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1 | INTRODUCTION

Colorectal cancer (CRC) is the third most common form of cancer in
both men and women, with over one million cases diagnosed each year

worldwide.! Approximately, 30%-50% of colorectal tumors are known
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Abstract

Background: In standard analytical conditions, an isolation step is essential for circu-
lating tumor DNA (ctDNA) analysis. The necessity of this step becomes unclear with
the development of highly sensitive detection methods. The aim of this study was to
evaluate ctDNA mimetic nDNA detection as reference materials (RMs) using dPCR
technologies either directly from serum or without serum.

Methods: To determine an absolute count of both mutation and wild-type bearing DNA
molecules, genomic DNA (gDNA) and nucleosomal DNA (nDNA), which are similar in size
to cell-free DNA, were evaluated. We tested 3 KRAS mutations in colorectal cancer cell
lines.

Results: We describe the recent progress in RMs. The short DNA fragments, such as
sDNA and nDNA, exhibited higher quantitative values of dPCR compared to gDNA.
The efficiency between Atlantis dsDNase (AD) and Micrococcal Nuclease (MN) af-
fects DNA quantification. Moreover, there was a significant difference in dPCR out-
put when spiking gDNA or nDNA containing KRAS mutations into FBS compared to
the dPCR output under non-FBS conditions.

Conclusion: The matrix effect crucially affects the accuracy of gDNA and nDNA level
estimation in the direct detection of mimic of patient samples. The form of reference
material we proposed should be optimized for various conditions to develop refer-
ence materials that can accurately measure copy number and verify the detection of
KRAS mutations in the matrix.

KEYWORDS
colorectal cancer, Digital PCR (dPCR), genomic DNA (gDNA), KRAS, nucleosomal DNA
(nDNA)

to have a mutated KRAS gene, predominantly found in codons 12 and
13, indicating that up to 50% of patients with colorectal cancer may
respond to anti-epidermal growth factor receptor (EGFR) antibody
therapy such as cetuximab.? In the era of targeted therapy for cancer,
KRAS testing is utilized in the initial diagnosis of colorectal cancer.
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Liquid biopsy is non-invasive means of molecular diagnostics
in the clinical field.®® The detection and analysis of circulating
cell-free DNA (cfDNA) in the blood has emerged as an alternative
analytic method with the potential to provide efficient character-
izations of cancer genomes in real time.”® Previous observations
of cfDNA fragment size distributions had peaks corresponding to
DNA associated with nucleosomes (~150 bp). DNA is protected
from nuclease digestion through its association with a nucleosome
core particle (NCP). Moreover, nucleosome occupancy could be
used as a footprint to determine the tissue of origin of cfDNA.>*°
Analysis of ctDNA from the plasma or serum of cancer patients
has been widely used to detect cancer-related single nucleotide
variants (SNV) and copy number alterations (CNA) for the purpose
of monitoring treatment response to chemotherapy.***?

For the past several decades, quantitative polymerase chain
reactions (qPCR) have become the gold standard for quantify-
ing gene expressions. The recently developed digital polymerase
chain reaction (dPCR) enables the absolute quantitation of nu-
cleic acids in a sample.'®* dPCR does not require calibration
with qualified standards for comparison. However, DNA quan-
tity should be metrologically traceable to a reference.’>* To
date, many nucleic acid quantitation methods have been devel-
oped, such as enumeration-based flow cytometric (FCM) count-
ing. Chemical analysis methods based on isotope-dilution mass
spectrometry (IDMS) and capillary electrophoresis (CE) can be
accurately calibrated with solutions of DNA.Y”*® Moreover, an
international comparison study was conducted between me-
trology institutes using the dPCR method.” More recently, the
droplet digital PCR (ddPCR) method was developed as a powerful
analytical technique for clinical applications.?%?' For example,
ddPCR can be used to detect somatic mutations, amplifications,
and deletions of specific genes.??2® DNA size and concentration
are considerable factors that affect the reliability of measure-
ment results. The influence of the matrix effect on dPCR was
observed due to the high levels of sensitivity. However, there are
only a few research reports that have directly tested the matrix
effect. In one pilot study, which aimed to evaluate ctDNA detec-
tion using the dPCR platform, ctDNA was detected in metastatic
colorectal cancer (mCRC) patients directly from plasma as well
as after an isolation step.?* In this study, we conclude that opti-
mized conditions are required to increase the precision of ddPCR

to develop reference materials with matrix conditions.

2 | MATERIALS AND METHODS
2.1 | Celllines

Cell lines RKO (KRAS WT), Ls174T (KRAS G12D), SW480 (KRAS
G12V),and HCT-116 (KRAS G13D) were obtained from the American
Type Culture Collection (ATCC). The culture medium for each cell

line was determined according to the information provided by ATCC.

The cell lines were cultured in a humidified atmosphere of 5% CO, at
37°C. The subcultures were produced with a ratio of 1:5 when the
cell density reached 80%-90% every 3 or 4 days.

