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Abstract: KRAS mutation is a major regulator in the tumor progression of pancreatic cancer. Here,
we compared the frequency and mutation burden of KRAS mutation subtypes with paired tumor
tissue and blood in patients and examined their clinical significance. DNA from tumor tissues and
cell-free DNA (cfDNA) from preoperative blood were obtained from 70 patients with pancreatic
cancer. Subtypes and mutation burdens of KRAS G12D and G12V mutations were evaluated using
droplet digital PCR. Comparing the presence of mutations in tissue, accumulative and simultaneous
mutations of G12D or G12V were identified of 67 (95.7%), and 48 patients (68.6%). Conversely, in
blood, they were only identified in 18 (25.7%) and four (5.7%) patients; respectively. Next, comparing
the mutation burden in tissue, the mutation burden varied from less than 0.1 to more than five,
whereas that of cfDNA in blood was mostly between one and five, as cases with a mutation burden
lower than 0.1 and higher than five were rare. Finally, the presence of the G12V mutation alone in
cfDNA and the combination of the G12V mutation with elevated CA 19-9 levels were associated with
poor recurrence-free survival. These fundamental data on the KRAS mutation subtypes and their
clinical significance could support their potential as predictive markers for postoperative recurrence.

Keywords: pancreatic cancer; cell-free DNA; KRAS mutation; G12D; G12V; mutation burden;
recurrence-free survival; predictive marker

1. Introduction

Pancreatic cancer is a refractory carcinoma with poor prognosis. Its 5-year survival
rate is only 8–10%, and the incidence continues to increase; thus, pancreatic cancer is
predicted to be a carcinoma with very high mortality rate even after 2030 [1–3]. Recently,
preoperative chemotherapy has been reported to increase the recurrence-free survival
(RFS) and overall survival (OS) after surgery; however, the effectiveness of neoadjuvant
chemotherapy is limited and it remains difficult to establish an optimized therapeutic plan
compared to other carcinomas [4–6].

For a therapeutic approach to pancreatic cancer patients, it is necessary to understand
and study the genetic mutations that cause tumor development and induce progression.
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During the transformation of normal pancreatic cells into cancer cells, mutations such
as those in RAS, CDKN2A, TP53, and SMAD4 occur, among which the RAS mutation is
one of the earliest [7,8]. Among mutationally activated RAS genes (HRAS, KRAS, and
NRAS), KRAS is the predominant isoform and is exclusively mutated in pancreatic ductal
adenocarcinoma (PDAC) [8]. KRAS mutations in normal cells result in a protein that is
locked in a continuously active state, unable to hydrolyze GTP and thus promoting persis-
tent signaling to downstream effectors [9,10]. Mutant KRAS expression under acinar and
ductal promoters results in ductal lesions reminiscent of pancreatic intraepithelial neoplasia
(PanIN) and in mixed acinar and ductal carcinomas [11]. In particular, KRAS activation in
pancreatic cancer, also acting as a master regulator, has been reported to promote cancer
progression by influencing the properties of several tumor microenvironment components
and by recruiting fibroblasts, macrophages, neutrophils, and lymphocytes, among other
cells [12]. Thus, KRAS mutation is the main hurdle in pancreatic cancer treatment and is a
major target for the development of therapeutic agents, as it affects tumor development,
rapid progression, and drug resistance [8,13,14].

KRAS mutation is not limited to pancreatic cancer, and although it is frequently
expressed in other malignancies, such as non-small-cell lung carcinoma and colorectal
cancer, there are differences in the location of the mutation. In pancreatic cancer, unlike
in other tumors, mutations have been reported mostly in codon 12, and most of them are
G12D and G12V mutations [15,16]. The survival rate of patients with pancreatic cancer
with KRAS mutation is worse than that of patients with pancreatic cancer with wild-type
KRAS, and is reported to be worse in cases with the G12D mutation than in those with
the G12V mutation. The KRAS G12D mutation has been reported as a prognostic factor
in patients with advanced pancreatic adenocarcinoma [17–19]. The difference between
these KRAS subtypes can be attributed to the difference in the structure of the amino acid
binding to GTP; the original glycine residue is changed to aspartic acid or valine, which
alters signal activation, such as that related to Raf, ERK, and MEK, as well as changes
in the tumor matrix, resulting in changes in response to treatment [16,20–22]. Therefore,
the KRAS mutation subtype is an important factor as it can determine and predict the
patient’s response to pancreatic cancer surgery and chemotherapy. However, the correlation
between mutation subtype and clinical status remains unclear in terms of the number of
enrolled patients and disease status (resected vs. locally advanced vs. metastasis), the tissue
source (surgical specimen vs. endoscopic biopsy), and the method of mutation detection
(sequencing vs. real-time polymerase chain reaction vs. droplet digital polymerase chain
reaction (ddPCR) vs. next-generation sequencing) [23,24].

In this study, we tried to determine the KRAS mutation subtype and the extent of
the mutation burden in cell-free DNA (cfDNA) as well as in the tumor tissues of patients
with pancreatic cancer using ddPCR. We also examined whether these quantitative data
were related to clinicopathological findings and whether their combination with CA 19-9, a
pancreatic cancer marker could help to predict patient prognosis.

