Therapeutic Advances in Medical Oncology Original Research
Mutational landscape of circulating tumor e

DOI: 10.1177/

DNA identifies distinct molecular features
© The Author(s), 2022.

associated with therapeutic response in e e udelnes:
patients with metastatic colorectal cancer

permissions

Min Shi*, Hong Yuan®, Jun Ji, Shouwei Zhang, Qingyuan Li, Yawei Chen,
Xiaoli Gong, Zhenggang Zhu and Jun Zhang

Abstract
Background: We investigated the mutational landscape of circulating tumor DNA (ctDNA] in
predicting tumor response to first-line treatment in patients with metastatic colorectal cancer correspondence to:

[mCRC] Jun Zhang
j . . . Cy . Department of Oncology,
Methods: We included 41 patients with initially unresectable mCRC, treated with Rui Jin Hospital, Shanghai

Jiao Tong University

5-fluorouracil/leucovorin/oxaliplatin (FOLFOX)/5-fluorouracil/leucovorin/irinotecan (FOLFIRI]  5Ziuor of medicine.
with/without bevacizumab (Bev)/cetuximab (Cet]). Blood samples were prospectively collected gs;:;ﬁ;agﬂ;?gﬂa
at two timepoints: at baseline and after four cycles of first-line treatment. Mutational status of  junzhang10977@sjtu.
1086 genes were studied in ctDNA by targeted next-generation sequencing (NGS). Molecular %"

State Key Laboratory of

mutational burden (MMB) was defined as mean mutation frequency among obtained mutations  oncogenes and Related

for each gene. To evaluate the association between molecular characteristics of cfDNA and ?j:;i;:::g';;'é@ighal
therapeutic response better, we divided these patients into MMB-high and MMB-low group China

according to the median value of MMB (0.3). :;?‘:';Lan

Results: Among the 41 enrolled patients, alterations of six genes (TRIM24, SPEN, RNF43, Department of Oncology,
PRKAR1A, KRAS, and KDM5 C) were found at baseline. Baseline MMB of six genes was figgi’;(;"gsgir‘jvzfgfynghai
significantly lower in partial response (PR]/stable disease (SD) patients than progression School of Medicine,

disease (PD]) patients (p=0.0012). Further analysis demonstrated that genomic profiling of j::nflha' ehina

ctDNA from pretreatment blood samples was significantly different between PR/SD (non-PD]  Department of Surgery,
Shanghai Institute of

group and PD group. By comparing the baseline levels of KRAS MMB in the two subgroups, Digestive Surgery, Ruijin
we found that PD cases were all MMB-high, whereas non-PD cases were mainly in MMB- ?;ﬁg‘bﬁhi’;i;ggac'hJo'zfof
low subgroup. Furthermore, patients with low-KRAS MMB had superior response rate, Medicine, Shanghal, China
significantly longer progression-free survival (PFS) and longer overall survival (OS] than high-  Shouwei Zhang

KRAS MMB group. Vo Chon
Conclusions: This prospective and serial genomic profiling study revealed the utility of ctDNA ’éi::;‘c::t"giotechnomgy
in predicting clinical outcomes in mMCRC patients under first-line treatment. Levels of KRAS Co., Ltd, Wuxi City,
MMB might aid in monitoring therapeutic efficacy in mCRC patients at pretreatment/after four ;::f;:a::'zn:u
cycles of first-line treatment. Department of Oncology,

Ruijin Hospital, Shanghai
Jiao Tong University
School of Medicine,

Keywords: circulating tumor DNA, KRAS, metastatic colorectal cancer, molecular mutational  ¢;4hai china

burden, prognosis Department of Surgery,
Shanghai Institute of
Digestive Surgery, Ruijin

Received: 8 September 2021; revised manuscript accepted: 13 December 2021. Hospital, Shanghai Jiao
Tong University School of
Medicine, Shanghai, China

. . . *These authors
Introduction women in the United States and ranks second contributed equally to this

Colorectal cancer (CRC) is the third most com- when men and women are combined.! g;agg‘rf;rd'ztrj;‘ijﬂf’rﬁd

mon cause of cancer death in both men and Combination chemotherapy regimens with a authors.

journals.sagepub.com/home/tam 1

@ @ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
@ (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://journals.sagepub.com/home/tam
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
mailto:junzhang10977@sjtu.edu.cn
mailto:junzhang10977@sjtu.edu.cn

