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Abstract

Circulating tumor DNA (ctDNA) enables genomic profiling
of colorectal cancer. We investigated therapeutic targets by
performing ctDNA panel-captured sequencing of 152 blood
samples from advanced stage patients, from which somatic
mutations and potentially actionable targets were evaluated.
An additional 11 matched tissue samples were retrospectively
obtained to verify target validity. The mutation frequencies of
1,127 collective genetic variants identified in our study strong-
ly correlated with those of multiple public databases (Pearson
R2¼ 0.92, P < 0.0001). The clonal fraction of driver genes was
90.3%, which was significantly higher than that of potential
passenger genes (58.12%). Totally, 90 drug-sensitive genes
from56patients (36.84%)were identified, including recurring

targets PIK3CA, FBXW7, EGFR, BRAF, and NRAS. Various
resistance mechanisms of anti-EGFR antibodies were revealed
via ctDNA profiling, with 29 patients individually exhibiting
multiple mechanisms, suggesting considerable resistance het-
erogeneity in our study population. Of the matched tissue/
bloodpairs, 88.14%of tissue-derivedmutationswere detected
in ctDNA, and 88.9% of actionable targets were validated. The
mutational landscape of ctDNA was highly consistent with
tissue databases, and ctDNA profiling showed favorable con-
cordance with tumor tissues in our matched analysis. Thus,
comprehensive ctDNA genotyping is a promising noninvasive
alternative to biopsy-derived analysis for determining targeted
therapy in advanced colorectal cancer.

Introduction
Colorectal cancer is the second and third most commonly

diagnosed cancer in females andmales, respectively (1). Genomic

studies have demonstrated that accumulated genetic and epige-
netic aberrations lead to colorectal cancer development, including
mutations in the adenomatous polyposis coli gene (APC), Ras
family genes, and the PI3K pathway genes (2, 3). Detecting
actionable mutations can influence selection of targeted molec-
ular therapies; for example, a patient's RAS/BRAF/PTEN status
should be tested before treatment with cetuximab, an EGFR
inhibitor (4). Recently, clinical trials guided bymultiple genomic
approaches have evaluated the utility of targeted treatment across
distinct cancer types (5), while additional studies have relied on
genomic profiling of advanced colorectal cancer for drug devel-
opment and clinical trial design (6). Such efforts have improve the
prognosis of colorectal cancer patients dramatically, but two
limitation need to be solved: first, still only a small proportion
of patients can benefit from targeted drugs, due to the deficient
exposure of potential therapeuticmarkers; second, it is difficult for
advanced patients to contribute tissue biopsy giving an overview
of entire cancer genome. Thus, exploring novel targetablemarkers
and genetic carriers are key issues to further innovate the targeted
therapy for colorectal cancer patients.

Circulating tumor DNA (ctDNA) are small DNA fragments
released by most solid tumors into the bloodstream that carry
tumor-specific genetic variations (7). ctDNA has been detected in
nearly all patients with advanced colorectal cancer tested and in
approximately 70% of patients with localized lesions (8) and
thus, can serve as a biomarker for colorectal cancer (9, 10).
Compared with low-throughput approaches that investigate a
single allele within a single sample, next-generation sequencing
(NGS) allows for sensitive, rapid, and robust ctDNA analysis (11)
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and represents a noninvasive method for characterizing the geno-
mic landscape of advanced colorectal cancer (12). In this study,
we evaluated the feasibility and accuracy of capture-based NGS of
ctDNA to determine the prevalence and distribution of clinically
actionable mutations in patients with advanced colorectal cancer
who had been resistant to cytotoxic or targeted therapies.

Materials and Methods
Patients and samples

In this study, 152 patients with stage III or IV colorectal cancer
were enrolled between October 2016 and June 2017. The clinical
characteristics of all patients were summarized in Table 1. All
patients had received chemotherapy or targeted therapy, and we
collected peripheral blood samples when they were on progres-
sion. We also retrospectively acquired 11matched tissue biopsies
of which the cellular amounts were enough (exceed 106) to
execute genomic profiling via needle aspiration or surgical resec-
tion. The studywas conducted in accordance with theDeclaration
of Helsinki, and the protocol was approved by the Ethics Com-
mittee of Shanghai Ruijin Hospital. All participants provided
written consent for genetic analysis before any study-related
operation was performed.

