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Supplementary Methods 

Patient consent and tissue processing 
 
Patients with a pathologically-confirmed diagnosis of adenocarcinoma of the colon or rectum were identified from the 
medical and surgical oncology clinics at the Alvin J. Siteman Comprehensive Cancer Center at Washington University 
School of Medicine, St. Louis, Missouri, USA.  Under an IRB-approved protocol, patients were consented to a blood 
and tumor collection protocol.  Fresh tumor specimens were procured from the operating room in cold RPMI medium 
supplemented with 1% penicillin, streptomycin, and amphotericin. Tissue was processed using scalpels and divided 
into pieces of 50-100 mg before flash freezing in liquid nitrogen. Nucleic acids were purified from frozen tumor sample 
pieces: total RNA was extracted using RNeasy Mini kits (Qiagen) following the manufacturer’s protocol. RNA samples 
were treated with RNase free DNase (RQ1, Promega), and RNA samples were stored at -80oC. Genomic DNA was 
extracted from both tissue samples and PBMC using the Wizard Genomic DNA Purification kit (Promega). Additionally, 
in several patients, the archived tumor specimens (in most cases, the previously resected primary tumors) in the form 
of formalin-fixed parafin-embeded (FFPE) were obtained from internal and external pathology departments under the 
same protocol. Tumor blocks of archived samples were sectioned by the Digestive Disease Research Core Center at 
our institution, and sections were transferred to the Tissue Procurement Core for H&E staining and isolation of nucleic 
acids. The H&E slides were evaluated by a trained Pathologist for tumor content. Tumor samples were isolated via 21 
gauge punch or curl biopsies from any area of the tumor that contained >70% tumor with <20% necrosis that included 
both areas of the tumor center or leading edge/tumor front. Tumor tissues, collected through punches or slide scraping 
were subjected to deparaffinization and subsequent nucleic acid extraction using QIAamp DNA kits (Mini or Micro, 
dependent on the amount of tissue) and High Pure RNA Paraffin kits (Roche) following the manufacturer’s instructions. 
All patients had clinical genomic sequencing performed on one of their clinical specimens by a CLIA-certified, 
commercial vendor as part of their standard-of-care treatment. Demographic, pre-treatment, treatment, follow-up, and 
other clinical metadata were prospectively obtained from the medical records. 

Procedure for patient derived xenografts 
A portion of the resected, fresh tumor specimens described above were used for PDX creation.  Multiple 1-2 mm pieces 
from different regions of the tumor were dissociated into a single cell suspension using mechanical dissociation and 
enzymatic digest (32). For single cell suspension creation, tumors were dissociated sharply into multiple 5-10 pieces 
(1-2 mm each), with all pieces placed in enzymatic digest (RPMI, Gibco by Fisher Scientific, St. Louis, MO; DNAse I, 
Sigma, St. Louis, MO, USA; HEPES, Corning, Corning, NY, USA; Hyaluronidase, Sigma). Pieces in enzymatic digest 
(total volume ~6 ml) were placed into a gentleMACS C Tube® (Miltenyi Biotec, Bergish Gladbach, Germany), followed 
by 1 minute of mechanical digestion (GentleMACS Dissociator®, Miltenyi Biotec). The tube was placed on a shaker at 
37oC for ~15 minutes. Suspensions were then quenched in complete media (RPMI + 10% FBS, Gibco), and run 
through a 70 micron filter (Fisher Scientific). Cells were then counted and resuspended in 1:1 PBS and Matrigel® 
Matrix (Corning), for a volume of 50 μl per 1 million cells. This was then injected subcutaneously (50 μl per injection) 
into the right and/or left flank of recipient NOD/SCID(NOD.CB17−Prkdcscid/J) or Nude (nu/J) mice to produce a solid 
tumor xenograft. Between 4−24 weeks post inoculation (tumor size 1-2 cm), recipient mice (P1) were euthanized and 
the tumors were removed. A portion of each tumor was dissociated, as above, and used to generate second (P2), third 
(P3), and beyond xenografts. 

