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Abstract

Background Colon cancer with liver metastases (CCLM)
characterized by genetic heterogeneity is an evolutionary
process leading to variations in response to selective
pressure, but the underlying evolutionary models still
remains unclear.

Methods Total of 30 samples, including primary tumor
and two to four matched liver metastases from 8§ treatment-
naive patients with CCLM were collected, and subjected to
whole-exome DNA sequencing. PyClone was used to cal-
culate intra and inter-tumor heterogeneity, LICHeE was
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used to reconstruct the cancer phylogeny trees and inves-
tigate the subclonal composition.

Results The genetic differences were observed between
primary and metastatic lesions, as well as among multiple
metastases in all patients. The natural history models of
colorectal cancer in each case were identified, including
parallel, linear, and branching evolution. Liver metastases
could originate from primary lesions or other metastases.
Pathway and process enrichment analysis also showed
obvious heterogeneity and enhancement of several molec-
ular functions.

Conclusions Our data reveal the genetic and heterogeneity
between primary and metastatic lesions, as well as among
multiple metastases and provide genomic evidence for
clonal heterogeneity for CCLM.

Keywords Clonal heterogeneity models - Colon cancer
with liver metastases (CCLM) - Subclones - Whole-exome
DNA sequencing

Introduction

Despite incessant improvement of surgery, radiotherapy
and chemotherapy, colon cancer (CC) still is one of the
most common causes of fatalities in both men and women
worldwide [1]. Distant metastasis is a lethal consequence
of cancer progression in CC patients, liver is the main
metastatic site. Recent investigations have highlighted CC
with liver metastasis (CCLM) is a genetic evolutionary
process characterized by genetic heterogeneity, leading to
variations in response to selective pressure and treatment
outcome [2-5].
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It is widely appreciated that the majority of CRC
develop as a consequence of the progressive accumulation
of genetic alterations in evolving clones of tumor cells,
which also plays an essential role in the metastatic process
of CRC [6]. Thus, modeled mCRC evolution may provide
the evolution-based categorization of genomic alterations
and the inferred mutational landscape. The natural history
of tumor progression follows four evolutionary pathways:
parallel evolution displaying similar genotypic and phe-
notypic modifications under similar environments,
sequentially acquired driver mutations over time called
linear evolution, genetically distinct with many standing
lineages supporting the branch evolution, mutations in
genes fortuitously relapses undergoing neutral evolution
[7, 8]. In addition, studies find that the cellular hetero-
geneity and the constant evolution of CRC complicates the
design of effective treatment regimens [9]. The influence of
genetic heterogeneity and evolution on the response to
neoadjuvant treatment has been analyzed, the results
revealed substantial changes in subclones, and selective
modification and subclonal populations were enriched after
treatment [10].

The evolutionary process of tumor generates subpopu-
lation cells termed subclones, which share subsets of
mutations, their divergence result in genetic and molecular
heterogeneity [2, 3]. Due to selective pressure, mutation-
ally distinct subclones were selected by advantage; each of
those subclones possesses a characteristic clinical property
(e.g., drug sensitivity, growth rate, or metastatic potential)
[11]. For CCLM, a range of subclones are competing and
positively selected according to their ability to metastasize
and adapt to the liver environment. Thus, subclonal cluster
analysis may shed light on the characteristics of molecular
biology of CCLM [2, 12-14]. Hence, understanding
the clonal composition and phylogenetic tree may help us
understand the biology and evolution of CCLM, as well as
guide the design of combinatorial therapies. Nevertheless,
the heterogeneity and evolution of CCLM remains
unknown.

In the present study, we retrospectively collected mat-
ched tissues of primary and multiple liver metastases from
treatment-naive patients with CCLM. Subsequently, we
performed genomic profiling of 30 samples (i.e., eight
primary tumors and 22 CCLM samples) from eight
patients. The objective of this study was to describe the
genetic heterogeneity, reconstruct the cancer evolution
history and analyze the function of subclones.