2. Materials and Methods
2.1. Study Design

This retrospective study complied with the Declaration of Helsinki and was reviewed
and approved by the Institutional Review Board (IRB) of Asan Medical Center (IRB No.
2019-0631, approval date (17 May 2019)). Patients who underwent surgery for pancreatic
cancer in the hepato-biliary and pancreatic surgery division of Asan Medical Center were
enrolled in this study, and informed consent was obtained from them. We used paired
tumor tissues and preoperative blood samples from 70 patients who were diagnosed
with PDAC. The bio-specimens and data used in this study were provided by the Asan
Bio-Resource Center, Korea Biobank Network (BRC No. 2019-8(187)).
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2.2. Clinical Information

Each patient was followed up for at least 4 years, and the medical records of patients
were retrospectively reviewed for clinicopathological characteristics. Age, sex, preoper-
ative laboratory findings, pathological findings, history of neoadjuvant chemotherapy,
and tumor recurrence during follow-up were recorded. Preoperative blood tests included
measurements of white blood cell (WBC), neutrophil, monocyte, and platelet counts and
hemoglobin (Hb), aspartate aminotransferase (AST), alanine aminotransferase (ALT), total
protein, albumin, blood urea nitrogen (BUN), creatinine, carbohydrate antigen 19–9 (CA
19-9), and carcinoembryonic antigen (CEA) levels. The surgical procedure (pancreaticoduo-
denectomy (PD) or distal pancreatectomy and splenectomy (DPS)) was chosen according
to the tumor location and extension. Pathological findings included tumor size, tumor
differentiation, lymphovascular invasion, perineural invasion, and metastatic lymph nodes.
Tumor, node, and metastasis (TNM) staging was conducted in accordance with the eighth
edition of the American Joint Committee on Cancer manual [25].

Furthermore, during postoperative surveillance, computed tomography (CT) and CA
19-9 levels were checked every 3 months during the first 2 postoperative years and every
4–6 months thereafter.

2.3. DNA Preparation and ddPCR Assay

Tissues stored in cryotubes were cut into pieces weighing <30 mg, and DNA was
extracted from lysed tissue samples using a DNeasy Mini Kit (ID: 69504, Qiagen, German-
town, MD, USA) according to the manufacturer’s instructions. Furthermore, the cfDNA
in plasma was extracted using the microfluidic cfDNA sampling platform as previous
described [26]. The microfluidic platform (85 mm × 70 mm × 5 mm) is manufactured by
assembling a thin film, which forms the top and bottom of the platform, and a double-sided
tape, which forms the channel designed using AutoCAD (Autodesk, Inc., San Rafael, CA,
USA). The inner surface of the microfluidic channel was treated with oxygen plasma (O2:
80 sccm; power: 100 W; time: 10 min) and then immersed in a solution of 2% 3-aminopropyl
(diethoxy) methylsilane in distilled water for 60 min at 65 ◦C to modify the amine group.
Next, 1.3 mL of a mixture containing 1 mL of plasma and 300 µL of dimethyl dithiobispro-
pionimidate (DTBP, 100 mg/mL) was injected into the modified platform at 100 µL/min
and incubated for 20 min. The cfDNA was captured via covalent binding and electrostatic
coupling with DTBP and the amine groups on the inner surface of the platform. The
captured cfNA and circulating tumor DNA were then extracted using a high-pH (pH 10.4)
elution buffer. The concentration and purity of DNA were confirmed using a NanoDrop-
2000 Spectrophotometer (ND-2000, Thermo Fisher Scientific, Waltham, MA, USA), and
the DNA was stored at −80 ◦C until needed for mutation analysis. Extracted DNA was
tested using ddPCR (QX200 Droplet Digital PCR System; Bio-Rad Laboratories Inc., Her-
cules, CA, USA) using the Prime PCR KRAS mutant assays (Bio-Rad, dHsaCP2000001
(G12D), dHsaCP2000005 (G12V), and corresponding WT assays (dHsaCP2000002 (G12D),
dHsaCP2000006 (G12V)). The reaction mixtures (final volume, 20 µL) comprised extracted
DNA (2 µL), 2× SuperMix for probe (10 µL), KRAS mutant assays probe (1 µL), KRAS WT
assays probe (1 µL), and distilled water (6 µL). The mixture was loaded into a disposable
droplet generator cartridge (Bio-Rad), and 70 µL of droplet generation oil for the primer
(Bio-Rad) was loaded into each of the eight oil wells. The cartridge was then placed in-
side the QX200 droplet generator (Bio-Rad), which partitioned each tissue sample into
~22,000 droplets per tissue sample. When droplet generation was completed, the droplets
were transferred to a 96-well PCR plate. The plate was heat-sealed with foil and placed in
a conventional thermal cycler (Veriti™ 96-Well Thermal Cycler; Thermo Fisher Scientific,
Waltham, MA, USA) using the following reaction conditions: 95 ◦C for 10 min (1 cycle);
94 ◦C for 30 s and 55 ◦C for 1 min (40 cycles); 98 ◦C for 10 min (1 cycle); and 4 ◦C hold.
The thermally cycled droplets were then read individually using a QX200 droplet-reader
(Bio-Rad, Hercules, CA, USA). Samples were transferred to the QX200 for the measuring of
the fluorescence of the mutant probe labeled with 6-fluorescein amidite and the wild-type
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probe labeled with hexachloro-fluorescein. Quanta Soft software (version 1.7; Bio-Rad,
Hercules, CA, USA) was used to analyze the raw fluorescence amplitude and to obtain the
fractional abundance for KRAS mutations [23]. The criterion set for mutation positivity
was 0.01% or more of fractional abundance [27–29].

2.4. Statistical Analysis

Data are expressed as the mean ± standard error for continuous variables and as
frequency for categorical variables. Student’s t-test, the chi-squared test, or the Kruskal–
Wallis test were used to analyze the differences between the values of continuous and
categorical variables. The OS and RFS were determined using the Kaplan–Meier method
with the log-rank test. All statistical analyses were performed using the Statistical Package
for the Social Sciences (SPSS) version 21.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Clinicopathological Features of Enrolled Patients

In total, 70 patients who underwent surgery for pancreatic cancer were included
in the study to determine the presence of KRAS mutations in tissues and blood. In the
preoperative blood test, the average ALT level increased to 47.6 (IU/L) and the average CA
19-9 expression increased to 674.5 IU/mL; however, except for these, there were no other
specific laboratory findings. Only nine patients received neoadjuvant chemotherapy before
surgery, and 48 (68.6%) and 22 (31.4%) patients received PD and DPS surgery, respectively,
depending on the tumor location. According to the results of histopathological examination,
the average tumor size was 3.7 cm, and the T2 stage and N1 stage were the most dominant
(Table 1).

