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Combinatory Analysis of Cell-free and Circulating Tumor
Cell DNAs Provides More Variants for Cancer Treatment
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Abstract. Background/Aim: Non-invasive biomarker detection
using DNA from cell-free circulating DNA (cfDNA) and
circulating tumor cells (ctcDNA) are emerging as they can be
used for early diagnosis, prognosis and therapeutic target
selection for cancer. However, cfDNA and ctcDNA from the
same patient have not yet been compared extensively on how
different the genetic characteristics of the two are in terms of
the overlap between them. Materials and Methods: The
performance of a customized NGS panel was used to compare
the variants found in the 20 pairs of ¢f/DNA and ctcDNA from
gynecological cancer patients. Results: A genetic variant
analysis revealed that there were only nine common overlapping
variants out of 63 between the cfDNA and ctcDNA pairs, while
31 and 22 were unique to cfDNA and ctcDNA, respectively.
Conclusion: A combinatory analysis of both cfDNA and CTCs
from cancer patients can improve the sensitivity of liquid
biopsies. These results are expected to provide better genetic
target information for guiding clinical strategies for cancer.

Tumor cells can acquire mutations even during cancer
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therapies and can be selected for survival. Therefore,
repeated monitoring of genetic mutations is important for
tracking the condition of cancer patients. Genetic mutation
profiles can be obtained by panel-based next generation
sequencing (NGS) on tissue biopsy samples. Such profiles
can provide ample information for choosing suitable drugs
or chemotherapy. However, repeated solid tissue biopsies are
invasive and inconvenient (1, 2). On the other hand, liquid
biopsies including cell-free DNA (cfDNA), circulating tumor
cells (CTCs) and tumor-derived exosomes from apoptotic or
necrotic cells can be non-invasive and can also be sufficient
enough to provide core information on the primary tumors
or metastatic sites (3-5). For instance, one of the FDA
approved commercial kits, Roche’s Cobas plasma EGFR
detection test V2 (US-IVD), utilizes cfDNA to detect a
single mutation. In the case of next generation sequencing
(NGS) application, Guardant360 now allows monitoring and
aftercare of patients by screening cfDNA derived mutations
for targeted therapies. As observed in many commercial
products, liquid biopsy is an emerging field for real-time
monitoring of tumor heterogeneity and predicting clinical
behaviors of cancer in replace of tissue biopsy (6).
Currently, early detection of cancer using circulating
tumor cells in patient’s blood is limited by the small number
of CTCs and the amount of blood drawn, and the sensitivity
in isolating CTCs from normal tissue cells. By simply
increasing the volume of blood, a higher amount of
circulating tumor DNA (ctDNA) can be obtained. Guardant,
for example, requires a total 40 ml of blood to be drawn.
Although this is an easy way to overcome the low amount
issue, collecting a large blood volume is difficult in most
clinical settings. Increasing the assay sensitivity is another
approach to detect low amounts of ctDNA. Several methods,
such as droplet digital PCR (ddPCR) and Beads, Emulsions,
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Amplification, Magnetics (BEAMing), have been devised to
identify target tumor-specific mutations in cfDNA (7-9).
However, the average cfDNA concentration in a healthy
human subject is known to be only about 10 ng/ml and also
the ratio of ctDNA to cfDNA is too diverse, representing
from 0.01% to more than 50% of the cfDNA fraction (10-
13). The low fraction ratio of ctDNA indicates that the
number of cancer-derived template DNA strands may not be
sufficient even with 0.1% sensitivity. Therefore, simply
increasing the sensitivity would not increase the detection
rate of cancer-related mutations.

CTCs captured from blood are directly shed from the
primary tumor or metastatic sites and can even be cultured for
in-depth analyses providing much more definite information
about cancer origin and status. Studies have reported
advantages such as good concordance between genetic
mutations in CTCs and primary tissues. These CTC mutations
were found to provide more effective options to monitor tumor
genomes that are prone to change during progression,
treatment, and relapse (14, 15). As cfDNA and CTCs possess
different analytical significances, the combinatory analysis of
both samples from the same patient may provide
complementary and additional information on tumor cell
heterogeneity that is invaluable for identifying key molecular
targets to improve cancer therapies. Recently, Onidani K et al.
compared mutations detected in ctcDNA and cfDNA from
patients with colorectal cancer or head and neck cancer. Their
results demonstrated that ctcDNA expressed mutations in some
blood samples were not detected in cfDNA or vice versa. In
addition, their NGS data suggested that ctcDNA and cfDNA
exhibit unique genetic alteration profiles (16). Therefore, we
designed a different strategy to analyze not only the cfDNA
mutations but also the genomic mutations of ctcDNA together
in an effort to provide a richer set of data per patient. In this
study, we analyzed the CTC genome present in the blood to
compensate for the low cfDNA tumor fraction using ultra-deep
next-generation sequencing utilizing a customized cancer panel
that covers 51 actionable genes. As a result, we observed that
the genetic variant profiles do not overlap significantly between
cfDNA and ctcDNA. These results suggest that genetic analysis
of either cfDNA or ctcDNA only misses certain genetic
variants of tumors, and combined analysis on both types of
DNA can possibly increase sensitivity and accuracy through
ultra-deep sequencing.