Sequencing strategies for clonal evolution analysis 
One primary region, all metastasis and all xenograft samples were selected for the discovery phase. In the discovery 
phase, the primary and metastasis samples were sequenced using both whole genome and deep exome sequencing, 
and the xenograft samples were sequenced using deep exome sequencing. Variants and copy numbers were called 



 

for individual samples using WGS and exome data. Next, a hybrid targeted validation panel was designed to target all 
non-silent SNVs and indels, and silent SNVs in diploid heterozygous non-repetitive regions identified from WGS and 
exome data from individual samples (see targeted validation design and sequencing). Finally, all samples including 
the discovery samples and additional multi region primary samples were included in the targeted validation phase and 
only validated variants identified from targeted sequencing were used for clonal evolution analysis. This strategy 
guaranteed that all variants used for clonal evolution analysis were evenly covered in all samples. 

Library construction and whole genome sequencing 
Single indexed libraries were constructed with 50-250 ng of genomic DNA utilizing the KAPA HTP library prep kit 
(KAPA Biosystems) per sample. The samples were fragmented on the Covaris LE220 (Covaris) targeting a size range 
between 300-700 bp. PCR cycle optimization was performed to prevent over cycling during the enrichment PCR. Eight 
PCR reactions were amplified to enrich for proper adaptor ligated fragments.  The final size selection of the library was 
achieved by running the enriched library fragments on a Caliper XT chip (Perkin Elmer).  Depending on the sample 
quality, two to three fractions were collected per sample: 375 bp, 475 bp, and 675 bp. The concentration of each library 
fraction was accurately determined through qPCR (Kapa Biosystems) in order to generated cluster counts appropriate 
for the Illumina HiSeq 2000 platform (Illumina). 2 x 101 bp sequence data was generated per library.  Sample identity 
was confirmed for each sample by comparing sequence data with the Illumina Human OmniExpress genotype array 
data. 

Library construction and whole exome sequencing 
Single indexed libraries were constructed with 50-250 ng of genomic DNA utilizing the KAPA HTP library prep kit 
(KAPA Biosystems) per sample. The samples were fragmented on the Covaris LE220 (Covaris) targeting 250 bp 
inserts. Two libraries were constructed per tumor/metastasis/xenograft and a single library was constructed for the 
normals. Nine libraries were pooled pre-capture generating a 5 µg library pool.  Each library pool was hybridized with 
the SeqCap EZ Human Exome Kit v3.0 (Roche Nimblegen) that targets over 20,000 genes spanning ~64 Mb of the 
human genome.  The libraries were hybridized for 72 hours at 47°C followed by stringent washing. Enriched ssDNA 
library fragments were amplified with KAPA HiFi HotStart polymerase and 200 nM primers prior to sequencing. The 
concentration of each captured library pool was accurately determined through qPCR according to the manufacturer's 
protocol (KAPA Biosystems) to produce cluster counts appropriate for the Illumina HiSeq2000 platform. 2x100 bp 
sequence data was generated per capture pool. Sample identity was confirmed for each sample by comparing 
sequence data with the Illumina Human OmniExpress genotype array data. 

Targeted validation design and sequencing 

Targeted validation design 
A NimbleGen EZ-Seq Hybrid Capture was designed to target all non-coding silent SNVs in copy-neutral non-repetitive 
regions plus all non-silent SNVs and small indels in both copy-neutral and copy-altered regions that were called by at 
least one caller using either WGS or exome data in the discovery phase. Additionally, the exon regions of 152 cancer 
genes frequently mutated in CRC (2) and pan-cancers (35) and the break points of selected gene fusions were also 
targeted. We also spiked-in IDT Lockdown probes to target 309 selected variants in regions of subclonal copy number 
variations affecting APC, PTEN, and TCF7L2 identified from patient CRC8 and 92 gene fusion breakpoints. This 
resulted in a targeted capture panel that cover ~12.6 Mbp throughout the genome (104,404 specific sites and 152 
genes). 