Sample processing and DNA extraction
Tumor tissues were sampled via needle aspiration. Formalin

fixation and paraffin embedding were then performed, followed
by histologic section preparation. All peripheral blood samples
were collected in cell-free DNA (cfDNA) blood collection tubes
(Streck) at room temperature, and would be processed within 72
hours of collection. Plasma was separated by centrifugation at
2,500 � g for 10 minutes, transferred to microcentrifuge tubes,
and centrifuged at 16,000� g for 10minutes to remove cell debris.
Peripheral blood lymphocytes (PBL) were isolated from cell
pellets following the initial spin. Genomic and germline DNA
was extracted from tumor tissue and PBLs using the DNeasy
Blood & Tissue Kit (Qiagen). Circulating cfDNA was extracted
from 0.6–1.8 mL plasma using the QIAamp Circulating Nucleic
Acid Kit (Qiagen). All DNA was quantified using a Qubit fluo-
rometer (Invitrogen), and cfDNA fragment length was assessed
using the Agilent 2100 BioAnalyzer (Agilent Technologies).

Library construction and hybridization capture–based
sequencing

Tissue and PBL DNA was sheared to 200–250 bp fragments
with a Covaris S2 Instrument before library construction. After
end-repair and polyA tailing, adapters with unique identifiers
were ligated to both ends of double-stranded cfDNA fragments.
Indexed Illumina NGS libraries were prepared from tissue,
PBL germline, and cfDNA using the KAPA Library Preparation
Kit (Kapa Biosystems). The SeqCap EZ Library system (Roche
NimbleGen) was used for target enrichment.

All libraries were hybridized to custom-designed biotinylated
oligonucleotide probes (Integrated Dna Technologies) covering
1.09Mbp of the genome. The captured genomic regions included
the most common driver genes of solid tumors, including colo-
rectal cancer (13). We chose their entire exome regions to con-
struct the basic panel. Next, genomic regions relevant to the effects
of chemotherapy, targeted drugs, and immunotherapy per avail-
able clinical and preclinical research were added to the panel.
Finally, high-frequentlymutant regions recorded in theCatalogue

of Somatic Mutations in Cancer (COSMIC, http://cancer.sanger.
ac.uk/cosmic) and The Cancer Genome Atlas (TCGA, https://
cancergenome.nih.gov/) were involved. All included 1,017 genes
are shown in Supplementary Table S1. Capture hybridization was
performed as per the manufacturer's protocol (Illumina). Cap-
tured DNA fragments were amplified after hybrid selection and
then pooled into several multiplexed libraries. Sequencing was
performed using the Illumina HiSeq 3000 or NextSeq CN500
instruments with 75 � 75 paired-end reads as per the manufac-
turer's recommendations using Illumina's TruSeq PE Cluster
Generation Kit v3 and the TruSeq SBS Kit v3. Additional detailed
information regarding library preparation and hybridization cap-
ture was described by Lv and colleagues (14, 15).

Raw data processing
After removal of terminal adaptor sequences and low-quality

reads (>50% N rate, >50% bases with Q < 5), remaining reads
weremapped to the reference human genome (hg19) and aligned
using Burrows-Wheel Aligner (version 0.7.12-r1039, http://bio-
bwa.sourceforge.net/) with default parameters, followed by
duplicate reads identification using Picard's Mark Duplicates tool
(https://software.broadinstitute.org/gatk/documentation/tool
docs/4.0.3.0/picard_sam_markduplicates_MarkDuplicates.php).
Base quality recalibration and local realignment were conducted
by the Gene Analysis Toolkit (GATK, https://www.broadinstitute.
org/gatk/). Themediandepth for 152blood sampleswere 3576�,
and the range was from 883 to 8785�. As for 12 tissue samples,
the median depth was 1554.5� (range from 883 to 2298�).

