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ARTICLE INFO ABSTRACT

Keywords: Recurrence of tumor cells following local and systemic therapy is a significant hurdle in cancer. Most patients
Single-cell genomics with metastatic colorectal cancer (mCRC) will relapse, despite resection of the metastatic lesions. A better un-
Phlege"Et;CS' derstanding of the evolutionary history of recurrent lesions is required to identify the spatial and temporal
g;z:;;i:agon patterns of metastatic progression and expose the genetic and evolutionary determinants of therapeutic resis-

tance. With this goal in mind, here we leveraged a unique single-cell whole-genome sequencing dataset from
recurrent hepatic lesions of an mCRC patient. Our phylogenetic analysis confirms that the treatment induced a
severe demographic bottleneck in the liver metastasis but also that a previously diverged lineage survived this
surgery, possibly after migration to a different site in the liver. This lineage evolved very slowly for two years
under adjuvant drug therapy and diversified again in a very short period. We identified several non-silent mu-
tations specific to this lineage and inferred a substantial contribution of chemotherapy to the overall, genome-
wide mutational burden. All in all, our study suggests that mCRC subclones can migrate locally and evade
resection, keep evolving despite rounds of chemotherapy, and re-expand explosively.

Mutational signatures

programs have led to significant improvements in the detection and
treatment of early lesions [2], a large proportion of colorectal cancer
patients present with distant metastatic disease at the time of diagnosis
or after a disease-free period. In mCRC, the liver is the most frequent
location of metastasis [3-5]. At this stage, resection of liver metastases

1. Introduction

Metastatic colorectal cancer (mCRC) remains one of the most com-
mon causes of cancer death [1]. While population-wide screening
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can improve survival [6,7]. However, 50-75% of patients still suffer a
relapse of the disease, primarily as a local recurrence in the liver [8,9].

List of abbreviations

CNV Copy number variant

COSMIC Catalog of somatic mutations in cancer
gDNA Genomic DNA

HPD Highest posterior density

MCC Maximum clade credibility

MCMC Markov chain Monte Carlo

mCRC  Metastatic colorectal cancer

scDNA-seq Single-cell DNA sequencing

scWGA  Single-cell whole genome amplification
SNV Single nucleotide variant

XML Extensible markup language

Studies on the origin and mechanisms of metastatic recurrence have
focused mainly on blood and bone marrow cancers, where acquiring
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longitudinal samples throughout a patient’s disease is clinically feasible
[10,11]. Studies of recurrence in solid tumors are less common due to
the difficulty in obtaining longitudinal samples, although examples exist
in triple-negative breast cancer, pancreatic ductal adenocarcinoma, and
lung carcinoma [12-14]. The patterns of relapse vary between cancer
types; however, most studies found recurrence after treatment to pre-
dominantly originate from clones already present in the pre-treated
tumor. Despite numerous studies on the evolutionary relationship be-
tween primary CRC tumors and spatially or temporally distinct metas-
tases [15-19], information on the subclonal pattern of recurring
metastasis post-treatment in mCRC is lacking, and treatment continues
to depend on routine clinical procedures.

