14 CCK-81 and 58 NCI-H508 colonies). Data were ana-
lyzed for substitutions and insertions/deletions to enable an esti-
mation of the number of ENU-associated mutations per Mb of
exome and to detect novel (and putative drug resistance) muta-
tions (Supplemental Table S2).We then performed clonogenic sur-
vival assays on a subset of resistant clones and confirmed robust
and stable resistance to Cetuximab (Fig. 1C).

The spectrum of ENU-induced mutations

The ability of any mutagenesis screen to capture a particular phe-
notype is strongly dependent on its ability to evenly saturate the
genome with all six possible classes of base substitution type (ex-
pressed as the pyrimidine of a mutated Watson-Crick base pair,
C > A, C >G, C > T, T > A, T > C, T >G). On average, we detected
470 novel mutations per exome in each clone (mean 570 and
446 in CCK-81 and NCI-H508 clones, respectively), for a total of
33,857 (Supplemental Table S2). Themutationswere almost exclu-
sively composed of base substitutions (96% of total). A third of
such mutations were nonsynonymous (missense) variants within
the coding exon of a gene, where resistance mutations are more
likely to occur (Fig. 2A). Only 4% were potential loss-of-function
truncating mutations (frameshift indels or nonsense mutations).
The remaining mutations were predominantly either silent or
intronic. Significantly, analysis of exome sequence data across all
72 clones (regardless of whether MSS or MSI) revealed that of the
six possible classes of base substitution, only C >G substitutions
are less well represented (3% of all substitution base changes)
(Fig. 2A). The mutation spectrum in ENU-derived clones was sim-
ilar regardless of whether the cells came from a MSI or MSS back-
ground (Supplemental Fig. S2). There was no evidence of a
significant bias towardmutations in coding genes in any particular
chromosome or indeed any specific region within a chromosome
(Fig. 2B; Supplemental Fig. S3). However, given these 33,857 mu-
tations are an admixture of those caused by ENU, backgroundmu-
tational processes, and private subclonal variants, we elected to use
a mathematical approach to specifically extract the ENU signature
from the data and more accurately determine the mutation spec-
trum of ENU mutations.

The non-negative matrix factorization algorithm has previ-
ously been used to detect the presence of mutational signatures
in human cancers, including fromdefects in DNAmismatch repair
and altered activity of the error-prone polymerase POLE (http://
cancer.sanger.ac.uk/cosmic/signatures) (Alexandrov et al. 2013b).
It extracts signatures based on a 96-mutation classification that in-
corporates the six base substitution types described above aswell as
the immediate flanking sequence context of the mutated base
(four possible 5′ and four possible 3′ bases). In our data, it revealed
a distinct and unique signature that was represented across almost
all trinucleotide contexts in both CCK-81 and NCI-H508 clones
and not previously detected in prior tumor studies, including a
panel of 51 colorectal cancer cell lines (data not shown) (Fig. 2C;
Supplemental Fig. S4). This signature (“Signature A”) is likely one
of ENU exposure. Reassuringly, the pattern of base substitutions
that comprise this signature was almost identical to that seen
across the entire set of substitutions detected in the ENU-derived
clones,with again onlyC >G substitutions seen at lower frequency
(Fig. 2C). Thus, using this approach it should be feasible to gener-
ate the majority of theoretical coding point mutations for drug re-
sistance across the entire genome.

Brammeld et al.

614 Genome Research
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.213546.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.213546.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.213546.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.213546.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.213546.116/-/DC1
http://cancer.sanger.ac.uk/cosmic/signatures
http://cancer.sanger.ac.uk/cosmic/signatures
http://cancer.sanger.ac.uk/cosmic/signatures
http://cancer.sanger.ac.uk/cosmic/signatures
http://cancer.sanger.ac.uk/cosmic/signatures
http://cancer.sanger.ac.uk/cosmic/signatures
http://cancer.sanger.ac.uk/cosmic/signatures
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.213546.116/-/DC1


As expected, we detected a signature ofMSI (“Signature B”) in
the combined mutational catalog for the CCK-81 clones but sur-
prisingly also in the NCI-H508 clones (Supplemental Fig. S4;
Alexandrov et al. 2013a). On closer examination, this signature
was the result of two hypermutator clones in the NCI-H508 muta-

tional catalog (red arrows) (clones NCI-H508_26 and NCI-
H508_40) (Supplemental Fig. S5). These clones hadmutation rates
as high as any of theMSI CCK-81 clones and increased numbers of
small insertions and deletions. This would be in keeping with a
defect in the mismatch repair pathway (Supplemental Table S2).