Materials and methods
Patients

Thirty samples including matched 8 primary and 22 CCLM
samples were collected from 8§ CC patients admitted to
Shandong Cancer Hospital affiliated to Shandong First
Medical University and Shandong Academy of Medical
Sciences from January 2013 to November 2019. The
CCLM patients were diagnosed according to the tumor
specimens’ histological examination and the 8th Edition of
the AJCC Staging System. All patients didn’t receive any
anti-tumor treatment before sampling. This study was
approved by Ethics Committee of Shandong Cancer
Hospital affiliated to Shandong First Medical University
and Shandong Academy of Medical Sciences. Informed
consent was obtained from all individuals.

DNA extraction

Genomic DNA was extracted from tumor samples
according to the following procedures. A 4-pum section of a
hematoxylin and eosin—stained slide of a FFPE sample
underwent a pathologist review to ensure each sample at
least had the area of 1cm?, nucleated cellularity of 80% and
tumor content of 20%. Ten unstained FFPE sections (total
40 um) were used, generating 0.5-2 pg of DNA using the
QIAGEN QIAamp DNA Mini Kit (QIAGEN) according to
the manufacturer’s instructions.

Whole-exome sequencing

WES libraries were constructed using KAPA hyper prep kit
and 50-500 ng of double stranded DNA was fragmented
to ~ 250 bp by sonication. Subsequent library construc-
tion was done using KAPA Hyper Prep Kit (KAPA
Biosystems) for end repair, d A addition and adapter
ligation was performed, followed by PCR amplification
and Qubit™ dsDNA HS Assay quantification (Thermo
Fisher Scientific). Samples yielding < 40 ng of extracted
DNA or < 500 ng of pre-capture library were excluded for
further sequencing. The SureSelect Human All Exon V6
from Agilent was used to target all exons. Hybridization
capture followed the manufacture’s protocol Hybridization
capture of DNA libraries using xGen® Lockdown® Probes
and Reagents (Integrated DNA Technologies, Ver.4). Post-
capture libraries were mixed together, denatured and
diluted to 1.01 ~ 1.1 nM and subsequently sequenced on
Novaseq 6000 with paired-end reads 2 x 150 bp by fol-
lowing the manufacturer’s protocols. (Illumina, Inc.)
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Data analysis

WES sequencing reads after exclusion of low-quality reads
were mapped to the UCSC hgl9 reference sequence with
BWA (version 0.7.15, http://bio-bwa.sourceforge.net/).
PCR duplicates were removed by Picard (version 2.0.1,
http://broadinstitute.github.io/picard/), and recalibrated by
the Base Recalibrator tool from GATK (version 4.0.6.0,
https://software.broadinstitute.org/gatk/). Somatic variants
were detected using Mutect (version 2) on exome data of
tumor. Annotation of variants was performed by Annovar
(version 2017/07/17) [15], on Refseq gene models (version
2017/06/01). Known germline variants were filtered from
dbSNP (version 147), database of the 1000 Genomes,
NHLBI Exome Sequencing Project (ESP6500), Exome
Aggregation Consortium (EXAC), and Genome Aggrega-
tion Database (gnomAD). A stringent downstream filter
comprised of the following criteria was used to obtain high
quality somatic variants: a minimum of 30X coverage;
Variant Allele Fraction (VAF) > = 1% and at least 5
variant supporting reads in the tumor sample, strand
bias < = 0.95; after that, mutations in the non-coding
regions (3°’UTR, 5’UTR, Intron, gene intergenic etc.) were
removed.