Therapeutic Advances in Medical Oncology 14

fluoropyrimidine plus oxaliplatin or irinotecan
(FOLFOX or FOLFIRI) remain the current
standard of care in the first-line treatment of met-
astatic colorectal cancer (mCRC).2 Antiepidermal
growth factor receptor (EGFR) antibodies com-
bined with fluoropyrimidine-based chemotherapy
may provide further clinical benefit in left-sided
RAS wild-type cancers. Antivascular endothelial
growth factor (VEGF) therapy is a reasonable
choice for patients with RAS wild-type right-
sided tumors and RAS-mutant tumors. Initially
unresectable mCRC means those for whom
intensive treatment is appropriate with the goal of
cytoreduction (tumor shrinkage) and conversion
to resectable disease; or those who need intensive
treatment, although they will never make it to
resection or local and ablative treatment (LAT),
since they need a rapid reduction in tumor bur-
den owing to impending clinical threat, organ
dysfunction or severe symptoms, and those for
whom intensive treatment is not necessary and
where the goal is disease control.? CRC is a lethal
disease with heterogeneous outcomes and drug
responses. There is an urgent need to explore pre-
dictive biomarkers that can aid in diagnostic and
therapeutic decision-making.

Cell-free DNA (cfDNA), which is released into
the bloodstream by apoptotic or necrotic tumor
cells, refers to fragmented DNA found in the non-
cellular component of the blood.* Analysis of
cfDNA provides a more sensitive method of
detecting malignancies than imaging or other con-
ventional approaches. Clinical applications of
cfDNA can be exploited in several ways,> such as
early detection of colorectal cancer prior to the
emergence of clinical symptoms or radiological
manifestations and in the assessment of minimal
residual disease (MRD). The application of
cfDNA also seems to assist in tailoring therapy
intensity in the neoadjuvant/adjuvant settings and
in monitoring tumor response in palliative treat-
ment.5° Furthermore, alterations of cfDNA might
aid in tracking tumor heterogeneity and clonal
evolution that lead to the emergency of resistance
as well as in guiding the most appropriate thera-
pies.10:11 Cell-free DNA from plasma is emerging
as a minimally invasive adjunct to standard tumor
biopsies and becoming a valuable approach for
molecular testing, new insights into clonal evolu-
tion, tumor detection, and monitoring.

Previous studies have revealed that ctDNA levels
in plasma might detect residual/recurrent disease,
assess treatment response, monitor disease

progression, and guide subsequent therapy. An
analysis of 230 patients with resected stage II
colon cancer showed that circulating tumor DNA
(ctDNA) detection after stage II colon cancer
resection identified patients at high risk of recur-
rence and provided direct evidence of residual
disease.!? A prospective multicenter study of 104
patients with locally advanced rectal cancer
(LARC) demonstrated that serial ctDNA could
predict tumor response to neoadjuvant chemora-
diotherapy (nCRT).13 A post-induction ctDNA
analysis following first-line treatment in patients
with metastatic colorectal cancer (mCRC)
revealed that ctDNA quantification in post-
induction plasma may serve as a prognostic bio-
marker for mCRC post-treatment outcomes.!4
The prognostic/predictive value of cfDNA has
been indicated in other types of cancer as well.1>
For example, quantification of somatic variants in
cfDNA provided dynamic insights into therapeu-
tic efficacy and disease relapse in patients with
small-cell-lung cancer (SCLC).!1® In a popula-
tion-based prospective study, cfDNA had prog-
nostic implications and contributed to estimating
tumor burden, determining the mutational pro-
file and genetic classification in patients with dif-
fuse large B-cell lymphoma (DLBCL).!”

In this study, we aimed to explore the prognostic
significance of molecular landscape of ctDNA for
first-line therapy in patients with advanced CRC.
KRAS molecular mutational burden (MMB) was
used to address the correlation between molecu-
lar alterations of ctDNA and treatment response.