Figure 1. Genome-wide chemicalmutagenesis screens to define pathways of drug resistance in cancer. (A) Cetuximab viability screen in colorectal cancer
cell lines. Fifty-one colorectal cancer cell lines were screenedwith a concentration range of the EGFRmonoclonal antibody Cetuximab and viability (asmea-
sured by the Activity Score, 1-AUC) wasmeasured after 6 d. The KRAS,NRAS, and BRAFmutation status of each line is indicated. Themean Activity Score for
those cell lines wild-type for all three genes (green bar) versus those with a canonical driver mutation in at least one gene (red bar) is indicated in the last two
columns. (B) Dose-dependent effect of ENU on mutation burden and drug resistance. CCK-81 colorectal cancer cells were treated for 24 h with increasing
concentrations of ENU (x-axis, 0.01–1mg/mL) and thenweeklywithCetuximab (10 µg/mL) for 8wk to allowdrug-resistant colonies to develop. Thenumber
of resistant colonies perplatewere counted foreachENUconcentration (bluebars) and submitted forwhole-exomesequencing tocalculate themeannumber
of mutations per Mb (green triangles). Numbers above each triangle indicate the number of clones sequenced at that concentration. (C) ENUmutagenesis
generates stably drug-resistant clones. A subset of Cetuximab-resistant clones generated in the CCK-81 cell line following exposure to ENU and subsequent
serialweeklyCetuximab treatmentwerepicked fromtheplate andexpanded separatelyoutof drug for4wk.Twenty-oneday clonogenic survival assays in four
clones (along with the parental CCK-81 cell line) treated with Cetuximab 10 µg/mL confirmed that resistance to the EGFR monoclonal antibody had been
maintained and was stable. A 6-d viability assay of cells treated with a concentration range of Cetuximab (right) demonstrates resistance of ENU clones at
all concentrations. Immunoblot analysis of effect of Cetuximab treatment (10 µg/mL) for 6 h confirms persistence of MAPK signaling in ENU clones.
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Clone NCI-H508_26 was found to harbor a novel nonsense (stop-
gained) mutation in the mismatch repair gene MLH1, and clone
NCI-H508_40 harbored a nonsense mutation in the DNA repair

gene EXO1. Two other clones (black arrows) also have elevatedmu-
tation rates that may be the result of gaining nonsense mutations
in POLQ, a gene involved in DNA damage repair. These gave rise to

Figure 2. The spectrum of ENU-induced mutations. (A) Spectrum of mutations in ENU-derived drug-resistant clones. A pie chart representation of the
proportion of 33,857 mutations detected in CCK-81 and NCI-H508 clones categorized according to mutation type. For the missense mutations, there is a
further representation of the proportion ofmutations fallingwithin the six possible nucleotide base substitutions (C > A, C > G, C > T, T > A, T > C, T > G). (B)
Circos plots of mutations in CCK-81 andNCI-H508 clones. All substitutionmutations in CCK-81 or NCI-H508 clones are represented by their intermutation
distance per chromosome. Each chromosome is composed of all coding exons in genes found within that chromosome. The four circles in each plot, from
outermost inward, represent the human chromosomes, substitution mutations, insertion mutations, deletion mutations, copy number gains, and copy
number losses. Low- and high-level amplification refers to 2–4 and 4–8 copies, respectively. (C) The mutational signature of ENU. The trinucleotide rep-
resentation of ENUmutations in CCK-81 andNCI-H508 drug-resistant colonies is displayed as the distribution ofmutations for all 96 possible combinations
of mutations generated as a result of ENU exposure. Adjacent pie charts display the relative distribution of each of the six classes of possible base substi-
tutions for the CCK-81 and NCI-H508 clones.
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the third signature of unknown origin detected in NCI-H508
clones (“Signature C”) (Supplemental Fig. S4).

ENU mutagenesis identifies clinically relevant resistance

mutations and pathways

A challenge in the identification of drug resistance mutations in
ENU-derived clones is that each clone harbors many hundreds of
“passenger” mutations in addition to that conferring resistance.
We hypothesized that with a sufficient population of individual
resistant clones it might become feasible to use statistical enrich-
ment for nonsynonymous coding mutations in specific pathways
to help identify drug resistance mutations. We therefore used a
statistical framework (SLAPenrich) to identify whether genetic
alterations observed inmultiple samples are enrichedwithin a spe-
cific pathway in a statistically significant manner using a network
of 8056 unique genes (https://github.com/saezlab/SLAPenrich)
(Iorio et al. 2016). Once significantly enriched pathways are iden-
tified, SLAPenrich applies a final filter based on the tendency for
genes in a positively selected pathway to be mutated in a mutually
exclusive manner. When applying this method to the set of ENU-
mutations across the 72 Cetuximab-resistant clones, we found
several statistically enriched pathways (false discovery rate [FDR]
< 5%) (Supplemental Table S3). The pathway most significantly
enriched withmutations, “Signaling to P38 via RIT and RIN,” con-
tains many of the key genes of the canonical MAP kinase pathway
(Fig. 3A). In total, we were able to identify credible resistance mu-
tations in 42 of the 72 resistant clones (59%) (Supplemental Table
S4). We detected credible resistance mutations in all of the genes
previously found clinically to confer resistance to EGFR therapy
in colorectal cancer (Supplemental Table S1). EGFR, KRAS, NRAS,
BRAF, and MAP2K1 (also known as MEK1) were each found to be
mutated in three or more clones and in a mutually exclusive man-
ner. There was no clear difference in the frequency of specific mu-
tations between NCI-H508 and CCK-81. Furthermore, 38/42
(90%) of these putative resistance mutations have previously
been identified in colorectal patients developing resistance to
Cetuximab. The most frequently observed ENU resistance muta-
tion was that of BRAF p.V600E (13/42 clones), followed by NRAS
p.Q61K (8/42) and KRAS p.G12C (4/42) (Fig. 3B,C; Supplemental
Fig. S6). These mutations are all canonical driver mutations in tu-
morigenesis and known to activate oncogenic signaling and con-
fer resistance to Cetuximab both experimentally and clinically
(Diaz et al. 2012; Misale et al. 2012). We also detected EGFRmuta-
tions in three of the resistant clones. The EGFR I491K substitution
has been shown to induce structural changes to the extracellular
domain of EGFR such as to prevent Cetuximab binding and confer
resistance (Montagut et al. 2012). Of note, additional mutations
also present in the “Signaling to P38 via RIT and RIN” network
(e.g., JAK1, IL6R, RAF1) were not taken forward for investigation
as these mutations were present in clones also harboring other
more credible drivers of drug resistance andwere present at low fre-
quency (fewer than three clones) (Supplemental Fig. S7).