For each tumor, SCNAs were inferred by CNVkit
(version 0.9.5, https://cnvkit.readthedocs.io/en/stable/pipe
line.html) using Circular Binary Segmentation algorithm
with default parameters. Segment-level ratios were calcu-
lated and log2 transformed. A log2 ratio cutoff of £ 0.8
was used to define SCNA amplification and deletion [16].
As there’s no matched normal could be obtained, we used
pooled normal as control to detect CNV [17]. Gene rear-
rangements different chromosomes and long indels located
in the same chromosome were analyzed by pipelines
published in 2019 by OrigiMed Inc. [18]. Mutation land-
scape was visualized by R package maftools. TMB was
defined as the number of somatic mutations (including base
substitutions and indels) in the coding region. To reduce
sampling noise, synonymous alterations were also counted
[19]. To calculate the TMB, the total number of mutations
counted was divided by the size of the coding sequence
region of the Agilent SureSelect Human All Exon V6.
HLA-I genotyping was assessed by WES and patients were
considered fully heterozygous at HLA-I if they had six
different HLA-I alleles [20]. To uncover the immune-as-
sociated gene profile of primary and metastases, all
immunologically relevant genes were extracted from the
ImmPort (https://www.ImmPort.org/).

Heterogeneity analysis was performed with PyClone
(version 0.13.0, default parameter) [21]. For inputs to
PyClone, reference, variant read depths and copy number
at each locus was taken from the output of previous
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analysis. PyClone was run with 10,000 iterations and a
burn-in of 1000, as suggested by the authors.

Reconstruction of clonal evolution

For construction of the phylogenetic tree, multi-sample
tumor phylogenies and tumor subclone decomposition
were analyzed using LICHeE (Lineage Inference for
Cancer Heterogeneity and Evolution) [22]. LICHeE is a
method that use SSNVs from multiple samples of indi-
vidual cancer patient to reconstruct cancer cell lineages and
the evolutionary network to illustrate evolutionary timing
relationships between each cluster pair, where each node
corresponds to an SSNV cluster (the root represents the
germ line) and each edge between two nodes, denotes that
parent node could be an evolutionary predecessor of child
node (SSNVs in parent cluster could have ‘happened
before’ SSNVs in child cluster). The LICHeE algorithm
was implemented in Java. It is the open source and freely
available online (LICHeE Github Repository. http://
vig854.github.io/lichee/).

Pathway analysis and statistical analysis

The pathway/ontology enrichment analysis of mutations
genes was performed using the Metascape (http://metas
cape.org). The statistical tests were conducted at a two-
sided level of significance of 0.05 in R environment.
Immunohistochemical analysis for Ki67 and cleaved-cas-
pase-3 was performed using paraffin sections. Immuno-
histochemical staining was carried out for cleaved-caspase-
3 (1:200; Servicebio, GB11009-1) and Ki67 (1:600; Ser-
vicebio, GB121141).

Results
Workflow

In current study, we sequenced 30 unique bulk tumor
samples (matched 8 primary tumor samples and 22 liver
metastatic samples) from 8 patients with CCLM, the pri-
mary and metastatic tumors were resected at the same
period and no patient received chemoradiotherapy pre-op-
eration. All tumors were microsatellite stable, and other
characteristics information about the patients and samples
are provided in Table 1. The collected samples were
sequenced using whole-exome sequencing, and the work-
flow was illustrated in Fig. 1: firstly, samples from each of
the eight patients were shown (Fig. 1a), and the specific
locations of the primary and metastasis loci were shown in
Table 1. Next, the HE stain of the primary and multiple
metastases were underwent review, followed by next-
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Table 1 Patients and samples characteristics