 

Library construction and sequencing 
Manual dual indexed libraries were constructed with 20-100 ng of genomic DNA utilizing the Swift Accel NGS 2S PCR 
Free Kit (Swift Biosciences).  The samples were fragmented on the Covaris LE220 (Covaris) targeting 250 bp inserts. 
Libraries were amplified with KAPA HiFi HotStart Ready Mix. (KAPA Biosystems). FFPE, Fresh Frozen Tissue, and 
blood libraries were pooled separately for capture. Each library pool consisted of 9-11 libraries. The library pools were 
hybridized with a custom Nimblegen targeted probe set (Roche) and IDT Lockdown probes (Integrated DNA 
Technologies). The IDT probes were added at an equal molar equivalent to the probe concentration of the Nimblegen 
probes, thus representing the targeted regions in similar quantity. The libraries were hybridized for 72 hours at 47°C 
followed by stringent washing. Enriched ssDNA library fragments were amplified with KAPA HiFi HotStart and 200 nM 
primers prior to sequencing. The concentration of each captured library pool was accurately determined through qPCR 
according to the manufacturer's protocol (KAPA Biosystems) to produce cluster counts appropriate for the Illumina 
HiSeq2500 1T platform. 2x125 bp reads were generated targeting 500-800x mean depth of coverage per sample. 

Genome alignment 
We obtained an average of ~830 million pair-ended reads for whole genome, ~136 million pair-ended reads for whole 
exome, and ~65 million pair-ended reads for targeted sequencing. Reads were aligned to the human genome 
assembly version GRCh37 using BWA v0.5.9 (36) (parameters -t 4 -q 5). The average alignment rates were ~95%, 
~98%, and ~99% for whole genome, exome, and targeted sequencing. Aligned reads were marked for duplicated 
using Picard v1.46 (https://github.com/broadinstitute/picard). The mean deduplicated coverage for WGS was ~67x for 
the primary, metastasis, and xenograft samples, and ~36x for the normal samples. The mean deduplicated coverage 
for whole exome was ~215x for the primary, metastasis, and xenograft samples, and ~76x for the normal samples. 
The mean deduplicated coverage for targeted sequencing was ~251x for the primary, metastasis, and xenograft 
samples, and 243x for the normal samples. 

Mutation detection pipeline 
We used a production variant calling pipeline in the Genome Modeling System (GMS) developed at the McDonnell 
Genome Institute (37) (https://github.com/genome/gms) that incorporated multiple variant callers. For single nucleotide 
variant calling, the pipeline included variants reported by Samtools r963 (parameters: -A -B), SomaticSniper v1.0.2 
(https://github.com/genome/somatic-sniper, parameters: -F vcf -q 1 -Q 15), VarScan2 v2.2.6 
(http://dkoboldt.github.io/varscan/, default parameters), and Strelka v0.4.6.2 (https://github.com/Illumina/strelka, 
parameters: isSkipDepthFilters = 0). For insertions and deletions, the pipeline included variants reported by GATK 
r5336 (https://gatk.broadinstitute.org/), Pindel v0.5 (https://github.com/genome/pindel, parameters --variant-freq-
cutoff=0.2), VarScan2 v2.2.6 (default parameters), Strelka v0.4.6.2 (parameters isSkipDepthFilters = 0), and Mutect 
1.1.4 (https://software.broadinstitute.org/cancer/cga/mutect, parameters: --number-of-chunks 50). SNVs and indels 
were filtered to remove false positive using the GMS false-positive filter v1 (parameters: -min-base-quality 15) and 
somatic-score-mapping-quality (parameters: --min-mapping-quality 40 --min-somatic-score 40). Variants matching 
those found in dbSNP (https://www.ncbi.nlm.nih.gov/snp/) with a global minor allele frequency (GMAF) of >0.1% were 
flagged as germline variants and removed. Additionally, noncoding variants in blacklisted and low mappability regions 
(http://hgdownload.soe.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeMapability/, mappability score < 0.75) were 
removed. We also performed a panel of normal filtering to remove variants found with at least 5 reads supported in > 
5% of ~400 unrelated whole genome normal samples. 
 
In the validation phase, all non-coding silent SNVs in copy-neutral regions plus all non-silent SNVs and small indels in 
both copy-neutral and copy-altered regions that were called by at least one caller were chosen for validation using 
targeted sequencing (see targeted panel design). Upon validation, SNVs or indels were retained as somatic events 
only when they are called by at least three callers in either targeted sequencing or WGS/exome sequencing and 



 

passed all above filters. Only variants called by at least three callers in targeted sequencing were used in subsequent 
clonal evolution analysis. 