Table 1. Clinical information of the enrolled patients (n = 70). (BMI: body mass index; Hb: hemoglobin; WBC: white blood
cell; AST: aspartate aminotransferase; ALT: alanine aminotransferase; BUN: blood urea nitrogen; CA 19-9: carbohydrate
antigen 19-9; CEA: carcinoembryonic antigen; PD: pancreaticoduodenectomy; DPS: distal pancreatectomy with splenectomy;
wel: well; mod: moderate; por: poor; LVI: lymphovascular invasion; PNI: perineural invasion).

Factors Values

Age (y) Avg. ± SD (Range) 61.4 ± 10.1 (30–88)

Sex (Female/Male) N (%) 19/51 (27.1%/72.9%)
BMI(Kg/m2) Avg. ± SD (range) 23.5 ± 3.6 (16.2–35.4)

Neoadjuvant Chemotherapy (Yes/No) N (%) 61/9 (87.1%/12.9%)
Preoperative Lab

Hb (g/dL) Avg. ± SD (range) 12.6 ± 1.8 (8.4–16.5)
WBC (×103 µL) Avg. ± SD (range) 6.5 ± 2.2 (3.6–16.9)
Neutrophil (%) Avg. ± SD (range) 59.4 ± 12.7 (27.4–95.4)

Lymphocyte (%) Avg. ± SD (range) 29.2 ± 10.3 (2.2–51.7)
Monocyte (%) Avg. ± SD (range) 7.0 ± 2.4 (2.3–13.2)

Platelet (×103 µL) Avg. ± SD (range) 239.7 ± 95.9 (93.0–624.0)
AST (IU/L) Avg. ± SD (range) 30.9 ± 23.9 (8.0–161.0)
ALT (IU/L) Avg. ± SD (range) 47.6 ± 62.2 (7.0–359.0)

Total Protein (g/dL) Avg. ± SD (range) 6.6 ± 0.7 (3.9–7.9)
Albumin (g/dL) Avg. ± SD (range) 3.5 ± 0.5 (1.5–4.6)
BUN (mg/dL) Avg. ± SD (range) 14.0 ± 5.6 (2.0–35.0)

Creatinine (mg/dL) Avg. ± SD (range) 0.8 ± 0.4 (0.3–3.7)
CA19-9 (U/mL) Avg. ± SD (range) 674.5 ± 1301.7 (1.1–7480.0)
CEA (ng/mL) Avg. ± SD (range) 5.8 ± 8.1 (0.6–57.2)

Operation and Pathologic findings
PD/DPS N (%) 48/22 (68.6%/31.4%)
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Table 1. Cont.

Factors Values

Tumor size (cm) Avg. ± SD (range) 3.7 ± 1.3 (1.6–9.0)
Tumor differentiation (wel/mod/por) N (%) 3/51/16 (4.3%/72.9%/22.9%)

T stage (T1/T2/T3) N (%) 2/48/20 (2.9%.68.6%/28.6%)
LVI (absent/present) N (%) 32/38 (45.7%/54.3%)
PNI (absent/present) N (%) 7/63 (10.0%/90.0%)
N stage (N0/N1/N2) N (%) 23/30/17 (32.9%/42.9%/24.3)

3.2. Presence of KRAS Mutation in Paired Tissue DNA of Tumor and cfDNA in Blood

First of all, the fractional abundance of KRAS G12D and G12V mutations in paired
tumor tissues and blood was analyzed; the individual mutation values are described in
Table S1. In addition, the fractional abundance of mutations in tissue is shown in Figure 1A,
and the results of cfDNA analysis in blood are shown in Figure 1B. Upon comparing the
overall trends through tumor and blood groups, mutations were confirmed in 67 cases
(95.7%) except for three cases in tissue, whereas mutations were confirmed in only 19 cases
(27.1%) in blood. Furthermore, the fractional abundance of mutation was more than three
times higher in tissue (95.7%) than in blood (25.7%) (Figure 1C).

According to the KRAS mutation subtype (G12D and G12V), the presence or absence of
mutations in the tissues and blood of each patient was analyzed, respectively (Figure 1D,E).
The tissue and blood groups showed a similar trend regardless of the mutation subtype,
which was most often detected only in tissue, followed by simultaneous detection in tissue
and blood. Moreover, detection in both tissue and blood was negative in approximately
10% of the cases, and detection only in blood was even rarer.

Next, according to the DNA resource (tissue and blood), the presence, dominance, or
absence of G12D or G12V mutations in each patient was analyzed, respectively (Figure 1F,G).
In the tissues, 11 patients (15.7%) had only the G12D mutation, eight patients (11.4%) had
only the G12V mutation, and 48 patients (68.6%) had both mutations. On the other hand,
in blood, eight patients (11.4%) only had the G12D mutation, six patients (8.6%) had only
the G12V mutation, and four patients (5.7%) had both mutations.