Patient Gender Age TNM* Stage* Histopathology MSI  Pre-op Status Survival Sites Sample
ID status CRT time (days) ID
CC01  Male 59 pT4N2M1 IV MD MSS No Death 826 Sigmoid colon CCO01.C
Right liver lobe CCO1.L1
Liver CCO01.L2
Liver CCO1.L3
CC02 Male 71 pT3NOM1 IV MD MSS No Alive 368 Hepatic flexure CCo02.C
Liver CCO02.L1
Liver CC02.L2
CCO03  Female 56 pT4NOM1 IV MD MSS No Death 270 Hepatic flexure CC03.C
Right liver lobe CCO03.L1
Left liver lobe CC03.L2
CC04 Male 52 pT3N2M1 IV MD MSS No Alive 811 Splenic flexure CCo4.C
Left liver lobe CC04.L1
Liver segment IV CC04.L2
Liver segment IV CC04.L3
Liver segment V CC04.L4
CC05 Male 69 pT4NIM1 IV MD MSS No Death 1093 Asending colon CC05.C
Right liver lobe CCO05.L1
Right liver lobe CC05.L2
Right liver lobe CCO05.L3
CC06  Male 43 pT4NIM1 1V MD MSS No Alive 960 Rectosigmoid junction CC06.C
Liver segment IV CCO06.L1
Liver segment VI CC06.L2
Right liver lobe CC06.L3
CC07 Male 52 pT4NOM1 IV MD MSS No Death 2136 Sigmoid colon CC07.C
Liver segment IV CC07.L1
Liver segment V CC07.L2
CC08  Female 56 pT3NIM1 IV MD MSS No Alive 2819 Transverse CC08.C
Liver segment IV CCO8.L1
Liver segment V CCO08.L2
Liver segment V CCO08.L3

*AJCC 9™ Edition

Pre-op CRT preoperative chemoradiotherapy, MD moderately differentiated

generation whole-exome DNA sequencing, and the CCOS8
HE stains were depicted in Fig. 1b as an example. Finally,
a series of data analyses were completed, including somatic
mutations illustration; intra- and inter-tumor heterogeneity
illustration by PyClone, evolution mode reconstruction as
well as biological function assay.

Diversity between primary and metastases
in treatment-naive CCLM

An individual mutation profile was generated for each
patient to present the genetic homogeneity and hetero-
geneity between primary and metastatic lesions

(supplement materials S1). As shown in Fig. 2a and sup-
plement materials S1, “Private” and “Shared” stood for
heterogeneity, whereas “Ubiquitous” stood for homo-
geneity, evidently, mutations differed significantly between
primary lesions and metastases, as well as among multiple
metastases in all eight patients.

Moreover, the mutation information of the top 50 genes
with the highest frequency, as well as the clinically
important genes including KRAS, NRAS, BRAF, and
PIK3CA were summarized and illuminated in Fig. 2b., to
further illuminate the characteristics of mutated genes in
each patient. The mutation frequency of PIK3CA was 43%
(cases CCO03, CCO7, and CCO08), two types of mutations
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Fig. 1 Overview of patient cohort, samples, and study design.
a Schematic diagram of the primary and paired multiple liver
metastases locations for all eight patients. b Identification of

were observed in which H1047R was dominant; whereas
KRAS mutation was detected in only two patients (i.e.,
missense mutation in CCOl and multi-hit mutation in
CCO08). Notably, the mutation of either PIK3CA or KRAS in
the primary lesion did not variate but was missing in
metastatic foci (Table S1). Unexpectedly, no mutations of
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pathology of colon primary and matched multiple metastasized liver
tumor tissues, sequencing and clonal evolution analysis

NRAS and BRAF were detected in all of the enrolled
samples, which might attribute to the small patient sample
size.

The type of alterations exhibited diversity between pri-
mary lesions and multiple metastases as evidence from the
landscape. For instance, OBSCN mutations in case CC03,
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«Fig. 2 Comparison of somatic mutations in treatment-naive colon
cancer between primary and paired multiple metastases. a Heatmaps
show the distribution of all nonsynonymous mutations. Presence
(yellow) or absence (blue) of each mutation is marked for each
sample within one individual CCO1. Private is sample specific (red),
shared means mutations occurring in more than one tissue (brown)
and ubiquitous is mutations identified in each tumors (green). The
mutated genes are listed in the supplementary materials. b Oncoplot
showing the TMB in each sample (top panels); somatic mutation
landscapes of the top 50 most frequently mutations (middle panels);
the base mutation type distribution of each sample (bottom panels). In
the middle panels, genes mutation frequency and mutation type are
indicated on the right. ¢ Lollipop mutation diagrams of primary
(pointing up) and metastases (pointing down). Different color patches
represent different domains, and y-axes means the number of
mutations in primary and metastases, note that multiple mutation in
a gene may occur from some case (color figure online)