Materials and methods

Study design

This prospective cohort study was designed and
implemented in Ruijin Hospital (Shanghai,
China). A total of 41 patients with initially unre-
sectable mCRC were enrolled from January 2019
to December 2020. Their blood samples were
sequentially collected at baseline, and after four
cycles of first-line therapy together with response
evaluation. We analyzed eight initial variables at
baseline, including ctDNA content fraction
(CCF), tumor mutational burden (TMB), mean
variant allele frequency (VAF), maximum VAF,
copy number instability (CNI), copy number var-
iant (CNV) burden, copy number gain (CNgain)
burden, and copy number loss (CNloss) burden.
Patients received four cycles of first-line chemo-
therapy with/without targeted therapy: FOLFOX
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or FOLFIRI = bevacizumab or FOLFOX or
FOLFIRI * cetuximab (KRAS/NRAS/BRAF WT
gene and left-sided tumors only). Clinical
response and tumor burden were evaluated by the
investigators based on Response Evaluation
Criteria in Solid Tumors (RECIST) 1.1. All
patients have signed the written informed consent
for serial tumor genomic profiling. This study was
approved by the Ethics Committee of Ruijin
Hospital, Shanghai Jiao Tong University School
of Medicine, and complied with the Declaration
of Helsinki.

Plasma collection for biomarker analysis

Cell-free DNA (cfDNA) was extracted using the
MagMAX Cell-Free DNA Isolation (thermo) fol-
lowing manufacturer instructions. Germline DNA
was isolated from peripheral blood mononuclear
cell (PBMC) using the TIANamp Blood DNA
Kit (TTANGEN). DNA concentration was meas-
ured using Qubit dsDNA HS Assay kit or Qubit
dsDNA BR Assay kit (Life Technologies). At least
10 ng ¢fDNA was required for DNA libraries
preparation. Plasma samples were collected at two
timepoints: pretreatment (named T1) and after
four cycles of treatment (named T2).

Targeted capture sequencing and

genomic data analysis

Genomic DNA was sheared into 150-200 base
pairs (bp) fragments. Fragmented DNA libraries
were constructed by KAPA HTP Library
Preparation Kit (Illumina platforms; KAPA
Biosystems) following producer’s instruction.

DNA was hybridized to two designed Genescope
panels: (1) 543 genes (Genecast) that included
tumor-related major genes, covering 1.7 Mb of
the genome, and (2) 773 genes (Genecast) that
included tumor-related major genes, covering 1.9
Mb of the genome. The final sequencing libraries
were quantified using Qubit dsDNA HS Assay
Kit (Thermo Fisher). The captured samples were
subjected to Illumina Novaseq6000 for paired
end sequencing.

Somatic mutation detection

Sequencing reads were processed using an in-
house pipeline that contained Trimmomatic
(v0.39) for reads adapter trimming and quality
filtering, BWA (0.7.17) for mapping reads to the

hgl9 reference genome, Picard toolkit (version
2.1.0) for sorting and making duplicates, and
Genome Analysis Tool Kit (version 3.7) for reads
realignment. VarDict (version 1.5.1) was intro-
duced for single-nucleotide variation (SNV) call-
ing, while compound heterozygous mutations
were merged with FreeBayes (version 1.2.0). The
generated candidate mutations were annotated
using ANNOVAR software tool and then filtered
by ExAC, gnomAD, COSMIC, and dbSNP
databases. Nonsynonymous mutations at the
exonic and splicing regions were kept for the final
mutation data set.

Estimation of ctDNA Content Fraction (CCF)

CCF of plasma samples were estimated by a max-
imum likelihood model based on SNVs and
CNVs in the paired blood cell and plasma sam-
ples. Somatic and germline SNPs met the follow-
ing criteria were used to build the model: (1) with
a minimum depth of 50X in the paired samples;
(2) not on genes with high polymorphism; (3) no
InDels in the 50 bp upstream or downstream
regions; (4) not in a copy number gain region;
and (5) germline SNPs with significantly different
variant allele frequencies (VAFs) in the paired
samples, or somatic SNPs with VAFs significantly
higher than background noise. These SNPs were
defined as informative SNPs and clustered into
multiple groups according to their VAFs, local
copy numbers and hypothetic genotypes. The
hypothetic genotypes in ctDNA were determined
by the VAFs in the paired samples and the copy
number in the plasma sample. Each cluster repre-
sents a unique ctDNA source. We then calculated
the likelihood of observing SNPs under given
CCFs in each cluster. By maximizing the likeli-
hood, CCF of each cluster could therefore be
estimated. Cluster with the highest CCF was con-
sidered to be from the main source of ctDNA,
and its CCF was output as the final estimation.