Mutation identification
Somatic insertions/deletions (indels) and single nucleotide

variants (SNV) were identified with the GATK and MuTect2
(https://software.broadinstitute.org/gatk/documentation/tool
docs/3.8-0/org_broadinstitute_gatk_tools_walkers_cancer_m2_
MuTect2.php) software. After mutation calling, several filter
procedures would be executed: (i) germline mutations were
not analyzed in this study, and were filtered by matched PBL
data. (ii) Synonymous variants were filtered. (iii) Variants with

Table 1. Clinical characteristics of enrolled patients

Characteristics Number (%)

Age at diagnosis
�40 15 (9.87%)
41–60 64 (42.11%)
>60 73 (48.03%)

Gender
Male 100 (65.79%)
Female 52 (34.21%)

TNM stage
II 1 (0.66%)
III 59 (38.82%)
IV 92 (60.53%)

Primary site
Ascending colon 21 (13.82%)
Sigmoid colon 39 (25.66%)
Descending colon 19 (12.50%)
Rectum 73 (48.03%)

Histology
Polypoid adenocarcinoma 13 (8.55%)
Tubular adenocarcinoma 115 (75.66%)
Mucinous adenocarcinoma 15 (9.87%)
Signet-ring cell carcinoma 9 (5.92%)

Abbreviation: TNM, tumor–node–metastasis.
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less than 5 high-quality sequencing reads (mapqthres > 30,
baseqthres > 30) were removed. (iv) We had built an inhouse
database involving blood sequencing results from about
1,000 healthy subjects. Variants were filtered as cross-contam-
ination if present in >1% samples in custom SNP databases
(dbsnp, https://www.ncbi.nlm.nih.gov/projects/SNP/; 1000G,
http://www.internationalgenome.org/; ESP6500, https://evs.gs.
washington.edu/; ExAC, http://exac.broadinstitute.org/) and
self-built SNP database. These filtered variants were identified
as high-confidence somatic mutations.

Publicly available tissue-sequencing databases
Tissue sequencing data were obtained from (TCGA, projects

TCGA-COAD and TCGA-READ, https://cancergenome.nih.gov/),
Genentech, Inc. (16), and Nurses Health Study/Health Profes-
sionals Follow-Up Study (NHS/HPFS) derived from the Dana-
Farber Cancer Institute (DFCI, Boston, MA; ref. 17). Whole-
exon sequencing of 223 primary colorectal cancer tissues from
TCGA, 619 from DFCI, and 72 from Genentech was performed
and included in these databases.

Statistical analysis
Descriptive statistics and Pearson correlation analysis

were performed using SPSS 22.0 (IBM) and GraphPad Prism 7
(GraphPad Software), respectively, to assess the prevalence of
mutated gene between experimental cohort data and public
sequencing databases, significance of age at diagnosis, and the
mutant allele frequencies between cohorts.Weperformed ax2 test
to determine the clonal discrepancy of driver and passenger genes
using SPSS 22.0. Results were considered to be statistically sig-
nificant if the resulting P value was less than 0.05.

Results
Corroboration of study ctDNA genomic landscapes with
information in public tissue databases

Overall, we identified 1,127 nonsynonymous somatic variants
in 260 genes from 152 patients with advanced colorectal cancer
(100% sensitivity; mean 7.41� 11.18; range 1–103; Supplemen-
tary Table S2), including 843 missense (74.8%), 135 nonsense
(12.0%), 74 deletion of small fragment (6.6%), and 36 insertion
of small fragment (3.2%) in coding sequence (Supplementary
Fig. S1A). Besides, we also identified 18 mutations (16 SNVs,
2 deletion, 1.6%) in 50 splice sites, 14 SNVs (1.2%) in 30 splice
sites, 6 SNVs (0.5%) in promotors, and 1 SNV (0.1%) in intron
(Supplementary Fig. S1A). A median of allele frequency
was 3.24% (ranged from 0.01% to 86.63%). Two peaks in allele
frequency distribution were seen in 0%–2% (468/1127, 41.5%)
and 3%–4% (119/1,127, 10.6%), and we also identified 211
mutations (18.7%) with high allele frequency (�10%; Supple-
mentary Fig. S1B). Chromosomes 5 (14.9 mut/Mb), 12 (18.4
mut/Mb), and 17 (12.5 mut/Mb) presented the highest tumor
mutation burden (Supplementary Fig. S1) and contained cancer
driver genes colorectal cancer, APC, KRAS, and TP53.

