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Background and aims: Circulating tumor cells (CTCs) or circulating tumor DNA (ctDNA) may be used for diagnostic
or prognostic purposes in patients with hepatocellular carcinoma (HCC). We aim to determine whether CTCs or
ctDNA are suitable to determine oncogenic mutations in HCC patients.

Methods: Twenty-six mostly advanced HCC patients were enrolled. 30 mL peripheral blood from each patient
was obtained. CellSearch system was used for CTC detection. A sequencing panel covering 14 cancer-relevant
genes was used to identify oncogenic mutations. TERT promoter C228T and C250T mutations were determined
by droplet digital PCR.

Results: CTCs were detected in 27% (7/26) of subjects but at low numbers (median: 2 cells, range: 1-15 cells)
and ctDNA in 77% (20/26) of patients. Mutations in ctDNA were identified in several genes: TERT promoter
C228T (77%, 20/26), TP53 (23%, 6/26), CTNNBI (12%, 3/26), PIK3CA (12%, 3/26) and NRAS (4%, 1/26). The
TERT C228T mutation was present in all patients with one or more ctDNA mutations, or detectable CTCs. The
TERT C228T and TP53 mutations detected in ctDNA were present at higher levels in matched primary HCC tumor
tissue. The maximal variant allele frequency (VAF) of ctDNA was linearly correlated with largest tumor size and
AFP level (Log10). CtDNA (or TERT C228T) positivity was associated with macrovascular invasion, and positivity
of ctDNA (or TERT C228T) or CTCs (> 2) correlated with poor patient survival.

Conclusions: Oncogenic mutations could be detected in ctDNA from advanced HCC patients. CtDNA analysis may
serve as a promising liquid biopsy to identify druggable mutations.

Introduction CTCs are cells that have detached from a primary or secondary tu-

mor and enter circulation [3], and are regarded as seeds for metastasis.

Hepatocellular carcinoma is the 4th leading cause of cancer related
death worldwide [1]. Treatments options for advanced disease are lim-
ited. Most patients are diagnosed at a late stage and their median sur-
vival is less than 2 years [2]. In advanced patients tumor tissue is usually
obtained by needle biopsies, which are invasive and does not capture the
heterogeneity of the whole tumor. Liquid biopsies, including circulating
tumor cells (CTCs) and cell-free DNA (ctDNA), have been suggested to
allow identification of tumor-derived mutations for use in diagnosis and
rational application of targeted therapies while patient burden associ-
ated with such sampling is minimal.

There has been a technical challenge to capture them due to the ex-
tremely low frequency, estimated < 1 CTC/ml of blood in billions of
blood cells. CellSearch is a standardized and validated method to detect
EpCAM™* CTCs from epithelial tumors not including HCC [4]. Neverthe-
less, many studies show that CellSearch identifies CTCs in 16-67% HCC
patients in early or late stage [5-12]. Other enrichment methods include
size-based enrichment [13], density-based RosetteSep negative selec-
tion [14], magnetic negative selection [15], flowcytometric detection
[16] and microfluidic enrichment [17]. Most CellSearch studies report
prognostic value of CTC numbers in HCC [5,8-10,12]. The CTC-positive
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rate in peripheral blood was associated with tumor size, serum alpha-
fetoprotein level (AFP), vascular invasion and overall survival [5,10,11].
A preoperative CTC positivity is a predictor for tumor recurrence in HCC
patients after surgery [8,9]. The increase in postoperative CTC counts
was significantly associated with the macroscopic tumor thrombus and
shorter overall survival [12]. Moreover, to help guide treatment deci-
sions, for instance to initiate or switch targeted therapy, it is important
to determine acquisition of somatic mutations. Because of the risks asso-
ciated with repeated tumor biopsies, it is attractive to use liquid biopsies
for this purpose. Mutational analysis in CTCs can be performed by DNA
sequencing [11,18]. However, CTCs found by numerous methods have
often not been analyzed for DNA mutations in HCC, likely due to limited
numbers and inefficiency of single cell isolation techniques.

Circulating tumor DNA (ctDNA) is the fraction of cell-free DNA that
is derived from primary or metastatic tumors. The fraction of circulating
mutant DNA fragments is very small, sometimes less than 0.01% [19],
compared to circulating wildtype DNA fragments, making it difficult to
detect and quantify [20]. The development of next generation sequenc-
ing (NGS), especially deep sequencing, and droplet digital PCR (ddPCR)
have facilitated the identification of genetic variants in ctDNA. Chan
et al. was the first to report analysis of ctDNA by shotgun sequencing
of plasma samples from HCC patients in early stage. The ctDNA con-
centration, determined by single nucleotide variants (SNVs) analysis,
was found to range from 2.1% to 53% before surgery and from 0.4%
tol.3% after surgery [21]. HCC-associated mutations (e.g. TP53, TERT,
CTNNBI1, APC, EGFR, MET, ARID1A) were detected in ctDNA by NGS se-
quencing in advanced [22,23] and operable HCC [24,25]. The presence
of somatic mutations in ctDNA before surgery could predict microvascu-
lar invasion in resectable HCC patients [24,25]. Moreover, postoperative
residual ctDNA was an independent risk factor for recurrence and poor
disease-free survival in HCC patients [26]. Very recently, TERT promo-
tor mutated ctDNA was described to be a prognostic biomarker for HCC
[27,28], but this observation requires further validation.

Therefore, in clinical practice it becomes more and more relevant
that we have access to easy and reliable diagnostic tools for detection of
oncogenic mutations to help guide treatment decisions. Hence, in this
study, we used paired samples of CTCs and ctDNA to explore feasibility
to detect oncogenic mutations in HCC patients.

