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Abstract

Background: The detection of circulating tumor DNA (ctDNA) in colorectal
cancer (CRC) by liquid biopsy may have prognostic information. In this perioper-
ative study, we evaluate if there is a relationship between mutant allele frequency
(MAF) of Kirsten rat sarcoma viral oncogene homolog (KRAS) and tumor recur-
rence and how that could be useful in the early detection of recurrence.
Methods: Among 304 cases of colorectal cancer surgery, ctDNA was sampled
from the perioperative blood of 84 patients with CRC with KRAS mutation (exon
4 p.A146T, exon 4 p.A146V, exon 2 p.G12A, exon 2 p.G12C, exon 2 p.G12D, exon
2 p.G12S, exon 2 p.G12V, exon 2 p.G13D, exon 3 p.Q61H) and analyzed using the
digital polymerase chain reaction system. The median observation period was
26 months.

Results: Although the relationship between the perioperative MAF of KRAS and
recurrence was not proved, tumor diameter, tumor depth, and stage were cor-
related with the preoperative MAF of KRAS (p = 0.034, p = 0.002, p = 0.008).
However, tumor diameter, tumor depth, and stage did not correlate with MAF of
KRAS at postoperative day 30.

Conclusions: In this study, pathological tumor size, tumor depth, and stage were
correlated with preoperative MAF of KRAS, but it was unreliable to predict recur-
rence by detection of ctDNA with KRAS mutation in the perioperative period of

colorectal surgery.
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1 | INTRODUCTION

Colorectal cancer (CRC) is one of the most common can-
cers. More than 1.8 million new CRC patients and 900,000
deaths expected worldwide in 2020." The general treat-
ment for nonmetastatic CRC is curative resection and
adjuvant chemotherapy according to the stage of cancer.
Despite advances in diagnostic imaging, surgery, and
chemotherapy, the 5-year mortality rate remains high at
nearly 40%.” Early detection of patients at a higher risk of
metastasis after tumor resection is essential in improving
clinical outcomes.

Kirsten rat sarcoma viral oncogene homolog (KRAS)
mutations have been detected in 40-50% of CRC patients,
and the mutational status testing has been highlighted
recently.>* KRAS is involved in intracellular signaling,
mainly in the activation of epidermal growth factor recep-
tor (EGFR) signaling. KRAS mutations cause continuous
activation of the EGFR intracellular pathway and promote
tumor growth and survival, regardless of pharmacological
blockade of the EGFR receptor.**

Conversely, recently, circulating tumor DNA (ctDNA)
is considered of high importance as one of the promising
biomarkers.® ctDNA is a widely applicable, specific, and
sensitive biomarker that can be used for a variety of re-
search and clinical purposes in patients with several types
of cancer.” Analyses of biopsy or resected specimens are
routinely performed to identify molecular abnormalities
that are useful for diagnosis. However, tissue-based ge-
netic testing does not always fit the current state of can-
cer due to cancer-specific characteristics such as clonal
evolution over time and heterogeneity within tumors.®
Detection and analysis of ctDNA from liquid biopsies,
such as blood, saliva, and urine can overcome the above
limitations and provide a real-time and exhaustive char-
acterization of the cancer genome.’? Additionally, lig-
uid biopsy is easily repeated and much less invasive than
tissue-based sampling procedures.’> However, while
blood-based liquid biopsy has shown great potential for
a variety of purposes in several tumor types, it has only
been validated in clinical practice for a few selected ap-
plications."* To date, liquid biopsy is not considered an
alternative to tissue biopsy, which continues to be the
standard and indisputable method for diagnosis and bio-
marker detection of all cancers.