3.3. Correlation of KRAS Mutation Burden with Clinicopathological Status

Through the fractional abundance of each mutation, the correlation between mutation
burden and clinicopathological status was analyzed. The mutation burden of G12D and
G12V mutations in tissue DNA ranged from a small amount of less than 0.1 to a high
frequency of five or more, with a slight frequency difference between the two mutation
subtypes. By contrast, in the cfDNA of blood, no amount less than 0.1 was detected, and
the frequency mostly ranged between one and five (Figure 2A,B). In analyzing the linear
correlation of mutation burden of each patient between tissue and blood, the G12D mu-
tation showed a slightly more positive correlation than the G12V mutation (Figure 2C,D).
Thus, when the G12D mutation was present in the blood, the fractional abundance of the
G12D mutation in the tissue was significantly increased (p < 0.05). However, the presence
of the G12V mutation in blood did not show a significant correlation with the increase in
the tissue G12V mutation burden (Figure 2E,F).

Additionally, the association between each type of mutation burden and various
clinicopathological findings was analyzed. There was no significant difference according to
the tumor location (head/neck vs. body/tail), T stage, N stage, TNM stage, CA 19-9 value,
and the presence of neoadjuvant chemotherapy (Figure S1).
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Figure 1. The presence of KRAS G12D/G12V mutations in tissues and blood (n = 70). (A) Fractional abundance of KRAS
G12D and G12V mutations identified in tumor tissues. (B) Fractional abundance of KRAS G12D and G12V mutations
identified in blood. (C) Overall frequency of the expression of G12D or G12V mutations in tissues and blood. (D) Frequency
of the expression of the G12D mutation by resource in tissues and blood. (E) Frequency of the expression of the G12V
mutation by resource in tissues and blood. (F) Comparison of the dominance of the expression of G12D and G12V mutations
in tissues. (G) Comparison of the dominance of the expression of G12D and G12V mutations in blood.
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and G12V mutations according to the degree of fractional abundance in tissues. (B) Comparison between G12D and G12V
mutations according to the degree of fractional abundance in blood. (C) Correlation of the G12D mutation burden in tissues
and blood (R2 = 0.1316). (D) Correlation of the G12V mutation burden in tissues and blood (R2 = 0.0007). (E) Mutation
burden of tissues according to the presence or absence of the G12D mutation in blood (*; p = 0.0024). (F) Mutation burden of
tissues according to the presence or absence of the G12V mutation in blood (p = 0.3386).

3.4. Survival Analysis According to the Site and Subtype of KRAS Mutation

We then analyzed whether there was a difference in the RFS and OS of patients
according to the presence and burden of the mutation. In the patients showing G12D or
G12V mutations in tissue DNA and in those with G12D mutations in cfDNA, no significant
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difference was found between RFS and OS (Figures 3A–C and S2A–C). However, when the
G12V mutation was detected in cfDNA, RFS and OS were significantly worse (Figure 3D;
p = 0.004, Figure S2D; p = 0.034). Furthermore, analysis of the RFS and OS according to the
quantitative difference between G12D and G12V mutation burdens for each tissue showed
that the RFS rate was significantly worse in the patient group with the sum of burdens of
10 or higher (Figure 3E,F; p = 0.010, Figure S2E,F; p = 0.033).
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Figure 3. Correlation of the recurrence-free survival (RFS) with the G12D/V mutation (n = 70).
(A) RFS according to the presence of the G12D mutation in tissues. (B) RFS according to the presence
of the G12V mutation in tissues. (C) RFS according to the presence of the G12D mutation in blood.
(D) RFS according to the presence of the G12V mutation in blood (p = 0.004). (E) RFS according to the
sum of G12D and G12V mutation burden in tissues (more than 1). (F) RFS according to the sum of
G12D and G12V mutation burdens in tissues (more than 10, p = 0.010).
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3.5. Survival Prediction with the Combination of KRAS Mutation and CA 19-9

We analyzed survival prediction through the combination of KRAS mutation in cfDNA
and CA 19-9 expression in plasma as a representative biomarker of pancreatic cancer. First,
we confirmed that the OS and RFS of enrolled patients did not differ significantly with an
increase in only CA 19-9 expression (Figure S3A,B). Compared with CA 19-9 expression
elevation alone or the KRAS mutation alone, the RFS and OS tended to be slightly worse
when both were present (Figures 4A–C and S3C–F). However, when the G12V mutation
and elevated levels of CA 19-9 were present in blood simultaneously, RFS and OS were
significantly decreased (Figure 4D; p = 0.014, Figure S3F; p = 0.014). Specifically, when the
levels of CA 19-9 were low and there was no G12V mutation in blood, the average RFS
was 8.2 months; by contrast, when the CA 19-9 levels were high and the G12V mutation
in blood was simultaneously present, the average RFS was only 3.6 months (p = 0.014,
Figure 4D).
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4. Discussion

Gene mutations are indicators that can be used to predict tumor incidence and pro-
gression. It is thus essential to accurately analyze the occurrence, types, and extent of
tumor mutations to determine the therapeutic strategy. The technology for analyzing
genetic mutations in various human resources has developed very rapidly, and recently
many researchers have compared the sensitivities of analysis methods, including PCR,
next-generation gene sequencing, and droplet digital PCR, for the analysis of gene mu-
tations. ddPCR is an advanced digital PCR technology with a very high sensitivity that
can identify even a mutant with an occurrence of 0.01% [23,30]. When analyzing KRAS
mutations in tissues, ddPCR was found to be superior to Sanger sequencing and to the
PNA clamping assay in terms of diagnostic sensitivity (100%) and specificity (100%) [23].
Furthermore, upon comparing ddPCR and NGS for KRAS mutation detection in tissue
DNA and plasma cfDNA, ddPCR was found to be superior to NGS with respect to the
success rate and concordance with the tissue in both analyses [24]. Therefore, we used the
ddPCR method, which enables the qualitative and quantitative analysis of the presence
and subtypes of KRAS mutations in tumor tissues and in cfDNA in blood.