Survival of tumor cells after surgical resection and therapy is a sig-
nificant obstacle in treating most cancers. Understanding the evolution
of recurrent lesions is critical to identifying the origin of resistant cells
and the mechanisms behind cancer relapse, consequently helping to
shape treatment strategies. This study investigates the evolution and
potential determinants of metastatic liver relapse in mCRC by leveraging
a unique single-cell dataset comprising whole-genome information from
60 cells collected from a liver metastasis and a recurrent liver lesion.
Using a powerful phylogenetic approach, we were able to reconstruct
the genomic history of the relapse, including its origins, age, and
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Fig. 1. Overview of clinical progression and genomic characterization of single-cell data obtained from longitudinal metastatic biopsies. A. Clinical course of disease
with the timeline depicting the year at which the patient underwent surgical resection - 2008: Primary tumor (rectum) and metastasis (liver) resection; 2009-2010:
chemotherapy administration; 2011: metastatic relapse (liver) resection. CT images of metastatic sites are shown below each time point. B. Genotype matrix of
somatic mutations identified in the malignant single-cells (gray = reference, blue = mutated, white = missing). Only non-silent mutations are shown (n = 194),
sorted according to their prevalence across the cell population. Gene names are displayed at the bottom of the map. Each row represents an individual cell. LRC1 is
shown at the top of the matrix. Different colors highlight the tissue of origin - Purple: liver metastasis, Orange: liver relapse metastasis. C. Heatmap depicting genome-
wide copy-number status (deletions: blue, amplifications: red) of tumor single-cells. Chromosomes ordered from 1 to 22, X and Y. Each row represents an individual
cell, with the different colors highlighting the tissue of origin. Cell order is the same as in panel b.
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clonality, and identified the putative evolutionary and molecular pro-
cesses behind the reestablishment of the metastasis.

2. Material & methods
2.1. Patient history and sample collection

In November 2008, a male in his 40s diagnosed with a rectal
adenocarcinoma with synchronous liver metastasis (pT4NOM1) under-
went resection of the primary tumor, followed by a liver resection in
December 2008 for removal of the liver metastasis. In February 2009,
the patient was treated with eight cycles of adjuvant chemotherapy with
capecitabine and oxaliplatin. In February 2010, a PET-CT scan revealed
a new lesion in the liver, with histological assessment confirming a
metastatic adenocarcinoma of colorectal origin. After that, seven cycles
of FOLFIRI and Bevacizumab (VEGF inhibitor) were administered, from
March to June 2010, leading to the stabilization of the disease. In
February 2011, two years following the first liver resection, the recur-
rent liver lesion was surgically resected. An overview of the patient’s
clinical course during this period is depicted in Fig. 1a. The disease was
further complicated by lung metastases, treated surgically in 2014, a
local recurrence in 2015, and recurrent liver, lung, and bone metastases
in 2018, which were treated with palliative radiation until the patient
passed away in 2020.

We collected five tumor liver samples from the tumor and neigh-
boring normal liver tissue at two different time points, from segment 7 in
2008 and segment 2 in 2011. All samples were snap-frozen in liquid
nitrogen directly after surgical excision and stored at —80 °C. Specif-
ically, we obtained two tumor samples before treatment (liver samples
LA and LB), and three tumor samples after metastatic relapse resection
(liver relapse samples LRA, LRB, and LRC). In addition, we collected one
liver normal sample before treatment (liver normal sample NA).

2.2. Tissue disaggregation and single-cell sorting

We minced each sample into 1-mm? pieces with a scalpel and incu-
bated them in Accutase (LINUS) for 1 h at 37 °C. We filtered the cell
suspensions with a 70 pm cell strainer (Falcon, NY, USA) and assessed
cell viability with Trypan Blue (Gibco, MA, USA). When the percentage
of dead cells exceeded 30%, we performed a Ficoll-Paque density
gradient centrifugation to discard dead cells and debris before sorting.
We washed the cell pellets twice and re-suspended them in ice-cold
phosphate-buffered saline (PBS). Then, we incubated them with anti-
bodies against the epithelial cell adhesion molecule (EpCAM) (EBAL,
FITC, 347,197) and stem cell markers CD44 (APC, 559,942), CD166 (PE,
559,263), and LGR5 (BV 421, 562925) (all from BD Biosciences, NJ,
USA). DRAQS5 (Thermo Fisher Scientific, MA, USA) and 7AAD (Invi-
trogen, MA, USA) dyes were additionally used to select nucleated cells
and exclude non-viable ones. Individual tumor cells were gated and
sorted into stem cell (EpCAM-+/CD44-+/CD166+/Lgr5-; EpCAM-/
CD44-/CD166-/Lgr5+) and non-stem cell (EpCAM+,/CD44-/CD166-/
Lgr5-) phenotypes (Fig. S1). We carried out cell sorting using a FACSAria
III (BD Biosciences, NJ, USA) flow cytometer and analyzed the resulting
data using FACSDiva (BD Biosciences, NJ, USA) and FlowLogic software
(Miltenyi Biotec, Germany).