Sequencing technique such as digital polymerase
chain reaction (dPCR) is essential for genetic mutation
analysis. It offers sensitive sequencing techniques for
liquid samples because of its capability to sensitively de-
tect and quantify mutations in small amounts of target
DNA."® The detection of circulating tumor cells (CTCs)
and ctDNA in serum has been proposed to predict the
prognosis of CRC patients as follows. Detection of CTCs
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postoperatively predict decreased disease-free survival,'®
while doing that preoperatively predict early recurrence
and decreased disease-free survival,'” and preoperative
detection of KRAS-mutated ctDNA is an independent
risk factor for recurrence in CRC." The presence of KRAS
mutations in ctDNA may reduce survival and affect the
efficacy of treatment, especially with cetuximab and pa-
nitumumab, but their role in prognosis is still controver-
sial.' A systematic review of 1779 patients concluded
that in patients with KRAS-positive colorectal cancer,
plasma KRAS-positive status can be a negative prognos-
tic factor in terms of overall survival, progression free
survival, and disease-free survival.?’ Thirteen of the 17
studies involved patients with stage IV disease, making
it a likely biomarker for colorectal cancer patients with
metastases. However, the relationship between pre- and
postoperative changes in ctDNA with KRAS mutations
and prognosis in patients with curatively resected CRC
has not been reported.

This research aims to study the temporal changes of
KRAS mutation by a liquid biopsy to test the usefulness of
measurement of KRAS mutation in ctDNA in the periop-
erative period for predicting recurrence.

2 | MATERIALS AND METHODS

2.1 | Study design and patients

This is a prospective study with a median observation pe-
riod of 26 months. The patients of interest were those who
underwent colorectal surgery but have no distant metasta-
sis. They were registered in Fukuoka University Hospital
(Fukuoka, Japan) between April 2018 and April 2020. A
total of 304 with CRC were sent for primary tumor resec-
tion and genetic testing. MEBGEN RASKET-B kit (MBL,
Nagoya, Japan) applies the polymerase chain reaction-
reverse sequence-specific  oligonucleotide method.
However, we used it for tissue KRAS, neuroblastoma
RAS viral oncogene homolog (NRAS), and B-Raf proto-
oncogene (BRAF) tests. Additionally, we excluded cases
with KRAS wild-type, NRAS mutants, BRAF mutants, and
a minor KRAS mutations such as KRAS- exon 3 p.A59T,
- exon 2 p.G12R, and - exon 2 p.G13R. The Institutional
Review Board of Fukuoka University Faculty of Medicine
approved this research (U19.09.001, 2017-M-35). Written
informed consent was obtained from all patients.

2.2 | Blood collection procedures

Peripheral blood samples were collected preopera-
tively and postoperatively on days 1 and 30. We used
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BD Vacutainer® PPT plasma preparation tube (Becton,
Dickinson and Company) to sample 10 ml blood from each
patient. The blood was centrifuged at 1100 g for 10 min
at 4°C within 2 h after collection. Then, the plasma was
transferred to microtubes and stored at —80°C until use.

2.3 | ctDNA extraction from
plasma samples

The plasma samples stored at —80°C were recentrifuged
at 16 000 g for 10 min at 4°C to remove debris. ctDNA
was extracted from 1.0 ml plasma using the Maxwell®
RSC cfDNA plasma kit (Promega Corporation) and
Maxwell® RSC Instrument (Promega Corporation) in ac-
cordance with the manufacturer's protocol, as described
previously.*!

2.4 | Mutation detection by dPCR

The quantity of ctDNA was calculated using the
QuantStudio™ 3D Digital PCR System (Applied
Biosystems) as previously reported.”’ Each polymer-
ase chain reaction (PCR) mixture was prepared with
9.0 pl QuantStudio 3D Digital PCR Master Mix, 0.45 pl
TagMan™ assays, and 8.1 pl ctDNA. We loaded 15.0 pl
of the 17.1 pl reaction mixture onto a QuantStudio™ 3D
Digital PCR 20 K CHIP using the automatic chip loader.
The DNA amplification reaction using the ProFlexTM
PCR System (Applied Biosystems) is described in Ref. 21.
For dPCR, predesigned dual-probe TagMan assays for
KRAS were purchased from ThermoScientific. We cov-
ered nine mutations, exon 4 p.A146T, exon 4 p.A146V,
exon 2 p.G12A, exon 2 p.G12C, exon 2 p.G12D, exon
2 p.G12S, exon 2 p.G12V, exon 2 p.G13D, and exon 3
p-Q61H. Results were analyzed using QuantStudio 3D
Analysis Suite™ Cloud software. Automatic call as-
signment for each data cluster was manually adjusted
if necessary. Two independent researchers blinded to
clinical information performed the dPCR data analysis.
The results of the assay were reported as mutant allele
frequency (MAF), which is defined as the ratio of mu-
tant DNA molecules to the sum of wild-type and mutant
DNA molecules. A sample was considered positive when
the MAF value was greater than 0.15%.°"** Plasmid
DNA harboring the KRAS mutation (GeneArt, Thermo
Fisher Scientific) was used to confirm the sensitivity of
dPCR for the KRAS mutation. We generated plasmid
dilutions down to 0.1% KRAS exon 2 p.G12D mutation
on a wild-type plasmid DNA background and used the
QuantStudio™ 3D dPCR was in high concordance com-
pared with the allele concentration built by plasmid