2.2 | DNA extraction

Genomic DNA (gDNA) was extracted from each cell line using
the DNeasy Blood & Tissue kit (QIAGEN) according to the man-
ufacturer's instructions. The purity of the extracted gDNA was
checked by measuring the absorbance at 260 nm (A260), 280 nm
(A280), and 230 nm (A230) with a Nanodrop 2000 spectropho-
tometer. Extracted gDNA with a A260/A280 ratio between 1.8
and 2.0 and a A260/A230 ratio over 2.0 were considered satis-
factory to produce template DNA for dPCR. Nucleosomal DNA
from cell lines was captured and purified with the EZ Nucleosomal
DNA Prep kit (Zymo Research) according to the manufacturer's
protocol. We spiked gDNA or nDNA into fetal bovine serum (FBS)
and used it directly for the PCR reaction without purification to
exclude purification efficiency.

2.3 | Droplet digital PCR measurement

A duplex ddPCR analysis was performed for all experiments using
a QX200 system (BioRad Laboratories, Inc). The reaction mixture
had a volume of 20 pL and comprised of 10 uL of 2x ddPCR Super
Mix for Probe, 4 pL of 0.25 uM primer mixture, 1 pL of 0.25 uM
wild-type probe labeled with HEX (GenoTech), 1 uL of 0.25 uM
mutant probe labeled with FAM (GenoTech), 2 uL of ddH20, and
2 pulL of template DNA with a concentration of 25 ng/uL. The PCR
cycling conditions were 95°C for 10 min, followed by 40 cycles of
94°C for 30 s and 58°C for 60 s (54°C for KRAS G12V), with a final
10-min incubation stage at 98°C.

2.4 | Oligonucleotides

Oligonucleotide primers and probes were synthesized by GenoTech
to HPLC-grade. Primers were designed using the Primer3 software.
The primers used for each gene are provided in Table 1. Probes were
labeled with either FAM (F) or HEX (H).

2.5 | Data analysis

Droplet fluorescence data were initially analyzed using the
QuantaSoft software (BioRad Laboratories, Inc, version 1.7). Raw
data (ie, the fluorescence values for the droplets) were exported
from the QuantaSoft software to Microsoft Excel 2016. Depending
on the separation of positive and negative droplets, an objective

separation value k was calculated automatically.
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TABLE 1 Primers and fluorogenic probes used in this study

Cell type KRAS genotype Primer sequence Probe sequence
RKO WT Forward TTGGAGCTGGTGGCGT (with G12D,
5' - AGGCCTGCTGAAAATGACTGAATAT - '3 G13D)
Reverse TAGTTGGAGCTGGTGGCGTAGGC (with
5' - GCTGTATCGTCAAGGCACTCTT- 3’ G12V)
Ls174T G12D (c.35G>A) TGGAGCTGATGGCGT
SW480 G12V (c.35G>T) TGGAGCTGTTGGCGT
HCT-116 G13D (c.38G>A) CTGGTGACGTAGGCA
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FIGURE 1 Comparison of the copy number of KRAS mutations for various sizes of DNA obtained using digital PCR. Three different sizes
of genomic DNA (gDNA), sonicated DNA (sDNA), and nucleosomal DNA (nDNA) were used with various concentrations of the template to

measure KRAS mutations. (A) Copy number of KRAS WT and G12V in SW480. (B) Copy number of KRAS WT and G12D in Ls174T. (C) Copy
number of KRAS WT and G13D in HCT-116
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FIGURE 2 Effect of nuclease efficiency on digital PCR quantification of nucleosomal DNA. The left part is the 1D amplitude of dPCR.
Blue represents KRAS mutation and green represents KRAS WT. The copy number is shown depending on the type of nuclease using gDNA

in SW480 (G12V) (A), Ls174T (G12D) (B), and HCT-116 (G13D) (C)

3 | RESULTS

In this study, we evaluated the quantification of various sizes
of DNA molecules using dPCR. We also analyzed copy num-
ber value with various types of nucleases. Although estimated
copies based on an absolute count of molecules is the defined
measurement unit used for this methodology, we addition-

ally compared the copy numbers of different-sized DNA with

or without matrices. Information on the primer and probe se-
guence is shown in Table 1.