A mutation enrichment analysis identifies drug resistance genes

Recent studies of large mutational data sets from cancer sequenc-
ing studies have used statistical approaches that consider the mu-
tation spectrum, the sequence of each gene, the impact of coding
substitutions (synonymous, missense, nonsense, splice site), and
the variation of the mutation rate to detect novel cancer genes
(Nik-Zainal et al. 2016). We adapted this “dN/dS” (nonsynony-
mous/synonymous) method to analyze the mutations identified

in the ENU drug-resistant clones (Methods). As this approach
was designed for the analysis of unrelated tumor samples and we
have instances of clones sharing mutations that reflect a common
subclonal origin within the original parental cell lines, we first
condensed the 72 ENU clones into 19 representative groups,
each the union of all the mutations in clones sharing more than
three mutations. Three genes were identified as having a pattern
of mutations supporting being under positive selection, namely
NRAS, KRAS, and MAP2K1 (FDR < 0.05) (Supplemental Table S5).
After these, the next highest ranked gene was BRAF; although it
was of borderline significance (FDR = 0.0508), it is a very strong
candidate for a resistance gene because 4/6 of the mutations are
at the canonical p.V600 locus.

ENU mutagenesis identifies novel resistance mutations in MAP2K1

Recently, two studies of plasmaDNA sequencing in colorectal can-
cer patients undergoing treatment with EGFR monoclonal anti-
bodies jointly identified the first MAP2K1 codon K57 resistance
mutations (p.K57T and p.K57N) (Russo et al. 2015; Siravegna
et al. 2015). In our study, we also identified MAP2K1 mutations
at the K57 codon (p.K57N, p.K57E) as well as at two sites not
previously reported (p.F53L, p.C121S) (Supplemental Table S4).
We therefore sequenced these MAP2K1 loci (together with addi-
tional mutation hotspots in 34 other genes) in a series of plasma
DNA samples collected from 22 colorectal cancer patients who
acquired resistance to treatment with EGFR therapies (either
Cetuximab or Panitumumab) after an initial response. In addition
to all of the known canonical resistancemutations (inKRAS, NRAS,
and BRAF), we detected in one such patient a novel p.F53L
MAP2K1mutation predicted by our screen to be a resistancemuta-
tion (Table 1; Fig. 4A). As previously reported, we detected more
than one likely resistance mutation in a number of these patients,
in keeping with different metastatic sites evolving different resis-
tance mechanisms.

To functionally validate the resistance effects of these
MAP2K1 mutations, we treated CCK-81 cells expressing the novel
p.F53L and p.C121S mutations as well as the previously identified
p.K57N mutation with Cetuximab (alongside empty vector and
wild-typeMAP2K1 controls).We found that all of our candidate re-
sistance mutations induced resistance to Cetuximab, and the
strength of the resistance effect for the mutations was comparable
to that conferred by overexpression of the MET receptor tyrosine
kinase, a previously identified resistance mechanism (Fig. 4B, left;
Bardelli et al. 2013). Long-term growth inhibition assays similarly
showed robust and durable resistance to Cetuximab in the
MAP2K1mutant cells (Fig. 4B, right). Immunoblot analysis demon-
strated elevated constitutive phosphorylation of ERK1/2 as well as a
failure to completely suppress pERK1/2 expression following
Cetuximab treatment in all of theMAP2K1mutant clones (Fig. 4C).