constructs (R* = 0.99, p = 0.003). KRAS exon 2 p.G12D
mutation in all dilutions down to 0.1% was detected as
equivalent values using dPCR.

2.5 | Statistical analysis

We used IBM SPSS Statistics (IBM Japan, Inc.) to do sta-
tistical procedures. However, variables were presented
using statistical measures such as numbers or median
(interquartile range [IQR]). Additionally, Mann-Whitney
U test was used to compare between quantitative variables.
p-values of <0.05 were considered statistically significant.

3 | RESULTS

3.1 | Patient characteristics

A total of 304 patients underwent surgery for CRC and
genetic testing of resected specimens at our hospital
between April 2018 and April 2020 and 163 patients
without KRAS mutations were excluded (139 wild-type,
12 NRAS mutations, and 12 BRAF mutations). Finally,
only 141 patients with KRAS mutations were considered.
Moreover, 57 patients with distant metastasis or minor
KRAS mutations or double KRAS mutations or no lig-
uid biopsy samples were excluded. Eighty-four patients
who had KRAS mutations were included in the analysis
(Figure S1).

The characteristics of these 84 patients are shown
in Table 1. The median age was 70 years (range, 28-
90). The Eastern Cooperative Oncology Group perfor-
mance score (ECOG PS) was 0 in 57 patients, 1 in 20
patients, and >2 in seven patients. The median diameter
of the pathological primary cancer was 40 mm (range,
6-105 mm). Pathological tumor depth was less than
T2 in 27 patients and T3 or greater in 57 patients. The
stage was 0.1 in 23 patients, stage II in 34 patients, and
stage III in 27 patients. Recurrence was observed in 14
cases (Table S1).

3.2 | Relationship between the
detection of KRAS mutations in the
perioperative period and recurrence

The correlation between detection of perioperative KRAS
mutations and recurrence was simplified using a MAF cut-
off value equal 0.15 (Table S2). There was no correlation
between the detection of KRAS mutations in ctDNA pre-
operatively, on postoperative day 1 (POD1), and on post-
operative day 30 (POD30), and the presence of recurrence.
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TABLE 1 Demographics and characteristics of patients with
KRAS mutation

N=84

Sex Male/Female 49/35
Age (years) 70 (28-90)
BMI (kg/m?) <20/20<, <24/24< 33/30/21
ECOG PS 0/1/2< 57/20/7
Tumor location  Right-sided/Left-sided 21/63
CEA (ng/ml) 3.85(0.8-82.6)
CA19-9 (U/ml)  7(1.6-110)
KRAS mutation

A146T/A146V 5/3

G12A /G12C /G12D /G12S/  5/1/32/7/16

G12vV

G13D 12

Q61H 3
Tumor size 40 (6-105)

(mm)

<70/70< 68/18
Histological grade

Well/Moderately/Poorly/ 67/10/1/6

Mucinous

p-Tumor depth

Tis 2

T1 9

T2 16

T3 38

T4 (T4a/T4b) 19 (17/2)
p-Lymph node metastasis

NO 57

N1 (N1a/N1b/Nic) 21 (8/13/0)

N2 (N2a/N2b) 6 (5/1)
p-Stage

0 2

1 21

11 (11a/11b/1lc) 34 (24/9/1)

111 (111a/11b/11lc) 27 (4/18/5)
Recurrence 14

Lymph node/Liver/Lung/ 2/4/6/3/2

Peritoneum/Local

Abbreviations: BMI, body mass index; ECOG PS, The Eastern Cooperative
Oncology Group performance score.