2.3. Single-cell whole-genome amplification

To obtain enough DNA for sequencing from each cell, we carried out
single-cell whole genome amplification (scWGA) with the Amplil Kit
(Menarini Silicon Biosystems, Italy). To avoid contamination, we
worked under a biological safety cabinet, UV-irradiated all the plastic
materials employed and used a dedicated set of pipettes. In addition to
the patient cells, we included a positive (10 ng/pl REPLIg human control
kit, QIAGEN, Netherlands) and negative (DNase/RNase free water)
control in the amplification process. We assessed the quality of the
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amplified DNA with the Amplil QC Kit. For positive samples for the four
Amplil QC PCR fragments, we used the Amplil ReAmp/ds kit to in-
crease the amount of total double-stranded DNA. After this, we removed
the kit adaptors adding 5 pl of NE Buffer 4 10X (New England Biolabs,
MA, USA), 1 pl of Msel 50U/pl (New England Biolabs, MA, USA), and 19
pl of nuclease-free water to every 25 pl of sample and incubated this
mixture at 37 °C for 3 h, followed by 20 min at 65 °C for enzyme
inactivation. After incubation, we purified the samples using 1.8X
AMPure XP beads (Agencourt, Beckman Coulter, CA, USA). Finally, we
measured the DNA yield with a Qubit 3.0 fluorometer (Thermo Fisher
Scientific, MA, USA) and the amplicon size distribution with the D5000
ScreenTape assay in a 2200 TapeStation platform (Agilent Technologies,
CA, USA).

2.4. Bulk genomic DNA (gDNA) isolation

We isolated the gDNA from the normal bulk sample using the
QIAamp DNA Mini kit (QIAGEN, Netherlands). Next, we estimated the
DNA yield using the Qubit 3.0 fluorometer (Thermo Fisher Scientific,
MA, USA) and the DNA integrity with the Genomic DNA ScreenTape
Assay (Agilent Technologies, CA, USA).

2.5. Next-generation sequencing

Single-cell and bulk libraries were constructed at the Spanish Na-
tional Center for Genomic Analysis (CNAG; http://www.cnag.crg.eu)
with the KAPA HyperPrep kit (Roche, Sweden). In total, 25 pre-
treatment (18 LA + 7 LB) and 35 post-treatment (17 LRA + 17 LRB +
1 LRC) cells, plus one normal bulk sample (NA) were sequenced at ~6X
and ~30X, respectively, on an Illumina NovaSeq 6000 (PE150) at
CNAG.

2.6. Single-cell variant calling

We aligned the single-cell and bulk sequencing reads to the Genome
Reference Consortium Human Build 37 (GRCh37) using the MEM al-
gorithm in the BWA software [20]. Following a standardized
best-practices pipeline [21], we filtered out reads displaying low map-
ping quality, performed local realignment around indels, and removed
PCR duplicates. Under default settings, we identified somatic single
nucleotide variants (SNVs) for each cell using SCcaller [22], a somatic
variant caller specifically designed for scDNA-seq data. SNV calls were
annotated using Annovar (v.20,200,608) [23]. In parallel, we called
single-cell copy-number variants (CNVs) with GINKGO [24], using
variable-length bins of around 500 kb; after binning, the data for each
cell was normalized and segmented using default parameters. After-
ward, we applied high-stringency thresholds to retain only high confi-
dence calls, keeping mutations with a “True” somatic mutation tag and
observed in a minimum of two single cells. Then, we removed
non-biallelic sites and sites missing in more than 50% of the sampled
cells. In addition, genotypes within genomic regions affected by deletion
events were converted to missing data.