Materials and Methods

Cell culture and DNA extraction. Human KOREF (Korean
Reference genome) cell lines (17) and PC9 cells were cultured in
RPMI-1640 medium with 10% heat-inactivated fetal bovine serum.
These prepared cells were incubated at 37°C and 5% CO,. The
DNA extracted from 100 cultured KOREF and PC9 cells was used
as negative control and positive control, respectively. After ten or
hundred PC9 cells were spiked into the normal blood, CTCs were
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Table 1. The 51 target genes in the NGS panel.

ABLI BTK ERBB3 GNAII MET PPARG TP53
AKTI CCND!  ERBB4 GNAQ MTOR PTCHI TSCI
ALK CDK4 ESRI HRAS MYCN PTEN TSC2
AR CDK6 FGFRI IDHI NOTCHI RAFI

BAPI CDKN2A FGFR2 [DH2 NRAS RET

BRAF  DDR2 FGFR3 KIT PDGFRA ROSI

BRCAlI EGFR FGFR4 KRAS PD-LI SMO

BRCA2 ERBB2 FLT3 MAP2K1 PIK3CA  STKI1I

Table II. Clinical characteristics of the 20 gynecological cancer patients
in this study.

Characteristics Number Range (%)
Age Median (IQR) 62 42-91
Stage I 8 (40%)
1T 4 (20%)
I 5 (25%)
v 3 (15%)
Cancer type Ovarian cancer 9 (45%)
Uterine sarcoma 3 (15%)
Cervical cancer 4 (20%)
Endometrial cancer 3 (15%)
Vulvar cancer 1 (5%)

isolated using CD-PRIME™ system (Clinomics Inc., Suwon,
Republic of Korea). DNA extraction of CTCs were followed after
a filtration process. One pl of purified DNA from each sample was
employed to analyze its quality and size using a Bioanalyzer system
(Agilent, Santa Clara, CA, USA). In addition, DNA concentration
was assessed using the dsDNA BR assay on Qubit fluorometer
(Thermo-Fisher Scientific, Waltham, MA, USA).

Patient and blood samples. A total of 20 patients were diagnosed
with gynecologic cancers at Chonbuk National University Hospital.
All subjects submitted their informed consent for inclusion before
participating in the study. Peripheral blood was collected in 10-ml
EDTA vacutainers (BD, Cowley, Oxon, UK) about a week before
treatment. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by the
Ethics Committee of Chonbuk National University Hospital (IRB
No. CUH2017-04-018-001).

Sample preparation. Plasma was isolated from 7 ml of whole blood
using density gradient centrifugation in Ficoll-Paque™ PLUS (GE
Healthcare, Piscataway, NJ, USA). cfDNA was extracted from about
4 ml of plasma samples using the QIAamp Circulating Nucleic Acid
Kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions carefully.

Peripheral blood mononuclear cell (PBMC) layer was processed
to enrich CTCs using the CD-PRIME™ system (Clinomics Inc.,
Suwon, Republic of Korea). CD-PRIME™ is a centrifugal-force-
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Figure 1. The number of circulating tumor cells (CTCs) in gynecological cancer patients. (A) CTCs isolated from whole blood from the 20
gynecological cancer patients using a size-selective CTC isolation platform. The number of CTCs were quantified by counting anti-EpCAM and
anti-cytokeratin among all mononuclear cells. (B) CTC numbers are determined in gynecological cancer patients of different clinical stages

(means+SD, **p<0.005, Student’s t-test).

based size-selective CTC isolation platform that can isolate and
enrich CTCs from PBMC layer. Following the manufacturer’s
instructions, an equal volume of Ficoll-Paque™ PLUS solution was
added into the peripheral blood and the corresponding mixture was
centrifuged at 800 x g. After centrifugation, the PBMC fraction was
recovered from the separated blood cell fraction and was applied to
the CD-PRIME™ platform for CTC enrichment (18-20). Based on
the general criteria for CTCs identification employing DAPI+,
EpCAM/CK+, and CD45—, we were able to calculate the exact
number of CTCs using a fluorescence microscope (Bioview, Nes
Ziona, Israel) at a magnification of x40.