Rational targeting of pathways can resensitize drug-resistant

mutants to Cetuximab

Constitutive EGFR signaling in solid tumors activates a number of
downstream pro-survival/proliferation pathways including PKC,
PI3K/AKT/mTOR, JAK-STAT, and MAPK (Supplemental Fig. S8A;
Shostak and Chariot 2015). In EGFR-dependent cells, treatment
with EGFR inhibitors affects cell survival by shutting down such
processes. Identification of the key signaling pathways that under-
pin drug resistance opens up the possibility of rationally targeting
key components of such resistance pathways and thus resensitizing
cells. The creation ofmutagenized resistant cell lines, either through
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Figure 3. ENUmutagenesis identifies clinically relevantmutations and pathways. (A) The pathwaymost significantly enrichedwithmutations, “Signaling
to P38 via RIT and RIN,” containsmany of the key genes of the canonical MAP kinase pathway, and those aremutated in amutually exclusivemanner. Here,
we show those genes mutated in at least three individual clones. Whole-exome sequence from 72 Cetuximab resistant ENU clones was used to identify
pathways using the SLAPenrich algorithm. Amino acid substitutions are labeled for the subset of genes most frequently mutated in the pathway and/or
demonstrating mutual exclusivity with other mutations. (B) Cetuximab resistance mutations. Frequency of likely ENU-derived drug resistance mutations
across 42 resistant clones. The amino acid consequence of each mutation is indicated with the gene name. (C) A visual representation of the all mutated
genes that comprise the “Signaling to P38 via RIT and RIN” pathway, indicating gene–gene interactions and the hierarchy of signaling. Only those genes
mutated in at least three clones were taken forward for validation.
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the ENU screen or through the deliberate genetic modification of
the parental cell line for specificmutations, allowed us the opportu-
nity for such experiments to be carried out in vitro. As in clinical
practice, the pathwaymost frequentlymutated in the drug-resistant
CCK-81 and NCI-H508 ENU clones converges towardMAPK family
members, and targeting these nodes might be expected to over-
come resistance (Fig. 3C). For example, a Cetuximab-resistant
CCK-81 BRAF V600E mutant clone (ENU-10) was resensitized
when the EGFR monoclonal antibody was combined with the
BRAF inhibitor Dabrafenib (Supplemental Fig. S9A). In the mutant
cells, the activating BRAFmutation would enable such cells to con-
tinue to signal through the MAPK pathway (and survive) despite
EGFR blockade (Supplemental Fig. S8B). Thus, only by targeting
both EGFR and BRAF in combination can all the relevant survival
effectors be silenced and the viability of the cells reduced.

Cetuximab-resistant clones harboring mutations (in KRAS, NRAS,
and MAP2K1) that would be predicted to activate MAPK signaling
were resensitizedwhenaMEK inhibitor (Trametinib)was combined
with Cetuximab (Supplemental Fig. S9B). Similarly, combining
Cetuximab with Trametinib almost completely resensitized the re-
sistant MAP2K1 mutant CCK-81 cells (Fig. 5A,B). Indeed, such a
combination has already been suggested as putative therapeutic
strategy for colon cancer patients (Misale et al. 2014).

Discussion

We proposed at the onset of this study that regardless of what se-
quencing technology is used to detect resistance point mutations,
some a priori knowledge of the likely drug resistance candidates
should greatly increase the sensitivity of such assays. Identifying

Table 1. Identification of genetic alterations associatedwith resistance to anti-EGFR antibodies in plasma samples from22 colorectal cancer
patients

Patient Therapy Resistance Resistance mutation
Mutant allele

(%)

Oncogenic 
alteration in 

COSMIC Druggable

1 FOLFIRI + Cetuximab Acquired KRAS p.Q61H 47% YES NO

2 FOLFIRI + Cetuximab Acquired ERBB2 amplification - YES YES

3 FOLFIRI + Cetuximab Acquired
KRAS p.G12V 36% YES NO

MAP2K1 p.F53L 14% YES YES

4 Irinotecan+Cetuximab Acquired ND - - -

5 Irinotecan+Cetuximab Acquired KRAS p.Q61H 61% YES NO

6 Irinotecan+Cetuximab Acquired ND - - -

7 FOLFOX + Cetuximab Acquired EGFR p.S492R 1% - YES

8 FOLFOX + Cetuximab Acquired KRAS p.G12S 14% YES NO

9 Irinotecan + Cetuximab Acquired
KRAS p.G12A 6% YES NO

NRAS p.Q61H 11% YES NO

10 Irinotecan + Cetuximab Acquired KRAS p.A146T 26% YES NO

11 FOLFOX+ Cetuximab Acquired
NRAS p.Q61L 31% YES NO

EGFR p.S492R 6% - YES

12 Irinotecan + Cetuximab Acquired ND - - -

13 Irinotecan + Cetuximab Acquired BRAF p.V600E 14% YES YES

14 Irinotecan + Cetuximab Acquired NRAS p.Q61K 35% YES NO

15 Irinotecan + Cetuximab Acquired EGFR p.R451C 6% - -

16 Irinotecan + Cetuximab Acquired ND 13% YES YES

17 Panitumumab Acquired ND - - -

18 Irinotecan + Cetuximab Acquired EGFR p.S464L - - YES

19 FOLFIRI + Cetuximab Acquired KRAS amplification - YES -

20 FOLFIRI + Cetuximab Acquired ND - - -

21 Cetuximab Acquired BRAF p.V600E 6% YES YES

22 Irinotecan+Cetuximab Acquired EGFR p.K467T 15% - -

(FOLFIRI) folinic acid, 5-fluorouracil and irinotecan; (FOLFOX) folinic acid, 5-fluorouracil and oxaliplatin; (ND) no resistance mutation detected.
The table lists putative genetic mechanisms of acquired resistance to anti-EGFR therapies that were identified in ctDNA of 22 patients. The novel
MAP2K1 mutation is indicated in red.
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the complete catalog of drug resistance effectors to any drug
requires in vitro studies that model resistance in the relevant tis-
sue and genetic background. In the past, such in vitro studies fea-
tured cell lines that had undergone serial passage in the presence