Mutation calling in xenografts 
In the discovery phase, the same mutation calling pipeline for patient tumor was applied to the xenograft, additionally 
followed by a filter to remove variants from mouse. This filter used the UCSC liftOver tool (https://genome.ucsc.edu/cgi-
bin/hgLiftOver) to identify mouse genome regions homologous to human genome and removed any variants that 
matched the mouse homologous genome sequence. In the validation phase, only variants confirmed in patient tumors 
were kept for further analysis. 

Copy number analysis 
CopyCat v1.6.9 (https://github.com/chrisamiller/copycat) was used for copy number analysis of the whole genome data 
using read depth per 1kb window generated using bam-window v0.7 (https://github.com/genome-vendor/bam-
window). VarScan2 was used for copy number calling from whole exome data. CopywriteR (38) was used for copy 
number calling from targeted sequencing data. Loss of heterozygosity was called using VarScan2. All copy number 
calls from CopyCat, VarScan2, and CopywriteR were converted to absolute copy number for subsequent clonal 
evolution analysis using SciClone and ClonEvol. Regions with absolute copy number >2.75 were defined as a gain 
event and regions with absolute copy number <1.5 were defined as a loss event. 

Manual review of somatic mutations and copy number variations 
Nonsilent mutations hitting cancer genes were manually reviewed by investigating the alignment using IGV Genome 
Browser to flag for false positive SNV and indel calls and rescue calls presented at low frequency in a sample with 
strong evidence in another sample from the same patient. Copy number variation calls hitting cancer genes were also 
manually reviewed to recover calls for individual samples based on calls from other samples from the same patient. 

Clonal evolution analysis 

Identification of subclonal populations 
Heterozygous somatic SNVs and small indels in non-repetitive regions of autosomal chromosomes validated in 
targeted sequencing and with at least 50x depth of combined coverage were used for clonal evolution analysis (except 
for patients CRC5 and CRC7 the depth cutoff was 30x due to lower number of variants with >50x coverage). We found 
that reducing the depth cutoff did not affect variant clustering results but improved clonal evolution inference and 
provided better estimate of clonal cellular fractions. First, the variant allele frequency (VAF) was calculated based on 
aggregated read counts generated using bam-readcounts v0.4 (https://github.com/genome/bam-readcount) from 
whole genome, whole exome, and targeted sequencing data. Read counts were aggregated for all variants across all 
samples from the same patients to ensure that variant robustly detected in one sample but presented at low frequency 
in another sample still receive appropriate read counts. Next, to identify subpopulations of cancer cells, variants were 
first clustered using sciClone (33) (https://github.com/genome/sciclone) across all samples from the same patient 
including primary regions, metastasis, and PDX samples with the copy number margin of 0.75 utilizing all copy number 
values from WGS, exome, and targeted validation analyses. This approach of clustering variants based on their 
frequency has been widely used in clonal evolution analysis (39). It is likely that some events such as whole genome 
duplication (masked from total copy number analysis) could result in dispersed bimodal VAFs and over-clustering. 
SciClone could mitigate this effect as its variational Bayesian beta mixture model could fit clusters of variants with 
dispersed VAFs. Additionally, all clustering results were manually investigated and clusters that had similar presence 
across samples but demonstrated dispersed VAFs were merged. This hybrid semi-automatic approach could mitigate 
the potential effect of whole genome duplication on our clonal evolution analysis. 



 

Inferring consensus clonal evolution trees and clonal admixtures 
Upon clustering of variants, the variant clusters and VAF of the variants were used in clonal evolution analysis using 
ClonEvol (34) (https://github.com/hdng/clonevol) to infer the consensus clonal evolution trees for each patient, estimate 
tumor purity and clonal cellular fractions and admixtures for individual samples. CRC11 was excluded from tree 
construction due to low purity primary tumor sample. Upon the consensus clonal evolution trees were constructed, 
multi regions from the primary tumors were combined using ClonEvol to represent the primary tumor. In brief, read 
counts for individual variants were summed from those of the variants in all primary regions and aggregated cellular 
fractions of individual variant clusters and clones were calculated. 