In this study, we could confirm the presence of G12D or G12V mutations in 95.7%
of the tissue DNA and 25.7% of cfDNA from plasma in patients with pancreatic cancer.
The detection rate of KRAS in plasma cfDNA was lower than that in tissues, and other
studies have reported detection rates in blood of 29.5%, 32–41%, and 68% [30–32]. Upon
comparing the fractional abundance of mutations between tissue DNA and plasma cfDNA,
the mutation burden in tissue DNA showed a very wide range of values, from less than 0.1
to more than five, whereas in the case of cfDNA, almost no mutation burden of less than
0.1 was found. We could assume that when the amount of mutation in the tissue is above a
certain standard, or when a large amount of DNA fragments are produced or well secreted
into the blood, target DNA can be well detected in plasma. In our results, a weakly positive
correlation of the mutation burden was found between tissue and plasma. Furthermore, in
the case of the G12D mutation in blood, the mutation burden of G12D in tissue was high
(p < 0.05); thus, the above assumption could be supported (Figure 2C–E). In particular, the
RFS differed depending on the combination of the KRAS G12V mutation and the levels
of CA 19-9 in plasma (Figure 4D). Patient prognosis could not be predicted using each
variable individually; however, RFS could be predicted through a combination of the two
variables. Although CA 19-9 is a marker that is widely used clinically, it can be used more
usefully in combination with other biomarkers to evaluate the progression and recurrence
of tumors [33,34]. Furthermore, double G12D and G12V mutations were identified, and the
higher the sum of these mutations, the lower were the RFS and OS (Figures 3F and S2F).
The diversity of these mutations may be the cause of the complex heterogeneity in the
tumor microenvironment and may be characteristic of refractory tumors such as pancreatic
cancer [35–37]. The approach based on the precise analysis of cfDNA is expected to be
effective for analyzing the genetic subtype and its related cancer microenvironment and
for predicting the progression status and drug response of pancreatic cancer.

In the correlation between KRAS mutations and clinical features, most reports indicate
that mutations are associated with a decrease in survival rate [17,27]. In analyses of KRAS
mutation subtypes, slightly different results have also been reported, contrary to our
findings. For instance, Windon et al. observed that the survival rate in the case of the G12D
mutation among KRAS mutations of codon 12 was slightly worse than that in the case of
the G12V mutation [17]. Kim et al. reported that the median survival of the G12D mutation
group was 12.4 months, whereas the median survival of the G12V group was 16.3 months;
although this difference was not statistically significant, the G12D group had a slightly
worse survival rate (p > 0.05) [38]. However, because these differences can occur depending
on tumor progression and treatment, as well as the methods used for DNA extraction,
DNA mutation analysis, and statistical analysis, detailed analyses and interpretations are
required to obtain reliable conclusions.
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This study was a retrospective study targeting patients with pancreatic cancer and has
several limitations. Patients were enrolled from a single institute, the number of enrolled
patients was rather small (70 patients), few patients were in the advanced stage, and
information on adjuvant chemotherapy was not included in the study. Therefore, based on
the current research results, it is thought that additional research using tumor resources of
various clinical statuses from several more institutions is necessary.

5. Conclusions

To predict the progress and treatment response based on the molecular characteristics
of the tumor microenvironment, a detailed analysis of the genetic mutations in pancreatic
tumors is needed. In this study, we obtained qualitative and quantitative information
on the KRAS mutation subtypes in paired tumor tissues and blood and evaluated their
function to predict prognosis with CA 19-9 levels. We expect that the results of a precise
analysis of mutation subtypes will provide clues to understanding tumor development and
the fundamental tumor microenvironment and will facilitate the determination of optimal
therapeutic strategies for individual patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9111599/s1, Table S1: The fractional abundance of KRAS G12D and G12V
mutations in the tumor tissues and blood (n = 70). Figure S1: Correlation of KRAS burden with tumor
location, tumor progression, and the presence of neoadjuvant chemotherapy (n = 70), Figure S2:
Correlation of the overall survival with the G12D/V mutation (n = 70), Figure S3: Survival according
to the combination of the G12D/V mutation and CA 19-9.

Author Contributions: Conceptualization, E.J., Y.S., and S.C.K.; methodology, B.K. and E.J.K; valida-
tion, B.K. and D.W.H.; formal analysis, J.H.L. and S.H.; investigation, K.B.S. and Y.P.; data curation,
E.J.K and W.L.; writing—original draft preparation, E.J., B.K. and E.J.K.; writing—review and editing,
Y.S. and S.C.K.; funding acquisition, E.J., Y.S. and S.C.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by Basic Science Research Program through the National Re-
search Foundation of Korea (NRF) funded by the Ministry of Education (No. 2018R1D1A1B07048823
and 2016R1A5A1010148) and by the Bio and Medical Technology Development Program of the Na-
tional Research Foundation (NRF) and funded by the Korean government (MSIT) (No. 2020M3A9I403
8667) and by a grant from the Korean Health Technology R&D Project, Ministry of Health and Welfare,
Republic of Korea (No. HI14C2640).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Asan Medical Center
(No. 2019-0631, approval date (17 May 2019)).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Abbreviations

cfDNA: cell-free DNA, ddPCR: droplet digital polymerase chain reaction, IRB: the Institutional
Review Board, PDAC: pancreatic ductal adeno-carcinoma, BMI: Body mass index, Hb: hemoglobin,
WBC: white blood cell, AST: aspartate aminotransferase, ALT: alanine aminotransferase, BUN: blood
urea nitrogen, CA 19-9: carbohydrate antigen 19-9, CEA: carcinoembryonic antigen, PD: pancreatico-
duodenectomy, DPS: distal pancreatectomy with splenectomy, wel: well, mod: moderate, por: poor,
LVI: lymphovascular invasion, PNI: perineural invasion), TNM staging: tumor, node, and metastasis
staging, FAM: 6-fluorescein amidite, HEX: hexachlorofluorescein, SPSS: Statistical Package for the
Social Sciences.