TMB analysis

For the determination of samples’ tumor muta-
tional burden (TMB) value, nonsynonymous
somatic mutations at the exonic and splicing
regions with variant frequency no less than 0.7%
were quantified. Alterations likely or known to be
bona fide oncogenic drivers were excluded. To
calculate the TMB per megabase, the total num-
ber of mutations counted was divided by the size
of the coding region of the targeted panel.
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Figure 1. Study schematic. Pre-treatment blood from mCRC patients receiving oxaliplatin/ irinotecan-based first-line therapy

was collected and fractionated for ctDNA analysis. Early on-treatment blood was collected after four cycles of treatment within 2
months for ctDNA monitoring. Mutational parameters were tested for their association with clinical outcomes. Treatment response
in advanced CRC patients receiving first-line therapy achieving objective response, partial response (PR), stable disease (SDJ, or
progressive disease (PD) at the first scan by RECIST v1.1 criteria.

Copy number instability

After correction for GC content and length of tar-
get region using proprietary algorithms for each
region, the read counts were transformed into
log2 ratios and converted into Z-score based on
Gaussian transformations versus a normal control
group (n=30). The target regions that satisfied
the Z-score greater than the 95th percentile plus
twice-times absolute standard deviation of the
normal control group were retained, and these
Z-score was summed as the CNI score.

Somatic copy number variant

[CNV) and CNV burden

After correcting GC content, target region length,
read count, the copy number, and gene specificity
score (GCS) were calculated using 30 normal
blood samples as control. GCS represents the
degree of gene level difference between the case
samples and control. Joint statistical significance
test on GCS and absolute value of copy number
together to determine CNV. CNV gain and CNV
loss were defined as the CNV >2.5 and CNV
<1.5, respectively.

Burden of CNV analysis includes measurements
on burden of CNV, copy number gain (CNgain),
and copy number loss (CNloss). Burden of
CNgain/CNloss was defined as the total number
of genes with CNgain/loss in one sample. The
burden of CNV was calculated as the total num-
ber of genes with copy number gains or losses.

Definition of MMB

Mean variant allele frequencies (VAFs) for each gene
was calculated and named as the molecular muta-
tional burden (MMB). A total MMB of a gene set
was calculated as the sum of the MMB of each gene.

Survival analysis

Univariate Cox regression analyses were carried out
using survival and survminer packages in R. The
hazard ratio (HR) and 95% confidence interval
(CI) were calculated to identify features associated
with progression-free survival and overall survival.

Statistical analysis

Wilcoxon rank sum test and Fisher’s exact test
were applied for comparison of continuous varia-
bles and categorical variables between PD and
non-PD groups, respectively. All diagrams and
statistical analyses were done with R packages;
p<0.05 was considered statistically significant.

Results

Patient collection, baseline

characteristics, and efficacy

Between January 2019 and December 2020, 41
patients with unresectable mCRC were enrolled.
Their plasma samples were prospectively collected
at baseline and after four cycles of first-line therapy
(Figure 1). The clinical information of included

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

M Shi, H Yuan et al.

patients at baseline are listed in Table 1. Briefly, 26
(63.41%) patients were male and 18 (43.90%)
patients were 65 years or older. The vast majority
of patients (35, 85.37%) received oxaliplatin-based
first-line treatment.

Of the 41 patients, 22 (53.66%) had confirmed
partial response (PR), 11 (26.83%) had con-
firmed stable disease (SD), and 8 (19.51%) had
progressive disease (PD) after four cycles of first-
line therapy (Figure 2). By the time of data cutoff
(March 31, 2021), 30 of 41 patients (73.17%)
were still alive and their treatments were still
ongoing (Figure 2).

Mutational profile in ctDNA from patients

with metastatic colorectal cancer

We sequenced genes from a cohort of 41 patients
with mCRC based on a panel comprising 1086
genes. The single nucleotide variant (SNV), copy
number variant (CNV), mutations, and struc-
tural variations of DNA isolated from 41 blood
samples were analyzed. The landscape of the
detected high-frequency (>5%) molecular altera-
tions in the plasma at baseline was shown in
Figure 3. The most frequently altered genes were
KRAS, APC, TP53, SMAD4, SRC, GNASH,
AURKA, ASXL1, TOP1, BCL2 L1, NBN,
RAD21, DAXX, DIS3, KMT2D, and MSH2
(Figure 3).