Mapping cancer gene events onto the clonal evolution trees 
Putative cancer genes were defined as genes frequently mutated in CRC (2) and other cancer in COSMIC database 
(https://cancer.sanger.ac.uk/cosmic) and genes associated with CRC curated from MalaCards database 
(https://www.malacards.org/). Heterozygous non-silent mutations in cancer genes were included in the clustering 
analysis by sciClone. Other non-silent mutations and copy number alteration in cancer genes were mapped to the 
clonal marker variant clusters by matching the presence/absence status of the mutations and copy number events with 
that of the clusters across samples. Non-silent mutations and copy number alterations targeting cancer genes were 
defined as potential driver events. 

Visualization 
Visualizations including clonal evolution trees, fishplots, clonal admixtures were generated using ClonEvol (34) and 
FishPlot (40) (https://github.com/chrisamiller/fishplot) packages. Other figures were generated using R statistical 
software package (https://www.r-project.org/) and ggplot2 (https://ggplot2.tidyverse.org/). 
 
 

  



 

Supplementary Figures 

 
 

Fig. S1. Frequently mutated colorectal cancer genes in metastatic colorectal cancer patients. Each gene is presented with two rows: top 
– SNVs and small indels; bottom – copy number alteration. Pri. – primary, met. – metastasis  



 
 

 
 

Fig. S2. Clonal evolution of patient CRC3. (a) Clustering of variants with y-axis showing cluster identity and x-axis showing estimated purity-
corrected cancer cell fraction estimated by ClonEvol. Potential driver variants are highlighted as red dots whose details are on the far right of the 
plot; (b) Predicted clonal evolution tree (top) and subclonal population of individual samples including multi-region primary samples (bottom). 
Dotted circle highlights the branch suggestive of metastasis seeding by metastasis; (c) Fishplot interpretation of evolution from primary (multi-
regions merged) to metastasis with clinical timeline. The right-end of each fishplot represents the time the primary tumor/metastasis was resected. 
Treatment courses are presented as boxes underneath the time axis. All primary regions are combined and aggregated cellular fractions of 
clones are presented. Metastasis seedings are indicated by arrows connecting primary and metastasis tumors. L2X engraftment refers to time 
that L2 was transferred to the mouse to establish a PDX. Cancer genes whose alterations are clonal markers of a clone are indicated with arrows 
pointing to the tips of the corresponding clone; (d) Anatomic representation of tumor location and metastatic progression. In this patient, 8 clones 
were detected. The clonal evolution of the primary tumor P (with 5 regions sequenced, P1-P5) was predicted to be linear. Liver metastasis L1 
was seeded by subclone 2 (pink) from the primary, and liver metastasis L2 was seeded by subclone 3 (light green) whose mutations were not 
seen in any primary regions but present in L1. This raises a possibility that metastasis L2 is seeded by metastasis L1 (c, d - right), however, 
subclone 3 was not present in any samples and therefore a model where an unknown site evolved from the primary and seeded the two 
metastases L1 and L2 is also possible (d - left). Lastly, the xenograft L2X maintained the only clone (4, light blue) from metastasis L2.  



 

 
 

Fig. S3. Clonal evolution of patient CRC4. Panels a-d are organized similar to Fig. S2. In this patient, 7 clones were identified. Metastasis L1 
was seeded by subclone 2 (light green) that was present in 3/5 primary regions. 
  



 
 

 

 
 

Fig. S4. Clonal evolution of patient CRC8. Panels a-d are organized similar to Fig. S2. In this patient, 9 clones were identified. A branching 
evolution was predicted for the primary tumor. Liver metastasis L1 was seeded by clone 1 (light gray) from the primary. Liver metastasis L2 was 
seeded by subclone 2 (light green) from the primary tumor. Panel b (left) shows loss of APC, PTEN, TCF7L2 in two liver metastases L2 and L3 
but not detected from liver metastasis L1. These events were also detected in the primary regions (P1, P2) with lower log2 ratio suggesting they 
are subclonal events. Subclone 3 (purple) and its clonal marker variants were found to present at subclonal levels in both L2 and L3 but absent 
from the primary tumor. This raises a distinct possibility of a polyclonal model of metastasis seeding another metastasis and a model where L2 
seeded L3 (c, d - right) is presented. A model where an unknown site evolved from the primary and seeded both L2 and L3 was also presented 
(d - left).  