The most prevalent mutated genes with somatic SNVs and
indels included TP53 (53.59%), APC (48.68%), KRAS
(44.08%), PIK3CA (15.79%), and FBXW7 (11.18%; Fig. 1A). Part
of patients demonstrated genomic similarity in high-frequency
mutant genes. Mutant TP53, KRAS, and APC coexpressed in 28
patients (18.42%). Comutant TP53/KRAS, TP53/APC and KRAS/
APC occurred in 16 (10.53%), 21 (13.82%), and 17 patients

(11.18%), respectively (Fig. 1A). Besides, 17 patients (11.18%)
carried mutant TP53, 6 (3.95%) carried mutant KRAS, and
8 (5.26%) carried mutant APC (Fig. 1A). The genomic landscape
profiled by ctDNA was similar to three public colorectal cancer-
tissue databases [TCGA (n ¼ 223), DFCI (n ¼ 619), and
Genentech (n ¼ 72); Fig. 1B]. Pearson correlation analysis also
revealed a strong association between the gene prevalence of
our experimental cohort and pooled public databases (R2 ¼
0.92, P < 0.0001; Fig. 1C). We further evaluated the mutation
loci distribution of four dominating driver genes (TP53, APC,
KRAS, and PIK3CA), which exhibited maximum frequencies in
the experimental cohort and TCGA. Although loci distributions
of TP53 and APC were inconsistent between our study and
TCGA, those of KRAS and PIK3CA were highly concordant with
public data (Fig. 1D).

However, we observed some differences between our cohort
and public database information. Compared with pooled public
databases, prevalence of KRASmutations in our cohort increased
from 33.48% to 44.08%. This difference was mainly due to
the low prevalence of KRAS in single DFCI database (27.95%,
173/619), numerically lower than that in TCGA (43.05%, 96/
223) and Genentech database (51.39%, 37/72; Fig. 1B). In
addition,DNMT3Amutations were more common in our cohort
than in any of the three public databases (Fig. 1B; Supplementary
Fig. S2). Such mutations are likely present in hematopoietic
clones, but not from tumor-derived cells, and the prevalence of
these mutations may increase with patient's age (18). To explore
this hypothesis, we compared the age at diagnosis between
patients with andwithoutDNMT3Amutations, and patients with
DNMT3Amutationswere indeed older, although the relationship
betweenmutation status andagewasnot statistically significant in
our cohort (Supplementary Fig. S2). This discrepancy highlights
the importance of establishing databases with circulating cfDNA
information to ensure the accurate and specific detection of
tumor-derived variants. Overall, these data demonstrate a signif-
icantly high similarity between our cohort ctDNA profiling and
public tumor tissue databases and support the feasibility and
utility of identifying actionable colorectal cancer genetic targets
with ctDNA analysis.

Clonal analysis via ctDNA profiling
Tumor clonal structure is an important factor in therapy

decision-making and surveillance, so we next evaluated the
possibility of using ctDNA profiling to illustrate the clonal
landscape of colorectal cancer tumors. We defined a mutation
as subclonal if its mutant allele frequency was less than 25% of
the highest frequency in the sample. We further identified nine
dominating driver genes for patients with colorectal cancer
according to a published study (19), and determined the clonal
proportion of each mutant gene. Genes KRAS (95.9%), TP53
(93.1%), and APC (91.7%) were most likely to be clonal
(Fig. 2A), all of which play key roles in tumorigenesis and
development of colorectal cancer. Moreover, the proportion of
clonal mutations for these driver genes was 90.3% (306/339),
which was remarkably higher than that for potential passenger
genes (58.12%, 458/788, P < 0.0001; Fig. 2B).

Somatic evolutionary relationships of the clonal mutations in
KRAS, TP53, and APC were more deeply explored to clarify
whether ctDNA profiling could reproduce the tumor clonal struc-
ture for patients with advanced colorectal cancer. Twenty-eight
patients harbored mutations in all three genes (Fig. 1A), most of
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Figure 1.

ctDNAMutational landscape in patients with advanced colorectal cancer. A, Heatmap illustrating ctDNAmutations among the top 12 genes identified in our
study. Upper bars indicate the mutation burden of each patient, and left bars represent the frequency of each mutated gene. B, Comparison of mutation
frequencies in our study cohort (ctDNA) and indicated tissue databases. C, Correlation between mutation frequencies in ctDNA and public databases.
D, Comparisons of diverse variant proportions of KRAS and PIK3CA between the experimental cohort and TCGA.