3.3 | Relationship between clinical
factors and MAF of KRAS mutants in the
perioperative period

We examined the correlation between MAF values and
recurrence without setting a cutoff value. Even without
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a cutoff value for the MAF value, the MAF values at
preoperative, POD1, and POD30 did not correlate with
recurrence (Figure 1). Next, we investigated the re-
lationship between tumor diameter, tumor depth (T
factor), stage, and tumor markers (CEA, CA19-9) and
preoperative MAF values (Figure 2). There were signifi-
cant differences in preoperative MAF values for tumor
diameter, tumor depth, and stage. Therefore, we exam-
ined whether there was a significant difference in MAF
values among preoperative, POD1, and POD30 in those
three items. For the tumor diameter, there is a signifi-
cant difference in preoperative, but no significant differ-
ence in POD1 and POD30 (Figure 3A). For tumor depth
(Figure 3B) and stage (Figure 3C), there is a significant
difference between the preoperative and POD1, but not
for POD30.

3.4 | Relationship between perioperative
MAF and recurrence

The Kaplan-Meier survival curve for recurrence is
shown in Figure 4, dividing MAF into positive and nega-
tive at the cutoff value. There was no significant dif-
ference in MAF and recurrence in either preoperative,
POD1, POD30. The MAF (+) and MAF (—) curves are the
closest at POD30.

4 | DISCUSSION

Recent technological advances in ctDNA assays that can
detect minimal residual disease after curative surgery
have the potential to fundamentally change the assess-
ment of recurrence risk and adjuvant chemotherapy.*2°
However, it is unclear which genetic mutations are the
most efficient to target. Previous studies reported that
some cancer cells start to appear in the blood coming from
the primary tumor at an early stage of cancer, but a very
inefficient process must be followed for metastasis to be
established.?’! Since the presence of cancer cells in blood
is not synonymous with recurrence, the use of specific ge-
netic mutations associated with recurrence will enable
effective prediction of recurrence. In the present study,
our results showed that KRAS mutants in ctDNA did not
predict cancer relapse. Therefore, we speculate that can-
cer recurrence cannot be predicted by KRAS mutations in
ctDNA alone. There are several reports on the relation-
ship between KRAS mutations in ctDNA and recurrence
after radical resection of colorectal cancer (Table 2).183273%
However, the background of those reports is different. The
stage of CRC, the number of KRAS mutant gene targets,
the method of ctDNA detection, the cutoff value, and the
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FIGURE 1 Relationship between the perioperative mutant allele frequency (MAF) of KRAS and recurrence. There was no significant
difference in MAF at preoperative, postoperative day (POD) 1, and POD 30 between recurrent and non-recurrent patients (Mann-Whitney
U test; p = 0.252, p = 0.500, and p = 0.685, respectively). MAF, mutant allele frequency; POD, postoperative day
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FIGURE 2 Relationship between preoperative KRAS mutant allele frequency and tumor size, tumor depth, stage, and tumor markers.
(A) Tumor size, (B) tumor depth (T factor), (C) stage, (D) CEA, and (E) CA19-9. Pairwise comparisons showed that the larger the tumor
size, T factor, stage, the higher the MAF (Mann-Whitney U test; p = 0.034, p = 0.002, p = 0.008, respectively). There were no significant
differences in CEA level, or CA19-9 level. (Mann-Whitney U test; p = 0.510, and p = 0.812, respectively). MAF, mutant allele frequency

timing of blood collection vary from study to study. So we
will specifically compare it to the latest research.
Nakamura et al. reported that KRAS-mutated ctDNA in
blood before surgery is related significantly to recurrence
after radical resection in patients with CRC.'® Our results
differ not only from their research results, but also from
several other methods. The first is the number of targeted
KRAS gene mutations. While the previous study covered