By utilizing CD-PRIME™ , enriched CTCs were located on the
membrane of CD-CTC-discs provided by the manufacturer. This
membrane was placed into collection tubes to be processed with the
DNA extraction protocol using QIAamp DNA Micro Kit (Qiagen,
Hilden, Germany). The extracted ctcDNA, was further processed by
whole genome amplification (WGA) using REPLI-g Mini Kit
(Qiagen, Hilden, Germany). We analyzed the quality and estimated
the quantity of cfDNA and ctcDNA using the Qubit 3.0 fluorometer
(Thermo-Fisher Scientific, Waltham, MA, USA). In addition, the
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) was employed
to detect the degree of genomic DNA contamination.
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A total of 10 ng of cfDNA or ctcDNA were harnessed for the
library construction. Library preparation was performed using Ion
Ampliseq Library Kit 2.0 (Thermo-Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instruction. We used the Ion
Xpress Barcode Adaptors Kit (Thermo-Fisher Scientific, Waltham,
MA, USA) for sample multiplexing and the resulting libraries were
purified with the Agencourt AMPure XP reagent (Beckman Coulter,
Danvers, MA, USA). Synthesized libraries were then quantified
using the Qubit 3.0 fluorometer and the 2100 Bioanalyzer. Template
preparation for the libraries was performed using the Ion Chef
Instrument (Thermo-Fisher Scientific, Waltham, MA, USA) with
Ion 540 Chef Kit (Thermo-Fisher Scientific, Waltham, MA, USA).
Multiplexed templates were subjected to sequencing on the Ion S5
XL system (Thermo-Fisher Scientific, Waltham, MA, USA).

Panel development. We designed a customized NGS panel to
characterize single nucleotide variants (SNVs), insertion-deletion
polymorphisms (INDELs), and copy-number variations (CNVs) in
51 actionable genes (Table I). Candidate genes are included on the
basis of associated FDA-approved therapies or reported clinical
trials. The cancer panel was designed using Ampliseq Designer
(5.4.1, Thermo-Fisher Scientific, Waltham, MA, USA). A total of
1,355 amplicons are designed in two primer pools. Amplicon size
was determined to lie within the 125-175 bp range and the total
number of bases covered by the amplicons was 136.75 kb. The
panel performance was assessed by Multiplex 1 ¢cfDNA Reference
Standard set (Horizon, Cambridge, UK).

Sequencing data analysis. The hg19 human genome reference was
used as the reference. Sequence data analysis was performed using
Torrent Suite software (5.8.0). IonTorrent provided plugins such as
coverage Analysis (Version 5.8.0.1), variant caller (Ver 5.8.0.19),
and Ion Reporter (Ver. 5.10.2.0) were utilized to analyze sequencing
coverage, generate VCF files, and obtain annotation of genetic
variants respectively. To filter out potential sequencing background
noise, we excluded Common Korean SNVs which are included in
the KoVariome whole genome sequence database from 50 healthy
unrelated Korean individuals (17, 21) and any genetic variants with
allele frequency below 1% were treated as random errors and
discarded.

Statistical analyses. All data were expressed as mean+SD, except
indicated+SEM in the legends of at least three independent
experiments. Two-tailed #-tests and linear regression with Pearson
correlation coefficient were performed using GraphPad™ 4.0
software. p-values less than 0.05 were used to determine the
statistical significance.