Impact of initial variables, including

mutational profile and tumor burden,

on response and outcome

We compared the changes in mutational param-
eters, including CCF, TMB, mean VAF, maxi-
mum VAF, CNI, CNV burden, CNgain burden,
and CNloss burden, between non-PD and PD
group at baseline (Figure 4). The CCF was low
level in non-PD group and high level in PD group
(p = 0.35; Figure 4(a)). Differences were observed
in the TMB levels between the two groups at
baseline (p=0.54; Figure 4(b)). Furthermore,
pretreatment mean VAF levels were comparable
between non-PD group and PD group (p=10.19;
Figure 4(c)). Use of maximum VAF (instead of
mean) yielded similar associations (p=0.19;
Figure 4(d)). The pretreatment CNI levels were
prone to be detected in PD group compared with
non-PD group (p=0.39; Figure 4(e)). These
results suggested that changes in levels of muta-
tional parameters at baseline might distinguish
mCRC patients with different responses to

Table 1. Summary of patient characteristics (N =41).

Patient characteristic Total %
Age, years <65 23 56.10
=65 18 43.90
Gender Male 26 63.41
Female 15 36.59
Primary tumor site Right 12 29.27
Left 14 34.15
Rectum 14 34.15
Transverse colon 1 2.44
Extent of metastatic disease non-LLD 27 65.85
LLD 14 34.15
First-line regimen XELOX 3 7.32
FOLFOX 19 46.34
FOLFOX-Bev 8 19.51
FOLFOX-Cet 5 12.20
FOLFIRI 2 4.88
FOLFIRI-Bev 3 7.32
FOLFIRI-Cet 1 2.44
Response rate PR 22 53.66
SD 1" 26.83
PD 8 19.51

first-line therapy (PD versus non-PD). However,
there was no statistically significant difference
between the two groups.

Influence of CNV burden on the response to
first-line chemotherapy with/without targeted
therapy in mCRC patients

To further explore the association between tumor
somatic copy number changes and clinical
response, we analyzed the predictive value of the
CNYV burden, including CNgain and CNloss bur-
den, in mCRC patients who received first-line ther-
apy (n=41). We found that the level of CNV
burden was prone to be detected in PD group com-
pared with non-PD group (p=0.35; Figure 4(f)).
Accordingly, the burden of CNgain (p=0.38;
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Figure 2. Clinical course for patients received first-line chemotherapy with or without targeted therapy.
Swimming plot depicts duration of treatment, and RECIST v1.1 status at the first scan (green circle = partial
response, purple triangles = stable disease, red squares = progressive disease). Time of censoring is shown
(yellow triangles = treatment ongoing). Patient 13, 17, 21, 16, 20, 32, 6, 10, 12, 23, and 24 died at the time of the
data cutoff. Survival time is depicted as horizontal lines (blue = PFS1, blue plus orange = 0S].
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Figure 3. The oncoprint diagrams of mutational profile at baseline of the 41 patients with mCRC. Upper
panel: The frequency of listed driver genes. Middle panel: The matrix of mutations in a selection of frequently
mutated genes. Each column represents one tumor sample, and each row represents one gene. Right

panel: The total number of patients harboring mutations in each gene. Bottom annotation shows patient ID.
Response to first-line treatment is also shown. PR, partial response; SD, stable disease; PD, progressive
disease.
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Figure 4. Relationship between pretreatment mutational parameters and therapeutic response in 41 patients.
(a) Box plot depicting the relationship between pretreatment CCF levels and clinical response. Each dot
corresponds to one sample. (b) Correlation between TMB levels and therapeutic response. (c) Pretreatment
VAF stratified by objective response (PR and SD versus PD) was not significantly associated with response in
all patients. The horizontal bar represents the mean, the box represents the 25th and 75th percentiles, and
whiskers + 1.5 X interquartile range (IQR). (d] Pretreatment maximum VAF was not significantly associated

with ORR in RECIST responders and nonresponders (p =

0.19). (e) There was no statistically significant

difference between CNI levels and clinical benefit. (f], (g), and (h) The correlation between burden of tumor
copy number changes (CNV, CNgain, and CNloss) and clinical benefit in all patients.