2.7. Phylogenetic analysis

We performed a Bayesian phylogenetic analysis using BEAST2
(2.6.4) [25] under a relaxed clock model with exponential growth and
with tip dates as days before the present (with the present day being the
last sampling date). Since our input consisted of a single-cell genotype
matrix comprising variable genomic positions, we specified an SNV
ascertainment bias correction by modifying the constantPatterns attri-
bute in the input XML file. We ran a single MCMC chain during 500
million generations, recording samples every 1000 generations, and
assessed convergence with Tracer v1.7.1. After discarding the first 10%
of the samples as burn-in, we obtained point estimates for the different
parameters using posterior means. Then, we constructed a maximum
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clade credibility (MCC) tree using the median node heights. Finally, we

mapped non-synonymous SNVs onto the MCC tree using the single-cell
substitution model implemented in CellPhy [26].

2.8. Demographic inference
We inferred the demographic history of the metastatic cells using

Bayesian nonparametric phylodynamic reconstruction with preferential
sampling (BNPR_PS). This approach tries to avoid the bias introduced by
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situations in which the sampling times depend on the effective popu-
lation size [27], as might be the case here. We used the MCC tree as input
for the Phylodyn R package (https://github.com/mdkarcher/ph
ylodyn).

2.9. Selection analyses

We obtained the coding sequences for every cell using the dndscv R
package [28] and concatenated them into a multiple sequence
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Fig. 2. Phylogenetic and phylodynamic inference. A. Bayesian time-calibrated phylogeny. Tree nodes with posterior probability values > 0.9 are indicated with solid
black circles. Red horizontal bars correspond to the 95% highest posterior density intervals of the age estimates. Solid gray bars depict the duration of each
chemotherapy regimen. Single-cell IDs are shown at the tips of the tree. Cell label colors highlight the sampled locations (LA, LB, LRA, LRB, LRC). The x-axis is scaled
in months. Non-silent mutations (missense in black and nonsense in gold) are displayed on the branches leading to the most recent common ancestor of the metastasis
(mMRCA) and relapse (rMRCA) clades B. Changes in the effective population size of the metastatic population over time. The shaded area represents the 95%

credible interval. The y-axis is on a log scale.
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alignment. We then used the RELAX framework [29] to identify shifts in
the non-synonymous/synonymous substitution rate ratio (AN/dS) along
the cell phylogeny. Specifically, we tested whether differences in dN/dS
between the branch leading to the most recent common ancestor of the
relapsed cells and the remaining branches of the cell phylogeny could be
attributed to changes in the intensity of selection. For this purpose,
RELAX estimates a selection intensity parameter (k) and performs a
likelihood ratio test to measure the significance of the results. Addi-
tionally, we used PAML v4.9j [30] to obtain a maximum likelihood es-
timate of dN/dS for the whole phylogeny. The significance of this
estimate was tested using a likelihood ratio test comparing an uncon-
strained codon model against a neutral model where the dN/dS ratio is
fixed to 1 [31].

2.10. Mutational signature analysis

We ran sigProfilerExtractor [32] under default parameters to identify
de novo SBS96 mutational signatures in the single cells and then assigned
the decomposed signatures to the COSMICv3 ones (https://cancer.sang
er.ac.uk/signatures). Moreover, in order to identify the mutational
processes active during the diversification of the relapse, we re-ran
sigProfilerExtractor using only the mutations mapping to the relapse
cells (n = 6,502).