were multi-hit in primary but nonsense in metastases. The
difference of tumor mutational burden (TMB) between
samples is obvious in CCOl, CCO03, CC04, CCO5 and
CCO06, the metastases had a higher TMB, but no significant
difference was observed between primary and metastasis
(Fig. Sla). Additionally, heterozygous HLA-I genotypes
were detected in all of patients (30/30, 100%). Next, all
immunologically relevant genes were extracted from the
ImmPort. The mutations were picked out based on the
immune-associated genes reflecting different statuses in the
immune context of microenvironment (Fig. S2).

Finally, the mutation gene loci were diagramed for the
top 10 most frequently mutated genes and the clinically
important genes of KRAS and PIK3CA, which were
depicted by lollipops (Fig. 2c and Fig. S1b). Subsequently,
we found different mutation loci between the primary and
metastases in NEB, OBSCN and B4GALNTH4. These results
indicate the intricate heterogeneity between primary and
metastases, even when they shared the same mutation
genes, the mutation form or loci varied greatly.

Intra- and inter- tumor heterogeneity in treatment-
naive CCLM

Intra-tumor and inter-tumor heterogeneity can act as a
substrate for genetic diversity and tumor evolution.
Pyclone, a software to predict subclone numbers and infer
clonal structures, was employed to evaluate the hetero-
geneity of CCLM. Nine clusters were identified across all
samples in case CCOl, and different cluster included
diverse mutations, for example, cluster 0 obtained 102
somatic mutations, and cluster 1 included another 81
mutation genes. The cellular prevalence displayed differ-
ently across the primary and matched multiple metastases,
the variation trend was obvious in cluster 1 (mean
0.260-0.536), but seemed unchanged across samples in
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cluster 3 (mean 0.318-0.320) (Fig. 3a, b). Consistently, the
similar phenomenon was also observed in the other seven
patients (Fig. S3 a-b), indicating the intra- and inter-tumor
heterogeneity.

Next, a circus plot was applied to demonstrate the
relationship between the identified mutation genes in all
clusters. As shown in Fig. 3c, although patients shared
fewer genes with each other (purple links), they exhibited
more functional overlaps (blue links). This finding implied
that mutations might be involved in different biological
processes. In addition, we subsequently conducted gene set
enrichment analysis of biological functions for the inferred
clusters. Accordingly, two cohorts were hierarchically
clustered based on Kappa-statistical similarities among
their gene memberships (Fig. 3d). We hypothesized that
these two cohorts may be linked to different prognoses.
Further study involving more cases is required to confirm
our findings.

Three different phylogenetic evolution model
of CCLM

We also sought to elucidate the evolutionary process of
CCLM. Therefore, the Lineage Inference for Cancer
Heterogeneity and Evolution (LICHeE) method was used
to analyze the evolutionary model of eight patients. Three
different phylogenetic models were identified (i.e., parallel,
linear, and branching evolution) (Fig. 4). As shown in
Fig. 4a, sibling clades deriving from a single ancestral
genotype were found in two cases (i.e., CC04 and CCO06),
indicating parallel evolution in primary lesions and dif-
ferent metastases. For cases CC04 and CCO06, there were no
novel mutations detected in the liver metastases; all
mutations evolved from the primary lesions. Moreover, a
linear evolution model was noted in case CC03. Both liver
metastases lost 36 mutations compared with the primary
lesion, whereas one metastasis gained 45 novel mutations
(Fig. 4b left). According to the LICHeE algorithm, we
concluded that L1 first metastasized from the primary
lesion, followed by L2 (Fig. 4b right).