Figure 4(g)) or CNloss (p=0.075; Figure 4(h))
was also comparable between PD group and non-
PD group. Nevertheless, the changes in CNV,
CNgain, and CNloss burden between PD and
non-PD patients did not attain statistical
significance.

Correlation between molecular mutational

burden levels and first-line treatment response
To investigate the association between molecular
alterations of ctDNA and response to first-line
therapy, we calculated baseline molecular muta-
tional burden (MMB) in 41 patients (Figure 5).
We found that alterations of six genes (named six-
gene MMB) including TRIM24, SPEN, RNF43,
PRKARI1A, KRAS, and KDMS5 C were frequently
mutated in 41 plasma samples at baseline (Figure

6(a)). In Figure 6(b), to screen significant genes
related to therapeutic response, Wilcoxon rank
sum test was used to compare the distribution of
MMB between pairwise comparisons (PR wversus
SD, PD wversus SD, PD wversus PR, PD wersus non-
PD) and Kruskal-Wallis test for a comparison
among three groups (PD versus PR versus SD).
The difference of different group was also calcu-
lated, that is the mean MMB of the former minus
the latter for pairwise comparisons and the maxi-
mum of mean MMB minus the minimum for a
comparison among three groups. The deeper
color from gray to red and the greater circle size
represented significant difference. KRAS was the
predominant one among the six hypermutated
genes (Figure 6(b)). Compared with non-PD
group, the gene count of significantly difference
MMB was the most in PD group (Figure 6(b)).
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lar mutational burden at baseline of the 41 patients

with mCRC. The matrix of mutations represents mutated genes assessed
in liquid biopsy of mCRC patients; bottom annotation shows patient ID.

Response to first-line
PD, progressive disease;

treatment is also depicted.
PR, partial response; SD, stable disease.

By summing up the total MMB of the six genes,
we found that MMB was significantly lower in
non-PD patients than PD patients (p=0.0012;
Figure 6(c)). To evaluate the prognostic value of
MMB, we divided the patients into two groups
(MMB-high versus MMB-low) based on the
median value of MMB at baseline. By comparing
the levels of MMB in the two subgroups, we
found that PD group was all MMB-high, while
non-PD cases were mainly in MMB-low sub-
group (Figure 6(d)). Moreover, the median PFS
in patients with low or high MMB was 17.0
months and 6.0 months, respectively (HR = 0.26,
95% CI=0.11-0.61, p=0.0008; Figure 6(e)).
Patients with low MMB had markedly longer OS
than those with high MMB (median OS: 18.0
months in MMB-high group, HR=0.14, 95%
CI=0.036-0.57, p=0.0018; Figure 6(f)).

Relationship between levels of KRAS

MMB and therapeutic response

KRAS MMB was defined as the sum of altera-
tions in KRAS including SNV and InDels. We
found that alteration of KRAS G12 was the most
frequently mutated point in the 41 blood samples
at baseline (Figure 7(a)). Compared with non-
PD group, patients with PD group had signifi-
cantly higher values of KRAS MMB (p =0.0015;

Figure 7(b)). By comparing the levels of KRAS
MMB in the two subgroups, we found that PD
group was all MMB-high, while non-PD cases
were mainly in MMB-low subgroup (Figure
7(c)). Moreover, patients with high levels of
KRAS MMB had predominantly shorter PFS
than those with low-KRAS MMB (p =0.0008;
Supplementary Figure S1A). Patients with high-
KRAS MMB had markedly shorter OS than
those with low-KRAS MMB (p=0.0018;
Supplementary Figure S1B).

To further investigate the predictive value of
KRAS MMB, we divided 41 patients into two
groups (KRAS MUT wversus KRAS WT) and
explored the relationship between KRAS MUT/
WT and survival. The median PFS in patients
with KRAS MUT or WT was 6.5 months and
17.0 months, respectively (HR=3.8, 95%
CI=1.6-9.1, p=0.0010; Supplementary Figure
S2A). Patients with KRAS MUT had markedly
shorter OS than those with KRAS WT (median
0OS: 18.0 months in KRAS MUT group, HR = 4.6,
95% CI=1.2-17, p=0.0160; Supplementary
Figure S2B).