Determine Targeted Therapies of CRC via ctDNA Profiling

www.aacrjournals.org Mol Cancer Ther; 18(6) June 2019 1161

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/6/1158/1860938/1158.pdf by guest on 19 M
ay 2023



whom presented with similar allele frequencies for these muta-
tions (Fig. 2C). Fifty-four patients carried mutations in two genes
(17 with APC and KRAS, 16 with TP53 and KRAS, and 21 with
TP53 and APC, Fig. 1A) whose allele frequencies demonstrated a
linear relationship according toPearson correlation analysis (R2¼
0.6134, P < 0.0001; Fig. 2D). These results, along with that the
majority of mutant KRAS, TP53, and APC were clonal events
(Fig. 2A), indicated that mutations in these genes often co-

occurred around the same time node in the early tumorigenesis
of colorectal cancer.

Analysis of clinically actionable targets and drug resistance
determinants

Followed by the evaluation of actionable genes andmutations,
which were related with the efficacy (drug-sensitive targets) or
resistance (drug-resistant targets) of certain drugs, based on the
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FDA labeling, National Comprehensive Cancer Network guide-
lines, focus group recommendations, and primary scientific lit-
erature (Fig. 3A; refs. 20, 21). On the basis of these criteria, we
detected 90 potential drug-sensitive targets from 56 patients
(36.84%).Overall, 96patients (63.16%) carriednodrug-sensitive
target, 41 (26.97%)harbored one, and15 (9.87%)presentedwith
two or more, including 1 patient with nine distinct drug-sensitive
targets (Patient 047; Fig. 3B). We detected 103 somatic mutations
in this patient, including an arrestive MSH2 K918N mutation
suggestingmismatch repair deficiency (Supplementary Table S2).
Three patients (1.97%)harbored targets of an approved colorectal

cancer drug, while 51 (33.55%) and 2 (1.32%) patients carried
targets sensitive to drugs used as per other indications or those
supported by clinical trial data, respectively (Fig. 3C). Variants in
PIK3CA (20 patients), FBXW7 (11 patients), EGFR (7 patients),
BRAF (6 patients), andNRAS (5 patients) were themost common
targets found in our analysis. In addition, although these genes
exhibited various degrees of clonality, most of the drug-sensitive
targets (65/90, 72.22%) were clonal (Fig. 3D). Because clonal
targets often appear during early tumorigenesis and exist in
almost all of tumor cells (22), patients with these clonal targets
will more likely benefit from pharmacogenomic-derived
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therapies than those without, and thus, should be considered
candidates for treatment with the corresponding drug(s). For
patients with only subclonal targets, caution is warranted when
prescribing the indicated drug(s), as they may not be safe and/or
effective in that particular individual. All drugs specifically impli-
cated in our target analysis are shown in Supplementary Table S3.

We next explored the underlying resistance mechanisms of anti-
EGFR antibodies (such as cetuximab andpanitumumab),which are
the principally approved targeted agents in the clinicalmanagement
of colorectal cancer, including alterations in KRAS, NRAS, BRAF,
EGFR,ERBB2, PIK3CA, PTEN, andFBXW7. Eightypatients harbored
at least one resistance mutation (range 1 to 6); single resistance
mutationswere detected in 51 patients, while concurrentmutations
were found in 29 patients, indicating considerable resistance het-
erogeneity inour cohort.Mutations inKRASwere themostprevalent
resistance mechanism observed (68 patients), with KRAS G12D as
the most common mutation noted. Furthermore, 97.14% (68/70)
of KRAS mutations were clonal, which should be carefully consid-
ered when making therapeutic recommendations to these patients.
We also observed mutations in PIK3CA (18), FBXW7 (11),
NRAS (5), BRAF (5), EGFR (2), ERBB2 (2), and PTEN (2) indicated
numbers of patients (Fig. 4A). Interestingly, 1 patient (P125) pre-
sented with one PIK3CA and five EGFR mutations (all subclonal)
related to drug resistance; two silent mutations resulted in the same
amino acid variant, G465R, (Supplementary Table S2), five EGFR
mutations occurred adjacently in the coding region of the EGFR
extracellular domain (EGFR-ECD), and three additional EGFR-ECD
mutations not yet associated with a particular drug were detected in
this patient (Fig. 4B). Clinically, this patient underwent multiline
treatment, including adjuvant cetuximab, postoperatively, before
liquid biopsy, and finally progressed. Actually, several EGFR-ECD
variants have been implicated in cetuximab resistance: such variants
will induce the activation of downstream pathways without
upstream signals, and lead to the survival andproliferationof tumor
cells (23, 24). Thesefindings indicate that ctDNA is a promising tool
to trace the molecular mechanisms of drug resistance.