Another model revealed mixed lineages evolution in the
rest cases, displaying diverse subclones in primary and
metastases (Fig. 4c). Compared to primary sites, all the
metastatic sites developed novel mutations to some extent,
these mutations were formed during tumor progression,
some of which acquired metastatic potential. For example,
in case CCO1, mutations were grouped into 5 subclones, in
which subclone with 33 mutations was found in both pri-
mary and metastatic sites. During tumor progression, L2
and L3 first moved to liver after primary site developed
subclone with 94 mutations, followed by developing shared
31 mutations respectively, while primary site developed
other 36 mutations, and L1 transferred to liver.
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Based on the same procedure, we speculated the evo-
lutionary process from the phylogenetic trees in case CC02
(Fig. 4c). L2 was derived from L1 from subclone7, and
evolved into a unique subclone 6 at the liver metastases,
which is also consistent with a metastasis-seeding metas-
tasis model. For cases CC05 and CCO7, we investigated
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arc represents the identity of each patient clustered mutation gene list.
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two possible scenarios according to the phylogenetic trees.
For example, in case CCO05, the L2 was derived from
subclone 8, which could be acquired from the primary
lesion or the L3 metastasis. There were four possibilities in
case CCO8: L1 and L3 could emerge from the primary
lesion or the L2 metastasis in subclone 1.
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metastases. Phylogenetic trees inferred by LICHeE are shown for
each patient (a, and left in b, ¢), showing each sample evolutionary
process. The number in each node is the amount of somatic single
nucleotide variant included in that subclone, the decomposition for
each sample in the tree is displayed and how much each node

Overall, these data indicated that the ancestral genotype
may not be present in all samples. The proportions of
subclones also exhibited diversity, and the dominant
genotype was also distinguishable between samples. Thus,
the evolutionary models of CCLM were complex and the
subclones in primary lesions and multiple metastases were
diverse, leading to tumor heterogeneity in a single patient.

@ Springer

contributes to the genomic makeup of the sample. Schematic outlines
of tumor metastatic progression are shown on the right in B and C,
with the clonal subpopulation of each sample shown. Arrows
represent seeding clones between samples. Two possible scenarios
are investigated in case CC05 and CCO7, and four possibility in case
CCO08. GL, germ line. The asterisk stands for transition subclones

The different functional effects of subclones

Cancer is a disease of clonal evolution. The selected sub-
clone might lead to cell proliferation, invasion, and
metastasis. The subclone in a metastasis might possess the
ability to induce different features compared with the
genotype of the primary lesion. Hence, pathway and pro-
cess enrichment analysis was carried out for six patient
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with different subclones in primary and metastatic lesions
using Metascape (Fig. 5a) [23]. As illustrated in the heat-
map, several enriched pathways were frequently observed
in primary lesions and metastases from all eight patients.
These included ATP-dependent activity, calcium ion
binding, actin binding, and cell adhesion molecule binding;
the latter was observed at almost all sites in these eight
patients. In addition, immunohistochemically (IHC) anal-
ysis of cell proliferation and apoptosis was performed to
further examine biological differences between primary
and metastatic lesions in the same case (Fig. 5b, Table 2,
Fig. S3, S4). According to IHC staining for cleaved-cas-
pase-3, similar results were obtained for the primary
lesions and metastases. However, in case CCO03, the
staining intensity for the primary lesion was weak and the
positive area was 50%. For CC03.L1, the staining intensity
was weak and the positive area was 80%. For CC03.L2, the
staining intensity was moderate and the positive area
was > 90%. Compared with CASP3, Ki-67 exhibit broader
heterogeneity in cases CCO1, CCO05, CCO08, CC02, CCO03,
and CCO7.

Discussion

CCLM is a heterogeneous disease with similar phenotype,
but different genotypes, prognoses, and responses to
chemotherapy. Current tumor treatment strategies are
based on the linear evolution model, so if evolution models
were diverse, then the treatment strategy should subse-
quently alter. Nevertheless, few studies have investigated
the evolutionary processes responsible for these phenom-
ena. Based on our data, tumor heterogeneity from matched
primary lesions and multiple liver metastases of treatment-
naive patients was assessed, all samples displayed intra-
and inter-tumor heterogeneity considerably, and the cancer
phylogeny tree was also inferred, which implied different
evolution models and metastatic route from primary tumor
to liver in accord with primary-seeding or metastasis-
seeding metastasis models.