3. Results

3.1. The relapse population descends from a single lineage that survived
treatment

Across all samples, we identified a total of 39,380 somatic SNVs,
among which 194 were non-synonymous (Fig. 1b). We also found many
CNVs across all malignant cells (Fig. 1¢) with several marked differences
in large-scale events between the pretreatment and relapse cells (e.g.,
gains in chr 7, 11p, 20, and X). The phylogenetic analysis of the com-
plete set of SNVs clearly showed three distinct and well-supported
clades, strongly supporting a monoclonal origin of the relapse
(Fig. 2a). Inside each clade, cells did not group according to their sam-
pling location, which suggests a lack of spatial genomic structure within
the sampled regions. Notably, 12 non-synonymous SNVs appear to be
clonal (i.e., they are shared by all sampled cells), including mutations in
APC, TP53 as well as several others affecting genes associated with
increased tumor growth and poor prognosis in CRC and multiple cancer
types, such as IL23R [33], PARP1 [34], and PSMA7 [35]. Moreover, our
results suggest that the relapse population arose from one of the two
major liver metastatic lineages, sharing with it 241 mutations, including
five non-synonymous changes, OR2T3 V117L, STXBP5L P783S, TBXT
A381T, COL1A2 G592S, and MEIOC E538G. Of these, only TBXT A381T
is found in COSMIC (Genomic mutation ID COSV51616284), in a few
samples. Interestingly, the liver relapsing lineage acquired a total of 516
exclusive mutations. Three of these mutations are non-synonymous
(CC2D1B R611Q, CSFIR R41Q, PKHD1 Q2620E), and one results in a
stop codon (PCDHB15 Q80*). CC2DI1B R611Q appears in COSMIC
(COSV52563677) in two glioblastoma samples. CSF1R R41Q can be seen
in COSMIC (COSV53842868) in three skin and one kidney tumor sam-
ples. PKHD1 Q2620E is not in COSMIC, but a mutation PKHD1 Q2620L
(COSV61877658) is reported in a single pituitary adenoma sample.
PCDHB15 Q80* is not in COSMIC but a PCDHB15 Q80H
(COSV50859624) mutation is described in a lung cancer sample. We
estimated the age of the most recent common ancestor of all the meta-
static cells sampled (mMRCA) to be 2.27 years before the relapse
resection, with a 95% highest posterior density (HPD) of 2.44-2.19
years. Interestingly, our results suggest that the relapsing lineage started
to diversify around 54 days (95% HPD: 22-112 days) before the surgical
resection of the metastatic relapse.
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3.2. The relapsing lineage evolved slowly after a strong demographic
bottleneck induced by the treatment

We expect treatment to induce demographic changes in the tumor
cell population. The Bayesian phylodynamic analysis (BNPR_PS) sug-
gests that, following an initial expansion that led to the first metastasis,
the tumor cell population underwent a sudden and sharp decline
—coincident with the hepatic resection- reaching a flat stationary period
after which the tumor cells began steadily expanding again, forming the
relapse (Fig. 2b). On the other hand, the relaxed molecular clock anal-
ysis resulted in a global substitution rate of 4.31E-8 (median; per site per
generation), falling close to previous estimates in CRC [19,36]. How-
ever, the substitution rate does not seem to have been constant; we
inferred substitution rate changes along the inferred phylogeny span-
ning over three orders of magnitude (1.8E-10 - 2.3E-07) (Fig. 3).
Remarkably, the substitution rate was markedly low on the branch
leading to the relapse population. While the RELAX analysis pointed to
this branch being under negative selection (dN/dS = 0.26), this result
was not statistically significant (likelihood ratio test (LRT) p-value =
0.999). Besides, for the complete cell genealogy, we obtained a
genome-wide dN/dS = 1.32. This estimate significantly deviates from
neutrality (LRT p-value = 4.7E-05), pointing to positive selection
driving the overall metastatic growth.