seven mutations, exon 2 p.G12A, exon 2 p.G12C, exon 2
p-G12D, exon 2 p.G12R, exon 2 p.G12S, exon 2 p.G12V,
and exon 2 p.G13D, we covered nine mutations, exon 4
p-A146T, exon 4 p.A146V, exon 2 p.G12A, exon 2 p.G12C,
exon 2 p.G12D, exon 2 p.G12S, exon 2 p.G12V, exon 2
p-G13D, and exon 3 p.Q61H. Next is the difference in cut-
off values of MAF. We set the cutoff value for MAF at 0.15,
while in that study it was 0.02. Therefore, we changed the
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FIGURE 3 Perioperative KRAS mutant allele frequency. (A) Relationship between perioperative KRAS mutant allele frequency and
tumor size. There was a significant difference in tumor diameter and mutant allele frequency only before surgery. (B) Relationship between
perioperative KRAS mutant allele frequency and tumor depth (T factor). Significant differences in tumor depth and mutant allele frequency
were found in preoperative and POD1. (C) Relationship between perioperative KRAS mutant allele frequency and stage. Significant
differences in stage and mutant allele frequency were found in preoperative and postoperative day 1. MAF, mutant allele frequency; POD,

postoperative day

cutoff value to 0.02; however, the results were the same
(data not shown). In addition, the cutoff value was set to
every 0.1 from 0.1 to 1.0, but the results were the same.
Finally, there is a difference in the KRAS status of the pri-
mary tumor. We have confirmed the KRAS mutations of
the primary tumor in all patients, but Nakamura's study
did not describe the KRAS status of the primary tumor.
Furthermore, there was no significant difference between

KRAS status in ctDNA and lymph node or distant metas-
tasis. Therefore, we believe that further studies are needed
to conclude whether the presence of KRAS mutant ctDNA
before surgery is significantly associated with recurrence
after radical resection in patients with CRC.

Using biomarkers to classify cancer patients as high or
low risk may help in applying the most appropriate care
and treatment within each group. In the case of continuous
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FIGURE 4 Kaplan-Meier survival curves for recurrence with positive and negative mutant allele frequency. There was no significant

difference in mutant allele frequency and recurrence in either preoperative, postoperative day (POD)1, POD30. MAF, mutant allele

frequency; POD, postoperative day

variable biomarkers, cutoff values need to be established
to define the groups. A widespread and simple method is
to select a cutoff value that minimizes the P-value when
outcomes are compared between two groups. However,
this method suffers from a high false-positive rate due to
multiple testing and a tendency to overestimate the signif-
icance of the cutoff value obtained.*® Table 2 shows that
the methods and cutoff values of these studies are dif-
ferent. To validate our cutoff values, we diluted plasmid
down to 0.1% mutation using a wild-type plasmid DNA
background and the QuantStudio™ 3D dPCR System to
quantify MAF and plasmid copy numbers.” MAF de-
termined by dPCR was in high concordance compared
with the allele concentration built by plasmid constructs
(R* = 0.99, p = 0.003). A calibration curve was used to
confirm that the cutoff value was appropriate for detecting
the genetic mutation. There was no significant difference
in Kaplan-Meier survival curves for recurrence classified
by MAF, either preoperatively, at POD1, or at POD30. As
mentioned above, the cutoff value was set to every 0.1
from 0.1 to 1.0, but the results were the same. In the fu-
ture, it will be necessary to accumulate a large amount of
data under the same conditions to set an appropriate cut-
off value.

The current study had some limitations. First, the
small sample size and usage of the data of one single in-
stitution, while multicenter approach is needed. Although
there was no significant difference in the results of this
study, it seems that liquid biopsy of POD1 may have the
potential to predict minimal residual disease. Currently,
there is no unified optimal method or cutoff value, and
this may be unavoidable. In addition, although MAF was
used in this study, it may be better to study using copy
numbers. Once those issues are resolved, multicenter
clinical trials are desirable. Second, since the observation
period in this study was 26 months, there is a possibility
that other patients may relapse in the future. Third, only
KRAS gene mutations were analyzed by dPCR. Cancer is

heterogeneous in space and time, and recurrent tumors
may not have KRAS mutations. In the future, researchers
should consider other possible combinations of genetic
mutations to examine their ability to predict recurrence.

In conclusion, measuring ctDNA for KRAS mutations
in the perioperative period is unreliable to predict recur-
rence early in the current design. As metastasis may rep-
resent a very inefficient process, this may lead to difficulty
in the early prediction of cancer recurrence.
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