3.1 | Development and validation of digital PCR
assays for measuring DNA fragmentation

Genomic DNA and fragmented DNA can be measured with

dPCR. To measure the copy number concentration of the KRAS
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FIGURE 3 Matrix effect on dPCR quantification with gDNA as a template. The copy number is shown depending on concentration with
or without a matrix using gDNA in SW480 (G12V) (A), Ls174T (G12D) (B), and HCT-116 (G13D) (C)

mutations, we designed a set of dPCR assays to quantify targets
of different sizes within an overlapping genomic region. As a result
of performing dPCR under various concentration conditions (20ng,
10ng, 5ng, 1ng) of the template, it was confirmed that the copy
number dramatically changed when sonicated DNA (sDNA) was
used compared to when the gDNA and nDNA of SW480 cells were
used (Figure 1A). As a result of quantifying the G12D mutation of
Ls174T cells, sDNA and nDNA copy numbers tended to be higher
than the gDNA value (Figure 1B), and the copy number of nDNA

was confirmed to be significantly higher in the G13D mutation of

HCT-116 cells (Figure 1C). In summary, it was confirmed that short
DNA fragments, such as sDNA and nDNA, exhibited higher quan-
titative values of dPCR compared to gDNA.

3.2 | The efficiency of nuclease on DNA
quantification

We used serial dilutions of gDNA to determine whether the effi-

ciency between Atlantis dsDNase (AD) and Micrococcal Nuclease
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FIGURE 4 Matrix effect on dPCR quantification with nDNA as a template. The copy number is shown depending on concentration with
or without a matrix using gDNA in SW480 (G12V) (A), Ls174T (G12D) (B), and HCT-116 (G13D) (C)

(MN) affects DNA quantification. It was confirmed that the copy
numbers of the KRAS G12V, G12D, and G13D mutations signifi-
cantly changed in SW480, Ls174T, and HCT-116 cells depending on
the type of nuclease. When the same concentration of DNA was
used, there was a significant difference in the number of copies
between AD and MN. It was also confirmed that the quantitative
value was different due to the difference in the region cut by the
nucleosome unit (Figure 2A-C).

3.3 | Matrix effect of gDNA from tumor cell lines
for detecting mutations

The matrix effect was evaluated using gDNA spiked into fetal bo-
vine serum (FBS). Our findings showed that the matrix effect was
observed in the KRAS mutations. For example, there was a sig-
nificant difference in dPCR output when spiking 50 ng of gDNA
containing G12V into FBS compared to the dPCR output under
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non-FBS conditions (Figure 3A). When we tested the G12D mu-
tation, the difference in ddPCR output was greater than 10-fold
when spiking 50ng of gDNA into FBS compared to the non-FBS
conditions (Figure 3B). A similar effect was observed when we
tested the detection of the G13D mutation by spiking gDNA into
FBS (Figure 3C).

3.4 | Matrix effect of nDNA from tumor cell lines
for detecting mutations

To evaluate the matrix effect of nDNA spiked into fetal bovine
serum (FBS), a similar experiment was performed. When we tested
the KRAS mutations G12D, G12V, and G13D, there was a two to
three-fold difference in dPCR copy concentrations when using
FBS compared to the non-FBS conditions. The difference in dPCR
output for G12D and G12V mutations was greater than twofold
when spiking 50ng of nDNA into FBS compared to the non-FBS
conditions (Figure 4A,B). A similar effect was observed when we
spiked 50 ng of nDNA containing the G13D mutation into FBS
(Figure 4C).

4 | DISCUSSION

To our knowledge, there are only a few related studies that re-
ported nucleosomal DNA evaluation using dPCR directly from un-
purified plasma.?* To determine the copy number difference of both
mutation and wild-type bearing DNAs, evaluations were conducted
for genomic DNA (gDNA) and nDNA, which are similar in size to
cell-free DNA. In summary, the size of the DNA is a critical factor in
measuring absolute copy number according to our tests with vari-
ous concentrations. There were differences in the copy number of
nDNA when we used two different nucleases from the kit. Copy
number significantly changed when using two types of nucleases,
so it is necessary to check the nuclease when measuring absolute
quantifying nDNA used for reference materials. Next, we compared
the copy number between gDNA and nDNA, which provided vari-
able values for the detection of KRAS mutations with or without
the serum matrix. Based on the results, DNA size, the type of en-
zymes, and the matrix effect should be considered when evaluating
the copy number of reference materials with dPCR. For future de-
velopment, we are seeking to improve the temperature distribution
when designing assays with a highly parallel evaluation of primer
candidates across other cancer mutations.?> The aforementioned
verification steps would improve measurements of the copy num-

ber of customized reference materials with various mutations.?®

5 | CONCLUSION

In conclusion, our results show that the number of copies by dPCR

between genomic DNA and fragmented DNA drived from colorectal

WILEY-7°®

cancer cells varies dramatically according to the location of the nu-
clease cleavage site. In addition, our results demonstrate that the
direct detection of gDNA and nDNA of KRAS mutations mixed with
serum had qualitative differences compared to the unmixed control.
Moreover, with regard to the variation in copy number between the
samples, our results suggest that the matrix effect critically affects
the accuracy of gDNA and nDNA level estimation in the direct de-
tection of mimic of patient samples. The form of reference material
we proposed should be optimized for various conditions to develop
reference materials that can accurately measure copy number and

verify the detection of KRAS mutations in matrices.
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