https://www.mdpi.com/article/10.3390/biomedicines9111599/s1
https://www.mdpi.com/article/10.3390/biomedicines9111599/s1


Biomedicines 2021, 9, 1599 12 of 13

References
1. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting cancer incidence and deaths

to 2030: The unexpected burden of thyroid, liver, and pancreas cancers in the United States. Cancer Res. 2014, 74, 2913–2921.
[CrossRef] [PubMed]

2. Gillen, S.; Schustser, T.; Büschenfelde, C.M.Z.; Friess, H.; Kleeff, J. Preoperative/Neoadjuvant Therapy in Pancreatic Cancer: A
Systematic Review and Meta-analysis of Response and Resection Percentages. PLoS Med. 2010, 7, e1000267. [CrossRef]

3. Hidalgo, M. Pancreatic Cancer. N. Engl. J. Med. 2010, 362, 1605–1617. [CrossRef] [PubMed]
4. Mavros, M.N.; Moris, D.; Karanicolas, P.J.; Katz, M.H.G.; O’Reilly, E.M.; Pawlik, T.M. Clinical Trials of Systemic Chemotherapy

for Resectable Pancreatic Cancer: A Review. JAMA Surg. 2021, 156, 663–672. [CrossRef]
5. Pan, L.; Fang, J.; Tong, C.; Chen, M.; Zhang, B.; Juengpanich, S.; Wang, Y.; Cai, X. Survival benefits of neoadjuvant

chemo(radio)therapy versus surgery first in patients with resectable or borderline resectable pancreatic cancer: A systematic
review and meta-analysis. World J. Surg. Oncol. 2019, 18, 1–13. [CrossRef]

6. Kamarajah, S.K.; Naffouje, S.A.; Salti, G.I.; Dahdaleh, F.S. Neoadjuvant Chemotherapy for Pancreatic Ductal Adenocarcinoma is
Associated with Lower Post-Pancreatectomy Readmission Rates: A Population-Based Cohort Study. Ann. Surg. Oncol. 2021, 28,
1896–1905. [CrossRef]

7. Hamarsheh, S.; Groß, O.; Brummer, T.; Zeiser, R. Immune modulatory effects of oncogenic KRAS in cancer. Nat. Commun. 2020,
11, 5439. [CrossRef] [PubMed]

8. Waters, A.; Der, C.J. KRAS: The Critical Driver and Therapeutic Target for Pancreatic Cancer. Cold Spring Harb. Perspect. Med.
2018, 8, a031435. [CrossRef]

9. Morris, J.P., IV; Wang, S.C.; Hebrok, M. KRAS, Hedgehog, Wnt and the twisted developmental biology of pancreatic ductal
adenocarcinoma. Nat. Rev. Cancer 2010, 10, 683–695. [CrossRef] [PubMed]

10. Rodriguez-Viciana, P.; Tetsu, O.; Oda, K.; Okada, J.; Rauen, K.; McCormick, F. Cancer Targets in the Ras Pathway. Cold Spring
Harb. Symp. Quant. Biol. 2005, 70, 461–467. [CrossRef] [PubMed]

11. Grippo, P.J.; Nowlin, P.S.; Demeure, M.J.; Longnecker, D.S.; Sandgren, E.P. Preinvasive pancreatic neoplasia of ductal phenotype
induced by acinar cell targeting of mutant Kras in transgenic mice. Cancer Res. 2003, 63, 2016–2019.

12. Carvalho, P.D.; Guimarães, C.; Cardoso, A.; Mendonça, S.; Costa, A.; Oliveira, M.J.; Velho, S. KRAS Oncogenic Signaling Extends
beyond Cancer Cells to Orchestrate the Microenvironment. Cancer Res. 2018, 78, 7–14. [CrossRef] [PubMed]

13. Liu, J.; Ji, S.; Liang, C.; Qin, Y.; Jin, K.; Liang, D.; Xu, W.; Shi, S.; Zhang, B.; Liu, L.; et al. Critical role of oncogenic KRAS in
pancreatic cancer (Review). Mol. Med. Rep. 2016, 13, 4943–4949. [CrossRef]

14. Merz, V.; Gaule, M.; Zecchetto, C.; Cavaliere, A.; Casalino, S.; Pesoni, C.; Contarelli, S.; Sabbadini, F.; Bertolini, M.; Mangiameli,
D.; et al. Targeting KRAS: The Elephant in the Room of Epithelial Cancers. Front. Oncol. 2021, 11, 638360. [CrossRef] [PubMed]

15. Haigis, K.M. KRAS Alleles: The Devil Is in the Detail. Trends Cancer 2017, 3, 686–697. [CrossRef]
16. Muñoz-Maldonado, C.; Zimmer, Y.; Medová, M. A Comparative Analysis of Individual RAS Mutations in Cancer Biology. Front.