Results

Clinical characteristics of examined patients. We have
collected 10-ml blood samples from 20 patients who were
diagnosed with gynecological cancer. The baseline
characteristics of these patients are demonstrated in Table II.
The median age was 62 years old with a range between 42
and 91. Because gynecologic cancer occurs in different parts
of female’s reproductive organs, patients were classified into
five distinct types of gynecological cancer. The most
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Figure 2. The performance of the customized NGS panel was measured
using c¢fDNA reference standard or the blood spiking PC9 cells,
respectively. (A) The average allele frequency of eight variants
(triplicate, y-axis) as a function of the expected allele frequency (x-axis)
for the Horizon cfDNA reference standards. (B) The 10- and 100-PC9
cell pools were generated by serial dilutions. Cultured KOREF cells and
PC9 cells used as EGFR exon 19 deleted negative cells and positive
cells, respectively.

frequent type was identified as ovarian cancer including
high-grade serous carcinoma, low-grade serous carcinoma,
endometrioid adenocarcinoma, clear cell carcinoma and adult
granulosa cell tumor (n=9, 45%), followed by uterine
sarcoma including leiomyosarcoma, spindle cell sarcoma and
carcinosarcoma (n=3, 15%), cervical cancer including
squamous cell carcinoma and adenocarcinoma, (n=4, 20%),
endometrial cancer (n=3, 15%), and finally vulvar cancer
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Figure 3. The combinatory analysis of genetic alterations using cfDNA and ctcDNA. (A) Venn diagram of matched cfDNA variants (blue) and
ctcDNA (grey). The genetic alterations in cfDNA and ctcDNA in gynecological cancer patients. Nine genetic variants (red) were shared between
¢fDNA and ctcDNA. Four variants matched in cfDNA and ctcDNA of same patients. (B) The percentage of patients with mutations detected using
combination, cfDNA or ctcDNA alone. Multiple genetic variants within the same gene in each patient were counted as one.
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(n=1, 5%). The number of patients in the four cancer stages
was eight at Stage I (40%), four at Stage II (20%), five at
Stage III (25%), and three at Stage IV (15%).

Besides, we filtered out the CTCs from the peripheral
blood and counted the number of cells by immunostaining.
As a result, 16 out of 20 samples were detected to have a
certain number of CTCs and the median number of CTC was
1.65 ranging from O to 4 (Figure 1A). The counted CTCs
were classified according to the care stage of the patients. As
a result, significantly higher numbers were observed in the
cancer stage III & IV group than the stage I & II group
(Figure 1B).

Detection limit of NGS panel using cfDNA and CTCs. To
establish the detection limit of the customized NGS panel,
we first used the Multiplex I cfDNA Reference Standard set
(Horizon Discovery). This reference standard set consists of
eight genetic variants at four different expected allele
frequencies (5%, 1%, 0.1%, and 0%). Triplicates of each
reference material were analyzed with the custom NGS
panel. We discovered that the developed NGS panel was able
to detect NRAS (Q61K, A59T), EGFR (E756-A750, T7T90M,
L858R), and KRAS (G12D) mutations of up to 0.1% allele
frequencies, and the EGFR (V769 - D770insASV) and
PIK3CA (E545K) were able to detect genetic variants of up
to 1% (Figure 2A). Although these results do not completely
follow the results demonstrated by the Horizon discovery,
they also reported that most of the genetic variants at 0.1%
allelic frequency were detectable only with Droplet Digital
PCR, not with NGS. Therefore, it is much more conservative
to say that the custom NGS panel has the detection limit of
1% allelic frequency, even though some variants showed
expression at 0.1% allele frequency.

To further confirm the applicability of detecting genetic
mutations in ctcDNA, we employed EGFR exon 19 deleted
PC9 cells and prepared two different samples by spiking ten
or a hundred cells into the blood of healthy individuals. As a
result, mean values of allele frequency of EGFR exon 19 dele-
tion were 0 in KOREF (negative control), 0.50 (+0.17) in 10-
spiked PC9 cells, 2.57 (1.07) in 100-spiked PC9 cells, and
69.93 (£1.79) in cultured PC9 cells (positive control, Figure
2B). These allele frequencies were also confirmed by the qual-
itative qPCR results on mutation detection (data not shown).

Genomic profile difference between cfDNA and CTCs. Using
cfDNA and ctcDNA extracted from 20 clinical samples, we
performed ultra-deep sequencing with customized NGS
panel. Then, we identified 63 genetic variants expressed in
23 actionable genes by comparing the genomic profiles
between them. As a result, we observed several unique
variants as well as nine variants that were expressed in both
cfDNA and ctcDNA (Figure 3A). Among these genes,
concurrently expressed variants were ERBB2 S1050L in
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patient 11, ESRI D484G and TSC2 V1175V in patient 5, and
PTCHI P1315S in patient 4.