To interpret the prognostic implications of MMB
(KRAS, six-gene), we supplement multivariable
Cox regression analyses including other prognos-
tic markers in mCRC. Multivariable Cox analysis
showed the prognostic implications of six-gene
MMB at baseline (Supplementary Figure S3), the
prognostic values of KRAS mutation status at
baseline (Supplementary Figures S4 and S5).
Overall, these data support the potential prognos-
tic value of MMB (KRAS, six-gene) in mCRC
patients.

Association between levels of KRAS

MMB and clinical benefit after four cycles

of first-line treatment

Then we explored the correlation between KRAS
MMB levels and therapeutic efficacy after four
cycles of treatment. The mutation sites of KRAS
gene in the 41 blood samples after four cycles of
treatment were illustrated in Figure 8(a). KRAS
MMB was lower in non-PD patients than PD
patients (p =0.01; Figure 8(b)). PD cases were
mainly in KRAS MMB-high subgroup, while
non-PD patients were mainly in KRAS MMB-
low subgroup (Figure 8(c)). The median PFS
was 16.0 months in patients with low-KRAS
MMB, which was longer than 5.5 months in
patients with high-KRAS MMB (p=0.0091;
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Figure 6. Low molecular mutational burden was associated with superior response rate and longer survival time. (a) Alterations of
six genes, including TRIM24, SPEN, RNF43, PRKARTA, KRAS, and KDM5 C, were frequently observed in 41 plasma samples at baseline.
(b) The significantly different genes in each group. All the significant gene entries have been illustrated in red, whereas other entries
are in different degrees of red colors. (c) Molecular mutational burden of six genes was lower in non-PD group compared with PD
group. (d) The distribution of patients with PD/non-PD in MMB-high and MMB-low subgroups. (e] PFS was longer in patients with
low molecular mutational burden than patients with high molecular mutational burden. (f] 0S was longer in low-MMB group than

high-MMB group.

Figure 8(d)). The median OS was not reached in
patients with low-KRAS MMB, which was longer
than 18.0 months in patients with high-KRAS
MMB (p=0.0337; Figure 8(e)).

Discussion

This study describes the predictive value of
ctDNA in mCRC patients, detected by NGS
before and after four cycles of first-line treatment.
Our results indicated that six-gene MMB of fre-
quently altered genes was markedly associated
with therapeutic efficacy. There was a signifi-
cantly difference in values of KRAS MMB
between patients with partial response (PR)/sta-
ble disease (SD) wersus progressive disease (PD)
from pretreatment, and after four cycles of treat-
ment blood samples, respectively. Furthermore,
patients with low-KRAS MMB had significantly
longer progression-free survival (PFS) and overall
survival (OS) than those with high-KRAS MMB.

Colorectal cancer is a genomically heterogeneous
disease, including both intra-tumor and inter-
tumor heterogeneity. Due to the biological com-
plexity and emergence of primary/acquired
resistance, biopsy from a single site can hardly
fully represent the clonal dynamics of metastatic
disease. Therefore, ctDNA is a useful tool to
detect genomic alterations and monitor clonal
evolution in primary and metastatic sites. To the
best of our knowledge, this study is the first to
demonstrate that KRAS MMB is an efficient
approach to predict first-line therapeutic response
in mCRC patients. By comparing the baseline
levels of KRAS MMB in the two subgroups, we
observed that PD cases were mostly MMB-high,
whereas non-PD cases were mainly in MMB-low
subgroup. Furthermore, patients with low-KRAS
MMB had superior treatment efficacy and signifi-
cantly longer PFS/OS than patients with high-
KRAS MMB, indicating that levels of KRAS
MMB might predict the therapeutic response.
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Cell-free DNA is derived from dying cells, detect-
able in plasma and is typically found as double-
stranded fragments (average length of 150-200
base pairs). In patients without tumor tissue
obtainable, ctDNA-based profiling might provide
a reliable and noninvasive solution to meet the
need for baseline molecular diagnosis. The clini-
cal application of ctDNA, such as early detection
of disease, prediction of treatment response,
monitoring disease relapse, and identification of
resistance mechanisms, has been extensively
explored nowadays. In previous studies, ctDNA
was used as a tool for predicting the therapeutic
response in mCRC patients. However, ctDNA-
based analysis is not currently ready to comple-
ment, or even ultimately replace radiological
assessments in guiding systemic therapy.
Consistently, our results also found that baseline
mutational parameters, such as CCF, TMB,
mean VAF, maximum VAF, cannot distinguish
patients with PR/SD from those with PD.