Oncol. 2019, 9, 1088. [CrossRef] [PubMed]
17. Windon, A.L.; Loaiza-Bonilla, A.; Jensen, C.; Randall, M.P.; Morrissette, J.J.D.; Shroff, S.G. A KRAS wild type mutational status

confers a survival advantage in pancreatic ductal adenocarcinoma. J. Gastrointest. Oncol. 2018, 9, 1–10. [CrossRef] [PubMed]
18. Bournet, B.; Muscari, F.; Buscail, C.; Assenat, E.; Barthet, M.; Hammel, P.; Selves, J.; Guimbaud, R.; Cordelier, P.; Buscail, L. KRAS

G12D Mutation Subtype Is A Prognostic Factor for Advanced Pancreatic Adenocarcinoma. Clin. Transl. Gastroenterol. 2016,
7, e157. [CrossRef] [PubMed]

19. Huang, J.; Löhr, M.; Nilsson, M.; Segersvärd, R.; Matsson, H.; Verbeke, C.; Heuchel, R.; Kere, J.; Iafrate, A.J.; Zheng, Z.; et al.
Variant Profiling of Candidate Genes in Pancreatic Ductal Adenocarcinoma. Clin. Chem. 2015, 61, 1408–1416. [CrossRef]

20. Al-Mulla, F.; Milner-White, E.J.; Going, J.J.; Birnie, G.D. Structural differences between valine-12 and aspartate-12 Ras proteins
may modify carcinoma aggression. J. Pathol. 1999, 187, 433–438. [CrossRef]

21. Stolze, B.; Reinhart, S.; Bulllinger, L.; Fröhling, S.; Scholl, C. Comparative analysis of KRAS codon 12, 13, 18, 61 and 117 mutations
using human MCF10A isogenic cell lines. Sci. Rep. 2015, 5, 8535. [CrossRef]

22. Garassino, M.C.; Marabese, M.; Rusconi, P.; Rulli, E.; Martelli, O.; Farina, G.; Scanni, A.; Broggini, M. Different types of K-Ras
mutations could affect drug sensitivity and tumour behaviour in non-small-cell lung cancer. Ann. Oncol. 2011, 22, 235–237.
[CrossRef] [PubMed]

23. Lee, K.H.; Lee, T.H.; Choi, M.K.; Kwon, I.S.; Bae, G.E.; Yeo, M.-K. Identification of a Clinical Cutoff Value for Multiplex
KRASG12/G13 Mutation Detection in Colorectal Adenocarcinoma Patients Using Digital Droplet PCR, and Comparison with
Sanger Sequencing and PNA Clamping Assay. J. Clin. Med. 2020, 9, 2283. [CrossRef]

24. Demuth, C.; Spindler, K.-L.G.; Johansen, J.S.; Pallisgaard, N.; Nielsen, D.; Høgdall, E.; Vittrup, B.; Sorensen, B.S. Measuring
KRAS Mutations in Circulating Tumor DNA by Droplet Digital PCR and Next-Generation Sequencing. Transl. Oncol. 2018, 11,
1220–1224. [CrossRef]

25. Allen, P.J.; Kuk, D.; Castillo, C.F.-D.; Basturk, O.; Wolfgang, C.L.; Cameron, J.L.; Lillemoe, K.D.; Ferrone, C.R.; Morales-Oyarvide,
V.; He, J.; et al. Multi-institutional Validation Study of the American Joint Commission on Cancer (8th Edition) Changes for T and
N Staging in Patients With Pancreatic Adenocarcinoma. Ann. Surg. 2017, 265, 185–191. [CrossRef] [PubMed]

26. Koo, B.; Jun, E.; Liu, H.; Kim, E.J.; Park, Y.-Y.; Lim, S.-B.; Kim, S.C.; Shin, Y. A biocomposite-based rapid sampling assay for
circulating cell-free DNA in liquid biopsy samples from human cancers. Sci. Rep. 2020, 10, 1–10. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-14-0155
http://www.ncbi.nlm.nih.gov/pubmed/24840647
http://doi.org/10.1371/journal.pmed.1000267
http://doi.org/10.1056/NEJMra0901557
http://www.ncbi.nlm.nih.gov/pubmed/20427809
http://doi.org/10.1001/jamasurg.2021.0149
http://doi.org/10.1186/s12957-019-1767-5
http://doi.org/10.1245/s10434-020-09470-x
http://doi.org/10.1038/s41467-020-19288-6
http://www.ncbi.nlm.nih.gov/pubmed/33116132
http://doi.org/10.1101/cshperspect.a031435
http://doi.org/10.1038/nrc2899
http://www.ncbi.nlm.nih.gov/pubmed/20814421
http://doi.org/10.1101/sqb.2005.70.044
http://www.ncbi.nlm.nih.gov/pubmed/16869784
http://doi.org/10.1158/0008-5472.CAN-17-2084
http://www.ncbi.nlm.nih.gov/pubmed/29263151
http://doi.org/10.3892/mmr.2016.5196
http://doi.org/10.3389/fonc.2021.638360
http://www.ncbi.nlm.nih.gov/pubmed/33777798
http://doi.org/10.1016/j.trecan.2017.08.006
http://doi.org/10.3389/fonc.2019.01088
http://www.ncbi.nlm.nih.gov/pubmed/31681616
http://doi.org/10.21037/jgo.2017.10.14
http://www.ncbi.nlm.nih.gov/pubmed/29564165
http://doi.org/10.1038/ctg.2016.18
http://www.ncbi.nlm.nih.gov/pubmed/27010960
http://doi.org/10.1373/clinchem.2015.238543
http://doi.org/10.1002/(SICI)1096-9896(199903)187:4&lt;433::AID-PATH273&gt;3.0.CO;2-E
http://doi.org/10.1038/srep08535
http://doi.org/10.1093/annonc/mdq680
http://www.ncbi.nlm.nih.gov/pubmed/21169473
http://doi.org/10.3390/jcm9072283
http://doi.org/10.1016/j.tranon.2018.07.013
http://doi.org/10.1097/SLA.0000000000001763
http://www.ncbi.nlm.nih.gov/pubmed/27163957
http://doi.org/10.1038/s41598-020-72163-8


Biomedicines 2021, 9, 1599 13 of 13

27. Buscail, L.; Bournet, B.; Cordelier, P. Role of oncogenic KRAS in the diagnosis, prognosis and treatment of pancreatic cancer. Nat.
Rev. Gastroenterol. Hepatol. 2020, 17, 153–168. [CrossRef] [PubMed]