3.3. The mutational load of the relapse was affected by chemotherapy

We also explored the mutational signatures in the sampled cell
populations to look for potential differences along the course of the
disease. Of the four de novo mutational signatures that we identified
(Fig. 4, Fig. S2), signature 96-B was only active in the relapse cells,
suggesting differences in the mutational processes between the first
metastasis and the relapse lesion (Fig. 4a). This signature, which is
predominantly characterized by T > G mutations in a CTT trinucleotide
context (Fig. 4b), was further decomposed into COSMIC SBS signatures
and found to be enriched in “clock-like” (i.e., aging) signatures SBS1 and
SBS5, as well as signatures SBS35 and SBS17b (Fig. 4c). While signature
SBS35 has been linked to platinum-based therapies, signature SBS17b
shows a clear resemblance to the “5-FU” signature, recently identified in
CRC patients undergoing 5-Fluorouracil treatment [37]. Indeed, the
appearance of chemotherapy-associated mutational signatures is coin-
cident with Oxaliplatin and FOLFIRI exposure as there were no SBS35
and SBS17b signatures attributed to the pretreatment metastatic cell
population. Importantly, we additionally found a strong decay in the
activity of these signatures during the diversification of the relapsing
lineage (i.e., after treatment was completed) (Fig. S3). During this
period, somatic mutagenesis was primarily dominated (89.9% of total
contribution) by the same signatures typically found in healthy colo-
rectal cells - SBS1, SBS5, and SBS18 [38,39], thus suggesting that the
mutational processes driving somatic variation changed rapidly after
treatment ended. Three of the four non-silent mutations clonal for the
relapse correspond to C > T mutations, those in CC2D1B, PCDHB15, and
CSFIR. Even though SBS35 is mainly associated with C > T changes,
these non-synonymous mutations occur in trinucleotide sequence con-
texts which are not the most common in this signature (TCG > TTG,
GCA > GTA, and TCG > TTG, respectively).

4. Discussion

While primary and metastatic CRC tumors have been extensively
characterized from a genomic point of view, there have been far fewer
analyses of relapse CRC lesions, particularly with intervening systemic
therapy in the course of the disease. Consequently, the time of onset and
the molecular events underlying metastatic relapse and the associated
drug resistance has so far been difficult to characterize. To address this
question, here we leveraged a unique dataset comprising 60 single-cell
whole-genomes derived from multiple samples, before and after
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treatment, from a liver metastasis of a CRC patient. In this study, the use
of single-cell whole-genome data, coupled with a sophisticated phylo-
genetic methodology, enabled us to identify with high statistical support
the clonality and the timing of the relapse and infer mutations specific to
it. Note that the phylogenetic framework implemented is only available
for SNVs, as current statistical models of evolution focus on indepen-
dent, non-overlapping events, therefore precluding the use of CNVs for
this type of quantitative analysis.

Single-cell sequencing offers several advantages over the typical bulk
or gland sequencing approaches [19,40-42] for the study of CRC evo-
lution. Bulk sequencing data entail mutational signals from millions of
cells belonging to multiple subclones. In such cases, deconvolution al-
gorithms are required to identify the distinct cell populations sampled.
Unfortunately, these algorithms make stringent assumptions regarding
ploidy, tumor purity, or mutational model, their performance is unclear,
and, importantly, are not able to deal with datasets with thousands of
SNVs [43-46]. The use of single-glands, mostly clonal [40,47,48], does
circumvent some of these problems but restricts the analyses to CRC
tumors still preserving a clear glandular structure, i.e., adenomas and
early-stage adenocarcinomas. Single-cell sequencing, on the other hand,
allows for a very detailed study of intratumoral heterogeneity [49], with
an immediate assessment of clonality, in both primary tumors and me-
tastases, and can be very useful to understand the evolution of resistant
lineages.

Most of the models of CRC evolution proposed in the literature
[reviewed in Ref. [50]] refer to primary tumor development or to the
initial metastatic spread from the primary tumor. In the case of a relapse,
the main questions of interest are whether only one or several resistant
lineages are responsible for the relapse (i.e., it is monoclonal or poly-
clonal), and the geographical origins of this relapse (i.e., it migrated
again from the primary tumor, or recurred in situ) [see also [18]]. In the
presence of therapy, like in this case, it is also relevant to understand the
molecular mechanisms that allowed the surviving lineage/s to relapse.
Our phylogenetic and phylodynamic analyses suggest that the meta-
static population underwent a strong bottleneck shortly after hepatic
resection in November 2008, but that a single metastatic lineage sur-
vived the adjuvant therapy and expanded again two years later. If we
assume that the relapsing lineage was still undetectable when the he-
patic resection was carried out, one could speculate that this lineage
likely migrated to another location in the liver (liver segment 2) before
the resection. This would explain why only a single lineage survived the
resection, and why the relapse lesion was already detected in February
2010 only in liver segment 2 in the PET CT scan.