We next characterized global actionability using these drug-
sensitive and resistant targets. We selected 159mutations from 90
patients and classified themas type1 (n¼39mutations predicting
drug sensitivity only); type 2 (n ¼ 51 mutations predicting either
sensitivity or resistance); and type 3 (n¼ 69mutations predicting
resistance only). The 90 patients were then grouped according to
the type(s) of mutations present and received stratified analysis-
based guidance regardingdrug selection. The10patientswith type
1 mutations only were most likely to benefit from targeted drugs
and received specific drug recommendations accordingly. In con-
trast, the 34 patients with type 3 mutations only were advised of
their risk of therapeutic failure due to resistance-associated genetic
alterations. For the 46 patients with mixed mutations, we pro-
vided comprehensive information regarding correlations between
targeted drugs and their predicted efficacy (Supplementary Fig.
S3). Furthermore, the clonality of mutations was also considered
when making therapeutic recommendations, thus improving the
capacity of ctDNA profiling to guide targeted drug selection for
patients with advanced colorectal cancer.

Genomic agreement between matched tissue DNA and blood
ctDNA

Although we assessed concordance between mutation profiles
of our blood ctDNA samples and those of tumor tissue DNA in
public databases, analysis ofmatched tissue and blood pairs from

our study participants could further verify such agreement. There-
fore, we retrospectively collected 11 tissue samples from enrolled
patients with actionable mutations and performed independent
sequencing of the tumor DNA. We detected 59 total mutations in
the 11 tissues with a median of 6 (range 2–9), of which 52
mutations (88.14%) were also found in matched blood samples.
Conversely, we detected 19 mutations in plasma ctDNA not
found in the corresponding tissues samples. We observed 18
actionable mutations in 11 blood samples of these patients,
among which 16 (88.89%) were verified in matched tissues.
(Fig. 5A) Two actionable mutations, NF2 p.A405Q in patient
059 and PIK3CA p.E545D in patient 076, identified from ctDNA
sequencing weremissed in the tissue profiling, possibly due to the
low tumor cell abundance in these patients' tissues (Supplemen-
tary Table S4).

We further evaluated mutant allele frequencies and clonal
correlation of overlapping mutations between tissue and blood
samples. Because absolute frequencies were influenced by many
biological and operational factors, we used normalized frequen-
cies (absolute frequency/highest frequency in the same sample) in
our analysis, which revealed a weakly significant positive corre-
lation between tissue and blood mutant allele frequencies. Nota-
bly, almost all overlapping mutations were above 25% of the
highest frequencies in both tissue and blood. (Fig. 5B), and clonal
mutations were more likely to overlap in the matched samples
than subclonal mutations. Moreover, the mutant allele frequency
correlations differed among most patients, especially those with
low frequencies in ctDNA, for whom the correlations were not
significant (Supplementary Fig. S4; Supplementary Table S4).
Despite these discrepancies, we demonstrated that ctDNA profil-
ing may provide a noninvasive alternative for characterizing
colorectal cancer tumor clonality to a great extent.

Discussion
We assessed the utility of ctDNA profiling for identifying

clinically actionable mutations that may influence the pharma-
cologic treatment plans of patients with advanced colorectal
cancer. We collected blood specimens from 152 patients with
advanced colorectal cancer and performed panel-basedNGSof all
ctDNA samples. We then evaluated the concordance between our
ctDNA-based analysis, tissue databases, and matched tumor
samples from our study cohort.