28. Taly, V.; Pekin, D.; Benhaim, L.; Kotsopoulos, S.K.; Le Corre, D.; Li, X.; Atochin, I.; Link, D.R.; Griffiths, A.D.; Pallier, K.; et al.
Multiplex Picodroplet Digital PCR to Detect KRAS Mutations in Circulating DNA from the Plasma of Colorectal Cancer Patients.
Clin. Chem. 2013, 59, 1722–1731. [CrossRef] [PubMed]

29. Dong, L.; Wang, S.; Fu, B.; Wang, J. Evaluation of droplet digital PCR and next generation sequencing for characterizing DNA
reference material for KRAS mutation detection. Sci. Rep. 2018, 8, 1–9. [CrossRef]

30. Hadano, N.; Murakami, Y.; Uemura, K.; Hashimoto, Y.; Kondo, N.; Nakagawa, N.; Sueda, T.; Hiyama, E. Prognostic value of
circulating tumour DNA in patients undergoing curative resection for pancreatic cancer. Br. J. Cancer 2016, 115, 59–65. [CrossRef]

31. Bernard, V.; Kim, D.U.; Lucas, F.A.S.; Castillo, J.; Allenson, K.; Mulu, F.C.; Stephens, B.M.; Huang, J.; Semaan, A.; Guerrero, P.A.;
et al. Circulating Nucleic Acids Are Associated With Outcomes of Patients With Pancreatic Cancer. Gastroenterology 2019, 156,
108–118.e4. [CrossRef] [PubMed]

32. Kim, M.K.; Woo, S.M.; Park, B.; Yoon, K.-A.; Kim, Y.-H.; Joo, J.; Lee, W.J.; Han, S.-S.; Park, S.-J.; Kong, S.-Y. Prognostic Implications
of Multiplex Detection of KRAS Mutations in Cell-Free DNA from Patients with Pancreatic Ductal Adenocarcinoma. Clin. Chem.
2018, 64, 726–734. [CrossRef]

33. Goonetilleke, K.; Siriwardena, A. Systematic review of carbohydrate antigen (CA 19-9) as a biochemical marker in the diagnosis
of pancreatic cancer. Eur. J. Surg. Oncol. (EJSO) 2007, 33, 266–270. [CrossRef]

34. Singh, S.; Tang, S.-J.; Sreenarasimhaiah, J.; Lara, L.F.; Siddiqui, A. The Clinical Utility and Limitations of Serum Carbohydrate
Antigen (CA19-9) as a Diagnostic Tool for Pancreatic Cancer and Cholangiocarcinoma. Dig. Dis. Sci. 2011, 56, 2491–2496.
[CrossRef]

35. Salk, J.J.; Fox, E.J.; Loeb, L.A. Mutational Heterogeneity in Human Cancers: Origin and Consequences. Annu. Rev. Pathol. Mech.
Dis. 2010, 5, 51–75. [CrossRef]

36. Lai, E.; Puzzoni, M.; Ziranu, P.; Pretta, A.; Impera, V.; Mariani, S.; Liscia, N.; Soro, P.; Musio, F.; Persano, M.; et al. New therapeutic
targets in pancreatic cancer. Cancer Treat. Rev. 2019, 81, 101926. [CrossRef]

37. Reiter, J.G.; Baretti, M.; Gerold, J.M.; Makohon-Moore, A.P.; Daud, A.; Iacobuzio-Donahue, C.A.; Azad, N.S.; Kinzler, K.W.;
Nowak, M.A.; Vogelstein, B. An analysis of genetic heterogeneity in untreated cancers. Nat. Rev. Cancer 2019, 19, 639–650.
[CrossRef] [PubMed]

38. Shin, S.H.; Kim, S.C.; Hong, S.-M.; Kim, Y.H.; Song, K.-B.; Park, K.-M.; Lee, Y.-J. Genetic Alterations of K-ras, p53, c-erbB-2, and
DPC4 in Pancreatic Ductal Adenocarcinoma and Their Correlation With Patient Survival. Pancreas 2013, 42, 216–222. [CrossRef]
[PubMed]

http://doi.org/10.1038/s41575-019-0245-4
http://www.ncbi.nlm.nih.gov/pubmed/32005945
http://doi.org/10.1373/clinchem.2013.206359
http://www.ncbi.nlm.nih.gov/pubmed/23938455
http://doi.org/10.1038/s41598-018-27368-3
http://doi.org/10.1038/bjc.2016.175
http://doi.org/10.1053/j.gastro.2018.09.022
http://www.ncbi.nlm.nih.gov/pubmed/30240661
http://doi.org/10.1373/clinchem.2017.283721
http://doi.org/10.1016/j.ejso.2006.10.004
http://doi.org/10.1007/s10620-011-1709-8
http://doi.org/10.1146/annurev-pathol-121808-102113
http://doi.org/10.1016/j.ctrv.2019.101926
http://doi.org/10.1038/s41568-019-0185-x
http://www.ncbi.nlm.nih.gov/pubmed/31455892
http://doi.org/10.1097/MPA.0b013e31825b6ab0
http://www.ncbi.nlm.nih.gov/pubmed/23344532

	Introduction 
	Materials and Methods 
	Study Design 
	Clinical Information 
	DNA Preparation and ddPCR Assay 
	Statistical Analysis 

	Results 
	Clinicopathological Features of Enrolled Patients 
	Presence of KRAS Mutation in Paired Tissue DNA of Tumor and cfDNA in Blood 
	Correlation of KRAS Mutation Burden with Clinicopathological Status 
	Survival Analysis According to the Site and Subtype of KRAS Mutation 
	Survival Prediction with the Combination of KRAS Mutation and CA 19-9 

	Discussion 
	Conclusions 
	References