To investigate the clinical application of comprehensive
profiling of ¢fDNA and ctcDNA, we calculated variant
detection rates for 23 genes in patients (Figure 3B). TP53
mutations were detected in 10 patients with a simultaneous
investigation of cfDNA and ctcDNA genomic profiles.
However, the analysis of the individual profiles can only
detect five patients and loses the other five patients who
were classified as false negatives. Other variants also follow
a similar trend, for example, the combined detection rates for
TSC2, ESRI, BRCA2, BRCAI, and PTCHI are 45%, 45%,
35%,30%, and 30%, respectively. Also, these detection rates
are conspicuously higher than the individual detection rates,
improving the overall detection rate of genetic profiles using
liquid biopsy.

Discussion

Despite the fact that many liquid biopsy studies on cancer
diagnosis, monitoring, and prognosis have been mainly
focused on cfDNA, detecting genetic variants in a minuscule
amount of cfDNA is restricted by both the blood volume
drawn and the overall detection sensitivity. Obtaining more
than 40 ml of blood would improve the detection of
mutations in cfDNA, but this is an unfeasible solution in
most clinical settings. In addition, the average concentration
of cfDNA in healthy individuals is reported to be 5 ng/ml,
ranging from 1 to 10 ng/ml. By assuming the mass of one
genome copy to be 6.6 pg, there are only 6,000 genome
copies at max in 4 ml of plasma separated from 10 ml of
blood. In 6,000 genome copies, the estimated number of
ctDNA is less than a single cancer genome. This indicates
that the NGS panel should have sensitivity higher than
0.01%, and that cfDNA detection is limited in the current
state of NGS technology.

To overcome the shortcomings posed by cfDNA application,
we decided to perform analysis on both cfDNA and ctcDNA.
The initial step was to define the lowest number of CTCs that
can be detected by the custom NGS panel we proposed. Our
result showed that the allele frequency of the EGFR exon 19
deletion at ten cells of spiked PC9 was 0.5%. However,
although only 0-4 CTCs were successfully separated from the
clinical samples and confirmed by the immune system, genetic
variants of ctcDNA were observed. This discrepancy is
expected to result from the immunostaining method using
EpCAM and cytokeratin antibodies. The EpCAM-,
cytokeratin-positive CTC only reflects the subpopulation of
the entire population, leading to underestimation of the
number of actual CTCs existing in the blood (22). Therefore,
the number of isolated CTCs above the filter membrane is
expected to be higher than the counting number. Consequently,
NGS using isolated CTCs would provide more comprehensive
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information such as heterogeneity of CTCs rather than
subpopulation characteristics.

Combinatory analysis of cfDNA and ctcDNA did provide
complementary genetic information of tumors that each
sample misses. Among 23 genes detected for genetic
variants, BRCAI and ERBB2 were detected in CTC in more
patients than in cfDNA, and in ERBB3, RET, and TSCI, gene
variations missed by cfDNA were detected in ctcDNA.
Especially, TP53 variants were able to cover 25% of patients
when cfDNA or ctcDNA were analyzed separately, while the
combinatory analysis of cfDNA and ctcDNA was able to
cover half of the cohort. This means that cfDNA used
clinically represented only a fraction of the
heterogeneity in cancer diagnosis, monitoring and prognosis
in patients. Thus, the analysis of CTCs and cfDNA together
may provide richer tumor heterogeneity information, which
can provide useful information for cancer therapy.

This study is limited in that only 20 patients were enrolled.
Therefore, it needs to be validated on a much larger scale of
clinical studies. Second, it is difficult to obtain a consistent
number of CTCs. In some cases, it was not possible to detect
CTCs by immunostaining as four patients showed zero CTC
count in our study. Although the detection of CTCs by
immunostaining may miss other CTC subpopulations, NGS
analysis with high sensitivity can still detect genetic variants.
Third, Whole Genome Amplification (WGA) was performed
in order to increase the DNA yield, since CTCs contain a
minuscule amount of DNA. It is well known that WGA can
introduce amplification errors that affect appropriate genetic
variant analysis negatively (23). Nevertheless, the kit we have
used in our study utilizes a high fidelity Phi29 polymerase
which has proofreading activity as well as a very low error
rate. Moreover, sequenced data have been rearranged based
on the stringent filtering protocol, meaning that variants with
allele frequency less than 1% were treated as errors and
eradicated from the variants list. With the approach above,
WGA and polymerase errors became negligible.

In conclusion, our NGS based genetic profiling analysis
characterized tumors in both cfDNA and ctcDNA from the
same patients and we found that such a combined method
can offer a better data set for guiding clinical strategies and
targeted therapies.
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