 
 

 
 

Fig. S5. Clonal evolution of patient CRC9. Panels a-d are organized similar to Fig. S2. In this patient, 11 clones were identified. A branching 
evolution was predicted for the primary tumor. Liver metastasis L1 was seeded by clone 5 (light blue) from the primary. Abdominal wall metastasis 
A1 was seeded by rare subclone 3 (orange) from the primary tumor. Subclone 4 (yellow) was predicted to seed brain metatasis B1 and its clonal 
marker variants was found in A1 but absent from the primary tumor. This raises a distinct possibility that abdominal wall metastasis A1 seeded 
brain metastasis B1 (c, d - right). A model where an unknown site evolved from the primary and seeded both A1 and B1 was also possible (d - 
left).  



 

 
 

Fig. S6. Clonal evolution of patient CRC5. Panels a-d are organized similar to Fig. S2. In this patient, 7 clones were identified. A linear evolution 
was predicted for the primary tumor. Liver metastasis L1 was seeded by three clones (1/gray, 2/light green, 3/light orange) from the primary 
following a polyclonal model. Only 1/3 of clones (clone 5, light blue) from liver metastasis L1 was recapitulated in the xenograft L1X. 
 
 
  



 

 
 

Fig. S7. Clonal evolution of patient CRC6. Panels a-d are organized similar to Fig. S2. In this patient, 9 clones were identified. A branching 
evolution was predicted for the primary tumor. Liver metastasis L2 was seeded by rare subclone 3 (light orange) that was found in 1/6 primary 
regions. Liver metastasis L1 had low quality and was not analyzed but the PDX derived from L1 was analyzed and it was predicted that L1 was 
seeded by subclone 2 (dark green). It is unknown if other clones existed in L1 and the model presented in panel c is based on an assumption 
that clone 2 was the only clone in L1. 
  



 

 
 
Fig. S8. Clonal evolution of patient CRC7.  Panels a-d are organized similar to Fig. S2. In this patient, 10 clones were identified. A branching 
evolution was predicted for the primary tumor. Liver metastasis L1 was seeded by two clones (1/gray, 4/light orange) from the primary following 
a polyclonal model. Similarly, liver metastasis L2 was seeded by three clones from the primary tumor (1/gray, 2/pink, 3/dark green). Metastasis 
L3 was seeded by subclone 4 (light orange) from the primary tumor. 
 
 
  



 
 

 

 
 
Fig. S9. Clonal evolution of patient CRC1. Panels a-d are organized similar to Fig. S2. In this patient, 11 clones were identified. A linear 
evolution was predicted for the primary tumor. Liver metastasis L1 was seeded by subclone 2 (light green). Liver metastases L2 and L3 were 
seeded by clone 1 (gray). Xenograft P1X derived from primary region P1 maintained all clones from its parental tumor. Xenografts L1X and L2X 
both lost clones from their parental tumors.  



 
 

 
 

Fig. S10. Clonal evolution of patient CRC10. Panels a-d are organized similar to Fig. S2. In this patient, 9 clones were identified. A linear 
evolution was predicted for the primary tumor. Liver metastasis L3 was seeded by two clones (1/gray, 2/salmon) from the primary. Subclone 3 
(light green) clonal marker variants were present at subclonal levels in both L1 and L3 but absent from the primary tumor. This raises a distinct 
possibility of a polyclonal model of metastasis seeding between L1 and L3. Similarly, subclone 6 (purple) clonal marker variants were found in 
only L2 and L2. Together, this raises a possibility of a metastasis cascade where L3 seeded L1, and L1 later seeded L2 (c, d - right). A model 
where an unknown site evolved from the primary and seeded L1 and L2 was also presented (d - left). Lastly, both xenografts P1X and L1X lost 
one clone compared with their parental tumor. 
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