Chemotherapy remains the most common treatment of colo-
rectal cancer, although the use of some targeted drugs has
improved the clinical outcome for many patients with advanced
colorectal cancer (25). Unfortunately, limited knowledge of reli-
able colorectal cancer-specific genetic markers and indicated
restrictions of certain anticancer drugs still challenge targeted
drug therapy development and clinical trial design. The use
of ctDNA has been demonstrated for genotyping diverse
tumors (26–28), and concerted efforts have been made to max-
imize this approach in colorectal cancer (29, 30).Our study aimed
to evaluate the feasibility of ctDNA-based clinical actionable
mutation profiling as a robust method for providing genomically
matched targeted therapy to patients with advanced colorectal
cancer. We collected blood samples when patients were on
progression after resistance to cytotoxic or targeted therapies, to
help determining subsequent therapeutic agents. Indeed, these
samples enable our purpose to integrate ctDNA liquid biopsy
instead of tissue re-biopsy in the clinical management of
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colorectal cancer. Our results are encouraging, as 36.84% of
enrolled patients harbored at least one clinically relevant alter-
ation, although only three of these patientswere eligible to receive
FDA-approved colorectal cancer drugs, demonstrating the neces-
sity of "basket" clinical trials inwhich patients can enroll based on
their targetable alterations rather than the drug's specific on-label
use. In addition, ctDNA analysis can reveal actionable mutations
when tumor tissue is not available or is influenced by sample bias.
Therefore, mutation profiling of plasma-derived ctDNA is a

practical strategy for identifying appropriate targeted therapies
for patients with advanced colorectal cancer.

Most other genomic characterization efforts, including TCGA
studies, use operative specimens, while we collected blood speci-
mens frompatientswhounderwentmultiline treatment.However,
mutation profiles revealed from our ctDNA-based study were
mostly consistent those from tissue-based public databases,
although some discrepancies were expected and substantial. Inac-
tivating mutations in the tumor-suppressor genes APC and TP53
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were very frequent (31), as well as alternations in the oncogenes
KRAS and PIK3CA, andwere in high concordance with TCGAdata.
Moreover, determining tumor clonal structure using ctDNA
yielded data similar to those published in colorectal cancer geno-
mic studies. In addition to characterizing our cohort's colorectal
cancer tumormutation landscape,our results indicate thepotential
utility of ctDNA profiling as an alternative to biopsy-derived
samples for pharmacogenomic studies of colorectal cancer.

We further investigated the correlation between tumor- and
plasma-derived DNA variant analysis by retrospectively collecting
matched tissue samples from patients with actionable mutations
per ctDNA profiling. Nearly 90% of tumor-derived mutations
were detected inmatched ctDNA, indicating that ctDNAmay be a
reliable source of biomarkers that reflect drug-associated tumor
characteristics, as the spatial heterogeneity of tumor tissues and
sampling bias sometimes limit the accuracy of tissue-based
mutant discovery (32–34). The use of ctDNA may overcome
these challenges but still reveal comprehensive genetic informa-
tion about the tumor (35). However, low-frequency mutations
were difficult to detect in the matched tissue and ctDNA samples,
indicating that greater sequencing depth is necessary to improve
ctDNA-based actionable and clonal determination.

Our analysis revealed significant correlations between ctDNA
and tumor DNA variants and uncovered many potential thera-
peutic and drug resistance targets in patients with advanced
colorectal cancer. A recent study also showed that ctDNAprofiling
can effectively define a patient's pharmacogenomic landscape and
identified a novel cluster ofmutationsmediating targeted therapy
resistance by blocking binding of anti-EGFR antibodies (36).
While these findings suggest that ctDNA profiling may improve
the clinical outcome of patients with advanced colorectal cancer,
new clinical trials based on ctDNA sequencing to select therapeu-
tic strategies and monitor resistant clones are required.

Two key limitations of our study involve the small cohort with
matched tissue/blood samples and the lack of clinical informa-
tion regarding treatment and follow-up for most patients. How-
ever, these limitations may not influence the concordance, we

observed between tissue DNA and ctDNA and potential ability of
ctDNA profiling to accurately and sensitively detect colorectal
cancer's many potential actionable mutations. Analysis of ctDNA
cannot only identify therapeutic targets for patientswithout tissue
samples, but can also reveal additional drug targets not found in
tissue samples due to low mutant allele frequency, tumor het-
erogeneity, or methodological bias. Our findings also highlight
the need of ctDNA-based anti-cancer clinical trials and monitor-
ing of drug-resistant clones.
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