It is crucial to understand the driver mutation genes
relationship between primary lesions and metastases.
Nevertheless, the overlap appears to be more ubiquitous
than previously thought, especially in the mostly frequently
mutation genes. As demonstrated in Fig. 2b, there were a
large number of overlaps in driver gene mutations between
primary and metastatic lesions, indicating the top 50 genes
in Fig. 2b were mainly homogeneity. This is because, gene
mutation empowers the selective advantages of tumor cell,
constituting to the regulation of the major cellular functions
including growth, death and genome stability and driving
tumorigenesis. These mutations with the highest frequency
can be inherited to the metastatic lesions without loss

throughout the evolution, leading to the overlap in the
Fig. 2b. We called these overlapped mutation as “trunk
mutation” or “base mutation”, contributing to the genetic
homogeneity. Moreover, novel mutations might also gen-
erate during or after metastasis, which we called “branch
mutation”, and empowered heterogeneity between primary
and metastatic lesions. The branch mutations usually have
a lower mutation frequency since they occur much later
than the trunk mutation, but they determine the evolu-
tionary mode and genetic feature of CCLM. However,
other situations should be also taken into consideration.
Multiple subclones may exist in the primary lesion, which
attribute to multiple clonal origins or new subclone gen-
eration during tumor growth. Different metastases might
originate from different subclones of primary lesion. For
example, in case 1, the top 50 mutations in primary lesion
were totally inherited to CCO1L2 and CCO1L3, whereas a
portion of them were missing in CCO1L1, implying alter-
native evolutionary branch in CCO1L1. Previous study has
also proved that the genetic divergence characterizes the
mode of evolution across diverse solid tumor types [24]. It
is feasible to distinguish tumors driven by strong positive
subclonal selection from those evolving neutrally or under
weak selection, revealing different modes of evolution both
within and between solid tumor types. This quite differed
from the current study. They developed a classifier by
simulating spatial tumor growth under different evolu-
tionary modes, whereas the current genetic model was
derived from tumor heterogeneity in matched primary
lesions and multiple liver metastases.

We suggest that the biological differences between
primary and metastatic lesions in a single case may be the
result of the accumulation of genetic mutations, which are
carried by different subclones in the evolutionary process.
In our study, the biological differences between primary
and metastatic lesions were indeed observed in some cases
such as in case 3, which possessed the linear evolution
mode. Nevertheless, these biological differences seemed
not obvious in most cases. We believe that “clonal evo-
lution” was confined to the genetic variation in metastatic
foci but not to the biological feature. As described above,
trunk mutations regulate the major cellular functions
including growth, death and genome stability in both pri-
mary and metastatic lesion, Nevertheless, the branch
mutations empower the heterogeneity, as well determine
the evolutionary mode and genetic feature of CCLM,
which may help explain why the biological differences
were not such obvious.

Currently, drug therapies for CCLM have limited effi-
cacy, thus, targeting the most frequently enriched pathways
in metastatic subclones introduced by evolution may be
possible to improve the efficacy. Several studies have
demonstrated the evolution models in the development of
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«Fig. 5 The functional analysis between the primary and metastatic
lesions. (a) Gene Ontology (GO) was employed to enrich the mutated
genes in the involved terms of molecular function, and the significant
terms were hierarchically clustered based on Kappa-statistical sim-
ilarities, among which those with the best p-value were selected and
subjected to drawing a heatmap colored by their lg (p-values). Some
terms, including ATP-dependent activity, calcium ion binding, actin
binding and cell adhesion molecule binding, involved in almost all
samples were emphasized in colorful. b IHC demonstrated the
differential expression of active cleaved-caspase-3 and ki-67 between
primary and paired metastatic lesions from CCOl, which was
observed in ki-67 staining but not in active cleaved-caspase-3 staining