In addition, KRAS MMB was used to explore the
correlation between mutational landscape of
ctDNA and therapeutic efficacy. Molecular
mutational burden was different from tumor
mutational burden. TMB measured the number
of somatic mutations per megabase of interro-
gated genomic sequence in the tumor specimen.!8
CheckMate 227 trial was the first study that eval-
uated TMB as a biomarker in non-small-cell lung
cancer (NSCLC) patients who received

immunotherapy. CheckMate 227 showed that
TMB was correlated with clinical response to
combination therapy with nivolumab plus ipili-
mumab as a first-line regimen for advanced
NSCLC.! In contrast, MMB was defined as the
sum of mean mutation frequency value for each
somatic mutation.?? Therefore, the continuous
and real-time changes of MMB could be used to
monitoring treatment response dynamically. In
our study, alterations of six genes were frequently
mutated and identified at baseline. There was a
robust correlation between six-gene MMB in
ctDNA and therapeutic efficacy. Furthermore,
PFS/OS was longer in MMB-low group than
MMB-high group, indicating that six-gene MMB
might be valuable to predict therapeutic efficacy
and PFS/OS of first-line treatment in patients
with metastatic CRC.

Previous studies have reported that KRAS muta-
tion is a prognostic biomarker in colorectal can-
cer. Mutations in KRAS, NRAS, and BRAF are
associated with poor prognosis and resistance to
regimens usually used for colorectal cancer.
Patients with RAS mutation detected in plasma
or in tumor tissue had significantly worse out-
comes compared with wild-type counterparts. In
consistent with the published literatures, we also
found that patients with KRAS mutation had sig-
nificantly shorter PFS/OS than those with KRAS
wild type. Our study also explored the potential
clinical meaningfulness of liquid biopsy to
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Figure 8. Association between KRAS MMB and therapeutic response after four cycles of first-line treatment. (a) Summary of
mutation sites of KRAS identified by individual patient after four cycles of first-line treatment. (b) KRAS MMB was lower in non-PD
patients than PD patients. (c] The distribution of patients with PD/non-PD in MMB-high and MMB-low subgroups. (d] PFS was longer
in patients with low-KRAS MMB than patients with high-KRAS MMB. (e) 0S was longer in patients with low-KRAS MMB than patients

with high-KRAS MMB.

evaluate KRAS MMB in mCRC, considering the
heterogeneity of KRAS mutation status in tumor
tissue and the accessibility of tumor specimen. In
our study, patients with low-KRAS MMB had
superior response rate and markedly longer PFS
and longer OS than patients with high-KRAS
MMB. KRAS MMB in our study was compara-
ble with KRAS mutation status. In addition, the
use of NGS-based ctDNA profiling allowed us to
concomitantly test both KRAS MMB and muta-
tion status, as well as other genomic alterations
with potential clinical implications.

There are several limitations in present research.
First, owing to the accessibility of sequencing data
and collection of clinical information, only 41
cases were enrolled in our study, which is rela-
tively small and may lead to the potential selection

bias. A large population-based prospective study
is warranted in the future to validate the predictive
efficacy of MMB. Second, we did not observe the
significant differences between two groups (PD
versus non-PD) when we compared the baseline
mutational features, including CCF, TMB, mean
VAF, maximum VAF, CNI, CNV burden,
CNgain burden, and CNloss burden. Third, we
only identified the baseline SNV/CNV profiles
from ctDNA in plasma, whether it could well rep-
resent the SNV/CNYV features in tumor specimen
of mCRC remains future study. Last but not the
least, exploring biomarkers to predict chemother-
apy benefit seems less clinical meaning in the era
of immunotherapy. As we all know, oxaliplatin-/
irinotecan-based chemotherapy with/without tar-
geted therapy still play an important role in the
first-line treatment for advanced CRC patients. A
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substantial number of patients still need chemo-
therapy and might benefit from our explorative
analysis.

In conclusion, our study revealed that the genomic
profiling of ctDNA is related to clinical efficacy to
first-line therapy in patients with metastatic CRC.
Molecular mutational burden plays an important
role in predicting treatment response, and KRAS
MMB can monitor clinical efficacy and deserve
further study. Last but not the least, our study
shed light on the utility of ctDNA in predicting
and monitoring the response of first-line treat-
ment in patients with mCRC.
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