of the candidate drug in order to force the emergence of resistant
clones (Ogino et al. 2007; Turke et al. 2010; Katayama et al. 2011;
Eberlein et al. 2015). Although such studies have successfully iden-
tified clinically relevant mechanisms of drug resistance in some

Figure 4. ENU mutagenesis identifies a novel MAP2K1 resistance mutation that is detected in a colorectal cancer patient after an initial response to
Cetuximab. (A) A colorectal cancer patient with inoperable liver metastases was treated with the combination of FOLFIRI chemotherapy and
Cetuximab. Initial response to treatment was demonstrated radiologically at 3 mo and by falling CEA marker levels. Subsequent measurements at 10
mo confirmed progressive disease, and sequencing of plasma DNA detected a novel mutation in MAP2K1, p.F53L. (B) CCK-81 cells were transduced
with the following lentiviral MAP2K1 vectors: empty vector (mock), wild-type (WT), K57N, C121S, and F53L mutations. MET was also overexpressed as
a positive control. Cells were seeded in 96-well plates and treated for 1 wk with increasing concentrations of Cetuximab (0–12.5 µg/mL) (left) or assayed
using a clonogenic survival assay at 20 d at 1 or 10 µg/mL of Cetuximab (right). (C) Immunoblot of the effect of Cetuximab (10 µg/mL) at 6 h on pERK in
MAP2K1 mutant CCK-81 cells (as in B).
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instances, they are biased toward selecting for those preexisting re-
sistant subclones that are particular to that specific cell line.

Asameansof generating randompointmutations throughout
the genome, ENU chemical mutagenesis and subsequent
phenotype-driven screening has been pivotal to a complete under-
standing of how complex biological processes operate in classical
model organisms including yeast (Forsburg 2001), flies (St
Johnston 2002), zebrafish (Patton and Zon 2001), and, perhaps
most extensively,mice (Kile andHilton2005). The alkylating agent
N-ethyl-N-nitrosourea (ENU)can introduceahigh rateofpointmu-
tations into the genome and has two distinct advantages over pre-
viously used mutagens. First, it is very efficient, inducing a point
mutation every 1–2 Mb throughout the genome in mouse models
(∼100-fold higher than the spontaneous mutation rate and three-
fold higher than X-irradiation) (Concepcion et al. 2004). Second,
unlike irradiation, which induces multilocus deletions, ENU is a
pointmutagenandaffects single loci.ENUfunctionsby the transfer
of its ethyl group to oxygen or nitrogen atoms in DNA, resulting in
misidentification of these ethylated bases during replication. If the
mismatch is not repaired, a base-pair substitution results (Justice
2000).Todate, theuseofENUtodefinedrugresistancemechanisms
in cancer has been focused on specific genes in noncancer cell
line models rather than to interrogate the entire coding genome
(Tiedt et al. 2011; Zhang et al. 2011; Ercan et al. 2015). Previous
sequencing studies of ENU-derived mutations in mouse and fly
models demonstrated a strong bias in the spectrum of substitution
mutations observed, with especially low numbers of C >G, T >G
andC > Amutations.Weobserved amuchmorebalanced represen-

tation of all six possible base substitution contexts in our human
cancer cells following ENU exposure (Supplemental Table S8).
There should therefore be greater potential to identify a larger
number of resistance mutations regardless of their mutation spec-
trum. Additionally, we compared the mutation spectrum of ENU
to that of another mutagen, namely gamma irradiation. Two
cancer cell lines (MSI versus MSS) were irradiated, and single cells
were expanded to clones prior to exome sequencing.We observed
that themutationspectrumdifferedquite significantly for the two
cell lines, suggesting that unlike ENU mutagenesis, there is a
greater cell line–specific effect on the pattern of mutations ob-
served (Supplemental Fig. S10). This would need to be taken
into account if gamma irradiation was used for detection of drug
resistance genes.

Because it is likely that only one allele is mutated for any spe-
cific gene, and <5% of the ENU mutations are capable of abrogat-
ing protein expression (i.e., nonsense, frameshift, or essential
splice site mutations), the screen is strongly biased toward gain-
of-function or dominant point mutations. Loss-of-function resis-
tance genes would therefore be better captured through genome-
wide CRISPR inactivation screens or to use ENU in the setting of
haploid cell models (although how relevant these are for aneuploi-
dy cancer cells might be a confounding issue).