cancer, but few studies have been performed using treat-
ment-naive samples of CCLM, due to the difficulty in
collecting samples from patients. In this case, our research
attempted to examine several aspects of treatment-naive
multiple synchronous CCLM, including the functional
effects of subclones. The cell adhesion molecule binding
was frequently observed in subclones from all samples in
our data (Fig.5), moreover, studies have shown that
monoclonal antibodies involved in cell-to-cell regulation of
adhesion have been extensively studied as a promising
treatment for gastrointestinal cancer [25, 26], as such, it

should be clarified in future investigations. Moreover,
mismatch repair deficient and TMB are the crucial features
for cancer because of the immune checkpoint inhibitors
treatment [27, 28]. Therefore, we analyzed the immuno-
logic microenvironments related genes, MMR, TMB and
HLA-I homozygosity, which may also be relevant to
immune checkpoint blockade [20, 29, 30]. In our study, the
MMR and HLA-I status displayed fully coherence, the
immunologic microenvironments related genes were not
very clearly distinguishable, whereas TMB exhibited
heterogeneity in primary lesions and metastases exhibited.
Hence, it is preferable to develop a more standardized
approach for the treatment of CCLM patients with immune
checkpoint inhibitors.

Several limitations of the present study should be
acknowledged. Firstly, a major limitation of this study is
the lack of matched non-tumor tissue from each patient.
Nevertheless, in the absence of control, Mutect2 can use a
single sample as input; also, a pooled standard sample can
be used as normal. Mutect, a method developed by Broad
Institute (Cambridge, MA, USA) for the reliable and
accurate identification of somatic point mutations using
NGS data, has been applied successively identify the sites

may be a potential treatment for CCLM, but its causal role carrying somatic mutations with high confidence.
Table 2 Expression of Caspase-3 Ki-67
Caspase-3 and Ki-67 in primary
and metastasis tissues by the Intensity Positive area (%) Intensity Positive area
immunofluorenscence staining
CCo01.C ++ >90 + 20% (hot spot 50%)
CCO1.L1 ++ >90 + 30%
CCO01.L.2 ++ >90 + 5%
CCO01.L3 ++ >90 ++ 5% (hot spot 50%)
CCo02.C ++ ~ + +490, +10 + 3%
CCO02.L1 ++ >90 + 10%
CC02.L.2 ++ >90 + <1%
CC03.C + 50 +4++ ~ ++ 3%
CCO03.L1 + 80 +4++ ~++ 5% (hot spot 60%)
CC03.L.2 ++ >90 +++ 10% (hot spot 60%)
CC05.C ++ 90 ++ 10% (hot spot 50%)
CCO05.L1 ++ 90 ++ 20% (hot spot 50%)
CC05.L2 + 90 + 5% (hot spot 50%)
CC05.L3 + 90 +++ ~++ 10% (hot spot 80%)
CCo07.C + 90 ++ ~ + 20% (hot spot 50%)
CCO07.L1 ++ 90 ++ ~ + 30% (hot spot 50%)
CC07.L2 ++ 90 ++ ~ + 10% (hot spot 50%)
CC08.C ++ 90 +++ ~++ 20% (hot spot 60%)
CCO08.L1 ++ 90 + 3% (hot spot 50%)
CC08.L.2 ++ 90 ++ 5% (hot spot 15%)
CC08.L3 ++ 90 ++ 10% (hot spot 60%)

Immunohistochemistry analysis showed the distinction of primary and metastasis tissues, the staining color
was scored as light-yellow particle (+), brown-yellow particle (++), and brown particle (+++).
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Secondly, we performed only whole-exome sequencing
without RNA sequencing to investigate the evolution of the
tumor immune microenvironment.

Collectively, our research demonstrated the genetic and
functional similarities and differences between primary and
metastatic lesions, as well as among multiple metastases,
based on which three natural history models of CCLM
were identified including parallel, linear, and branching,
revealing liver metastasis originated not only from the
primary but also from another metastatic lesion. Our results
provide the genomic evidence for the metastatic hetero-
geneity and evolution of CCLM, which should be consid-
ered for its therapeutic decision making in future.
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