Interestingly, the substitution rate was considerably reduced in the
relapsing lineage. Such a slow pace of genetic change was likely the
result of a strong drug-imposed selective bottleneck, which severely
decreased the genetic diversity available. Nevertheless, the diversifica-
tion of both the first liver metastasis and the relapse seems to have been
driven by genome-wide positive selection, as seen in many primary tu-
mors [28]. In our study, however, we did not identify CRC-specific
driver genes responsible for this process.

We identified three non-synonymous and one stop codon mutations
specific to the relapsing lineage in four different genes, CC2D1B,
PCDHBI15, CSF1R, and PKHD1. None of these genes seem to have an
obvious role in drug resistance in mCRC, but some links have been
established between them and CRC. Deshar et al. [51] showed that the
double knockdown of CC2D1A and CC2D1B leads to accelerated
degradation of both TLR4 and EGFR. EGFR is a known regulator of CRC
progression and an established target for mCRC therapy [52]. However,
in our study, while we find CC2D1B mutated, CC2D1A is not altered, at
either the mutational or copy number level, in the relapsing tumor cells.
In a recent study of 16 CRC primary and matched metastasis, PCDHB15
was one of the top mutated genes in the liver metastases [53]. These
authors suggested that, together with other genes, PCDHB15 mutations
might be associated with increased cell mobility in early CRC liver
metastasis. Although CSF1R is mostly known as a transmembrane
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receptor on tumor-associated macrophages, an association between
CSF1R mutations and shorter disease-free survival in stage III CRC pa-
tients has been reported [54]. Finally, PKDH1 mutations were found
more frequently in CRC tumors which displayed loss of ARID1A
expression and correlated with early-onset, lymphatic invasion, and
lymph node metastasis [55]. Additional investigations would be
required to assess the functional role of these genetic alterations in the
relapse. Furthermore, recent studies increasingly point to the substantial
contribution of non-genetic adaptations, such as DNA methylation,
phenotypic plasticity, and immune evasion, to therapy resistance
[56-59].

Moreover, we detected a unique mutational pattern affecting the
cancer cells from the relapse lesion characterized by a substantial
contribution of COSMIC signatures SBS35 and SBS17b. The noticeable
contribution of these two mutational signatures to the overall muta-
tional burden of the relapse cells appears to indicate a strong mutagenic
effect associated with treatment [37,60]. However, we did not find ev-
idence suggesting that the treatment-induced clinically relevant muta-
tions, unlike other studies [61].

Translating tumor evolution concepts to tackle therapy resistance
offers oncologists a conceptual framework for alternative strategies to
treatment [62]. Routinely, cancer treatments, such as chemotherapy,
are administered at the maximum tolerated dose. As late-stage CRC
tumors typically contain extensive genomic heterogeneity [e.g. Refs.
[63-66]], both sensitive and resistant subclones can be present. Sys-
temic treatment eradicates sensitive CRC subclones, but subclones with
no prior selective advantage can become refractive to treatment [67,68].
These resistance mechanisms can be driven by both genetic mutations
and non-genetic determinants, such as cell plasticity and microenvi-
ronment influence [69-72]. In that sense, any type of therapy can
eventually lead to resistant clones and subsequent disease relapse. In our
study, we showed that the relapse originated from a single metastatic
lineage that survived in situ the demographic bottleneck induced by
therapy. This scenario creates an opportunity for local consolidative
therapy to alter the trajectory of the subsequent relapsing disease and/or
prolong the time to recurrence [61]. Unlike systematic treatment, local
consolidative therapies, such as ablation, high-precision radiation, or
repeated surgery, reduces the tumor-cell load without increasing the
mutational burden. In this context, understanding cancer evolution be-
comes increasingly important for the development of therapy protocols
as well as for patient stratification.
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