A major challenge in the interpretation phenotype-directed
screening of ENU mutation models is to identify driver mutations
from passenger mutations. This is of particular importance in our
experiment because ENU mutagenesis generates an average of al-
most 500 new mutations per drug-resistant clone. We posited

Figure 5. Rational targeting of resistance pathways to resensitize drug-resistant mutants. (A) Clonogenic survival assay ofMAP2K1mutant CCK-81 cells
when treated with Cetuximab, Trametinib, or a combination of the two drugs. Heat maps of normalized viability effects per well are shown below each cell
line. (B) Immunoblot of the effect of combing Cetuximab and Trametinib (MEK inhibitor) on MAPK signaling in MAP2K1 mutant CCK-81 cells. Cells were
treated with Cetuximab (10 µg/mL), Trametinib (5 nM), or both for 6 h. MET was also overexpressed as a positive control.
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that in addition to recurrence, evidence that multiple mutations
were enriched within the same network or pathway in a mutually
exclusive manner would increase the likelihood of these being
driver events. There is a long history of using public resources of
such networks to identify enriched genes. We used an algorithm
(SLAPenrich) to model the likelihood of observing a given number
of samples with mutations in the pathway under consideration
through a Poisson binomial distribution. It is important to note
that identifying resistance mutations in such ENU mutagenesis
data is heavily dependent on recurrence of the same mutations
across multiple samples; therefore, identification of rare resistance
mutationswill be challengingunlessmassivenumbersof resistance
clones are generated and sequenced. This is especially pertinent
with respect to the 30 drug-resistant CCK-1 or NCH-H508 clones,
in which SLAPenrich was unable to detect statistical enrichment
ofmutations in specific pathways.We suggest at least twoplausible
explanations: (1) These are rare (and therefore not recurrent)muta-
tions and therefore do not cluster into previously characterized
pathways interrogated by SLAPenrich; and (2) the observed resis-
tance is the result ofmutations outside of the coding exome (for ex-
ample, in enhancer/promoter or untranslated [UTR] regions) and
therefore not amenable to detection using this whole-exome cap-
ture approach. With respect to the former possibility, we re-ran
SLAPenrich after removing any variants in the previously identi-
fied putative resistance genes (BRAF, KRAS, NRAS, MAP2K1, etc.)
to increase the power to detect additional enriched pathways; we
found nine pathways that were enriched when considering a far
less stringent significance threshold (FDR < 20%). Thesewere dom-
inated by pathways of neurotransmitter signaling (Supplemental
Table S9). Given what we know today about EGFR signaling, these
are not plausible candidates to confer resistance to Cetuximab. Fi-
nally, investigating the possibility of noncodingmutations as resis-
tance drivers would require whole-genome sequencing of these
hypermutated samples (each harboring ∼50,000 mutations per
genome) and the development of statistical approaches for recur-
rencedetection innoncoding regions. Such algorithms are current-
ly under development as part of the PanCancer Analysis of Whole
Genomes (http://pancancer.info/) which is undertaking the analy-
sis of more than 2000 whole genomes. Thus, in due course as
whole-genome sequencing costs fall and analytical tools are devel-
oped for thenoncodinggenome, theseENUclones thatharborpos-
sible noncoding resistance point mutations could be resequenced
and reanalyzed.

Here, we establish a model for the use of genome-wide chem-
ical mutagenesis screens to capture the diversity of clinically rele-
vant drug resistance protein-coding mutations in aneuploid
cancer cells. As proof of concept, we used this screen in the setting
of an EGFR therapy and colorectal cancer, a disease in which re-
sponse to such therapy is invariably followed by the acquisition
of resistance. Such resistance mechanisms are heavily dominated
by point mutations in the MAP kinase signaling pathway and
have been extensively validated in patient cohorts (Supplemental
Table S1; Yonesaka et al. 2011; Diaz et al. 2012; Misale et al. 2012;
Montagut et al. 2012; Bardelli et al. 2013; Bettegowda 2014). We
are able to identify all clinically detected resistance mutations to
Cetuximab treatment in colorectal cancer, and in addition, poten-
tial therapeutic avenues to resensitize resistant cells. We propose
that ENUmutagenesis should be incorporated alongside newer ge-
nome-wide CRISPR gene editing technologies in the systematic in-
terrogation of drug resistance given the prevalence (and potential
for therapeutic targeting) of point mutations as mediators of resis-
tance in cancer.

Methods

Materials

All cell culture was performed in either RPMI or DMEM/F12
medium (according to the supplier’s recommendations) and sup-
plemented with 5% FBS and penicillin/streptavidin. Cells were
maintained at 37°C and 5% CO2 during culture. The identity of
all cell lines used in this paper was confirmed using a panel of 95
single nucleotide polymorphisms (SNPs) used previously for cell
line authentication (Fluidigm).

Immunoblotting

Differential phosphorylation of proteins in signaling pathways
were analyzed by Western blot. Cells were plated 24 h prior to
drug treatment and incubated for indicated times and concen-
trations. Adherent cells were then washed with PBS and collected
after indicated incubation time with drug using lysis buffer con-
taining 5% β-mercaptoethanol, 150 mM NaCl, 50 nM Tris pH
7.5, 2 nM EDTA pH 8, 25 nM NaF, 1% NP-40, protease inhibitors
(Roche), and phosphatase inhibitors (Roche). Lysates were then
normalized after bicinchoninic acid (BCA) assay using lysis buffer.
Protein lysates were resolved using SDS PAGE electrophoresis
in precast Invitrogen 4%–12% Bis-Tris gels and transferred for
12 h. Primary antibodies: p44/42 MAPK, Phospho-p44/42 MAPK
(Thr202/Tyr204), and AKT were sourced from Cell Signaling, and
phospho-AKT (pS473) was sourced from Invitrogen. Monoclonal
beta tubulin was sourced from Sigma.

Drug sensitivity assays

Cells were seeded in 96-well plates for 6-d assays and six-well plates
for 20-d clonogenic assays. Cells were incubated in drug-freemedia
to allow for adherence for 24 h before the addition of drug at
indicated concentrations. Each cell line was seeded to achieve
∼70% confluency at the end of the assay. Cetuximab was obtain-
ed from the Addenbrookes’ Hospital Pharmacy. Trametinib
(GSK1120212) and Dabrafenib were obtained from Selleckchem.

ENU mutagenesis of cell lines

The CCK-81 and NCI-H508 cell lines were incubated in a concen-
tration range of ENU (0–10mg/mL), and viabilitywasmeasured af-
ter 48 h. A concentration of 0.1 mg/mL was subsequently selected
for resistance models as having a modest effect on cell viability
while still generating a high rate of mutations (Supplemental Fig.
S11). Cells were incubated in ENU at the indicated concentration
for 24 h before being washed three times with PBS and incubated
inmedia for a further 24 h. Cells were then selected with 10 µg/mL
Cetuximab 48 h post-ENU exposure for 8 wk. Clones were then
picked using Scienceware small cloning cylinders and either trans-
ferred to 96-well plates or expanded into large flasks for drug sen-
sitivity assays. DNAwas extracted in 96-well plate format using the
Agencourt DNAdvance Genomic DNA Isolation kit.

Gamma radiation of cell lines

The MSI colon cancer cell line HCT116 and the MSS lung cancer
line NCI-H3122 were each irradiated with either 1 Gy or 10 Gy.
The following day, single cells were flow sorted and expanded as
colonies. DNA was extracted from nine colonies from each cell
line and submitted for sequencing.
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Whole-exome sequencing

Exome sequencing was carried out using the Agilent SureSelectXT
Human All Exon 50-Mb bait set. Seventy-two clones were DNA ex-
tracted and underwent library construction, flow cell preparation,
and cluster generation according to the Illumina library prepara-
tion protocol. We performed 75-base paired-end Illumina se-
quencing. Read alignment to the reference human genome
(GRCh37) was performed using the Burrows–Wheeler Aligner
(BWA) (http://bio-bwa.sourceforge.net/) (Li and Durbin 2010).
Unmapped reads were excluded from the analysis. The average
coverage across CCK-81- and NCI-508-derived clones was 65×
and 62×, respectively. The matched parental cell lines were se-
quenced at greater depth (158× inCCK-81 and 144× inNCI-H508).

Variant detection

Single-nucleotide substitutions were called using the CaVEMan C
(Cancer Variants through Expectations Maximisation) algorithm,
and insertions/deletions were called using split-read mapping im-
plemented in the Pindel algorithm (https://github.com/cancerit).
The CaVEMan algorithm only analyzes reads that are properly
paired and not marked as duplicates. Variants were identified by
comparison to a reference single-matched sample consisting of a
high sequence coverage contemporary parental cell line control.

Data filtering to remove preexisting subclonal variants

A number of clones shared mutations which were present in a
small percentage of reads in their corresponding contemporary
parental cell line sequence. These subclonal mutations could
confound subsequent pathway analysis by causing enrichment
in a pathway due to mutations that were present before ENU treat-
ment but were not called due to their low representation. To over-
come this problem, variants were filtered against the deep
sequenced contemporary parental control after mutation calling
via CaVEMan and Pindel. The SAMtools mpileup algorithm was
used to remove any mutations which were present in 0.5% or
more reads in the high coverage parental cell line control (Li
et al. 2009). The final set of mutations was used to generate an
event matrix for all 72 clones (Supplemental Table S6) and used
as the input file for the SLAPenrich analysis described below.

Deciphering mutational signatures branding exome sequences of

clones exposed to ENU

The immediate 5′ and 3′ sequence context of base substitutions
identified across Cetuximab-resistant clones was extracted using
the Ensembl Core APIs for human genome build GRCh37 and
was used to generate mutational catalogs for the downstream
analysis. The mutational catalog of CCK-81 Cetuximab-resistant
clones contained 7198 substitutions, whereas the NCI-H508
clones contained a total of 23,862 substitutions. Mutational signa-
tureswere deciphered separately across both catalogs ofmutations,
using a previously developed computational framework (Alexan-
drov et al. 2013b). Briefly, the algorithm identifies a minimal set
of mutational signatures that optimally explains the proportions
of mutation types found across a given mutational catalog (i.e.,
across all substitutions identified inCCK-81 andNCI-H508 clones)
(Supplemental Fig. S4) and then estimates the contribution of each
identified signature to a mutation spectra of each sample included
in analysis (i.e., to a mutation spectra of each individual clone; see
for NCI-H508 clones) (Supplemental Fig. S5).

Sample level analysis of pathway enrichments (SLAPenrich)

A short description of the statistical model implemented in
SLAPenrich is included in the Supplemental Methods, together
with specifications of input and parameter settings used for
the analyses presented in this manuscript. SLAPenrich is
implemented as an R package, and it is publicly available at
https://github.com/saezlab/SLAPenrich. The computational pipe-
line to reproduce the presented results is implemented in the
enclosed BrammeldEtAl_analysis.R script (also available in the
Supplemental Methods).

Briefly, as a first step, SLAPenrich estimates the probability of
observing at least one gene belonging to a given pathway mutated
in a given sample, based on the length of the total exon blocks of
the genes in that pathway, and the samplemutation burden. Once
this probability has been estimated for each individual sample,
SLAPenrich models the likelihood of observing a given number
of samples with mutations in the pathway under consideration
through a Poisson binomial distribution. This is the discrete distri-
bution of a sum of Bernoulli trials in which the probability of suc-
cess is not constant. It is used by SLAPenrich to compute the
deviance of the number of observed samples with mutations in a
given pathway from its expectation through a corresponding P-
value assignment.

Identification of drug resistance genes based on the impact

of coding mutations

To identify recurrently mutated driver genes, a dN/dS method that
considers the mutation spectrum, the sequence of each gene, the
impact of coding substitutions (synonymous, missense, nonsense,
splice site), and the variation of the mutation rate across genes
were used. Owing to the lack of a neutral reference for the indel
rate in coding sequences, a different approachwas required (for de-
tails, see Supplemental Methods). Because this approach has been
developed for the detection of driver genes in large cancer sample
data sets, samples sharing more than three mutations (i.e., related
subclonal populations) were merged to create a single set of vari-
ants composed of the union of all observed variants in the similar
samples. In the case of the 72 ENU clones, this resulted in the cre-
ation of 19 informative samples that were used for the dN/dS
analysis.

To detect genes under significant selective pressure by either
point mutations or indels, for each gene, the P-values from the
dN/dS analysis of substitutions and from the recurrence analysis
of indels were combined using Fisher’s method (Fisher 1922).
Multiple testing correction (Benjamini-Hochberg FDR) was
performed separately for all genes, stratifying the FDR correction
to increase sensitivity (Benjamini and Hochberg 1995; Sun et al.
2006). To achieve a low false discovery rate, a conservativeQ-value
cutoff of <0.05was used for significance and considered significant
any gene with qmis_sfdr<0.05 OR qglobal_sfdr<0.05. Please see
Supplemental Methods for detailed explanations of these
methods.

Site-directed mutagenesis of MAP2K1 expression vectors

In order to validate candidate drug resistance mutations from the
ENU-based forward genetic screen, we sought to create mutated
vectors to express within Cetuximab-sensitive colorectal cell lines.
Wild-type construct for MAP2K1 was ordered from Dharmacon
and taken forward for in vitro site-directed mutagenesis reactions
using the GENEART Site-Directed Mutagenesis System from
Thermo Fisher Scientific. To achieve this, two complementarymu-
tagenic oligonucleotide primers were designed (obtained from
Sigma-Aldrich) and used to generate gene cDNA expression
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constructs with desired mutations. Mutations were confirmed us-
ing Sanger sequencing, before being delivered into cells using len-
tiviral infection.

Plasma DNA sequencing

DNA extraction was performed with QIAmp DNA Mini kit
(Qiagen). Library preparation was done with the Oncomine
Focus Assay (Thermo Fisher Scientific) following the manufactur-
er’s instructions. After bar coding, libraries were equalized to 100
pM. The sequencing template was prepared using the
IonPGMSequencing 200 Kit v2 and sequenced in an Ion Select
318 chip using the PGM Sequencing 200 Kit v2 with 500 flows.
Hotspot mutations in 35 genes were targeted using the
Oncomine Focus Assay (Thermo Fisher) (Supplemental Table S7).
Variant Caller v4.0.r73742 was used for variant calling with the
Ion Reporter Software. All filtered variants were also analyzed
with the Integrative Genomic Viewer (IGV v2.3) software.

Data access

All raw sequence data from this study have been submitted to the
EuropeanGenome-PhenomeArchive (EGA; http://www.ebi.ac.uk/
ega/), which is hosted at the EBI, under accession numbers
EGAS00001001743, EGAS00001001744, and EGAS00001001745.
SLAPenrich is implemented as a collection of R scripts and func-
tions and it is publicly available at https://github.com/saezlab/
SLAPenrich. The computational pipeline to reproduce the present-
ed results is implemented in the BrammeldEtAl_analysis.R script
(also available in the Supplemental Methods).
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