Material and methods
Patients and blood collection

A total of 26 HCC-patients were enrolled in the study between May
2018 and July 2019. Peripheral blood samples (30 mL) from each pa-
tient were collected before any anti-tumor treatment and were collected
into Cellsave tubes (Menarini Silicon Biosystems, Huntington Valley,
PA). Matched FFPE primary tumor tissue biopsies were obtained from
department of Pathology in Erasmus MC. The study was approved by the
local ethics committee (METC), Erasmus MC, Rotterdam (METC num-
ber: 17-238), and written informed consent was obtained from each pa-
tient. The clinical characteristics of the 26 patients are summarized in
Table 1.

Plasma separation and ctDNA extraction

Blood samples were processed within 24 h after collection. Blood was
first centrifuged at 1700 g for 10 min to separate plasma and blood cells.
The separated plasma was centrifuged at 12,000 g for another 10 min
to remove cellular debris. The plasma was collected and aliquoted in
vials per 2 ml and stored at —80 °C until further processing. ctDNA
was isolated from 440 pL to 4 mL (median 3.95 mL) plasma using QIA-
amp Circulating Nucleic Acid kit (Qiagen, Venlo, the Netherlands) and
eluted in 30 pL elution buffer. CtDNA concentrations were determined
by Qubit™ 1X dsDNA HS Assay kit (Thermo Fisher scientific, Waltham,
MA) using 2 pL of ctDNA.
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Table 1
Patient characteristics.

HCC patients (n = 26)

Gender

Male 23

Female 3
Age at sampling (years)

< 60 6

> 60 20

Mean + SD 67 + 11.6
Race

Caucasian 23

Asian 2

African 1
Etiology

No known liver disease 9

Hepatitis B/C 3/2

Alcohol-related liver disease 7

NASH/NAFLD* 4/1
Cirrhosis

No 11

Yes 15

BCLC stage (A/B/C) 3/5/7
Size of largest lesion (cm)

<10 7

> 10 19

Mean + SD 13 £5.2

Tumor number

1 17

>1 9
Macrovascular invasion

No 12

Yes 14
AFP level (pg/L)

<20 12

20-400 3

> 400 11
Treatment

Surgery 1

TACE/SIRT** 5

Systemic therapy (Sorafenib) 10

BSC 10

* NASH, non-alcoholic steatohepatitis;NAFLD, non-
alcoholic fatty liver disease.

** TACE, transarterial chemoembolization;SIRT, selec-
tive internal radiation therapy.

*** BSC, best supportive care.

Enrichment of CTCs and single cell isolation

7.5 mL whole blood was used to detect EpCAM™ CTCs by CellSearch
system (Menarini Silicon Biosystems). The cells were isolated by Ep-
CAM positive selection using the CellSearch Circulating Tumor Cell kit
® and defined as CD45~CK(8/18/19)* DAPI* The stained and scanned
CTCs were scored blindly by two certified researchers. Single CTC were
isolated from the CellSearch cartridge with the VyCAP cell puncher sys-
tem (VyCAP, Enschede, The Netherlands) using an isolation chip, which
consists of 6400 microwells [29]. Single cells were subjected to whole-
genome amplification (WGA) by the Amplil WGA kit (Menarini Silicon
Biosystems) and the DNA quality of the WGA-products was determined
with the WGA Quality control kit (VyCAP) according to manufactures
instructions.

Amplification of ctDNA

The extracted ctDNA was pre-amplified for the targets TERT C228T
and TERT C250T by PCR. In brief, a pre-amp reaction mix (total volume:
8 uL) was prepared for each target using: 4 uL. Tagman PreAMP Master
Mix (Thermo Fisher Scientific), 2 puL ctDNA sample and 2 pL of 100x
diluted TERT C228T-113 or TERT C250T-113 assay (Bio-Rad, Herucles,
CA). Then PCR was performed using the following cycle conditions: 1
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cycle of 10 min at 95 °C,15 cycles of 15 s at 95 °C and 4 min at 60 °C
and finally hold at 4 °C. After pre-amplification PCR 72 puL ultrapure
DNAse/RNAse free H,O (Thermo Fischer Scientific/Gibco) was added
to the reaction for a final volume of 80 pL.

Droplet digital PCR (ddPCR)

For the quantification of the TERT C228T and C250T mutations in
ctDNA from HCC patients, ddPCR was performed using the Naica Crystal
PCR system (Stilla Technologies, Beverly, MA). Prior to the ddPCR, pre-
amplified ctDNA samples were diluted 20x for every 0.5 ng of ctDNA
input in the pre-amplification reaction to prevent saturation with DNA
copies of the ddPCR Sapphire chips (Stilla Technologies) with copies.
Based on the resulting amount of target copies of the first ddPCR (low
sample concentration input), a second ddPCR (high sample concentra-
tion input) was performed with an input of at least 2500 target copies.
For each target the following ddPCR reaction mix was prepared: 1 pL
of diluted pre-amplified ctDNA sample, 14 ul. ddPCR™ supermix for
probes (Bio-Rad), 2.8 puL of 5 M Betaine (Sigma Aldrich, Darmstadt, Ger-
many), 1 pL of 28 mM EDTA (Thermo Fisher Scientific), 1.4 uL of TERT
C228T-113 or TERT C250T-113 assay (Bio-Rad) [30], 2.8 pL of 1 uM
Fluorescein (VWR, Radnor, PA) and finally ultrapure DNAse/RNAse free
H,0 (Thermo Fischer Scientific/Gibco) was added to bring up the total
volume to 28 pL. Then 26 pL of the reaction mix was then loaded unto
the Sapphire chips (Stilla Technologies) and ddPCR was performed us-
ing the following cycle conditions: 1 cycle of 10 min at 95 °C, 50 cycles
of 30 s at 96 °C and 1 min at 62 °C, 1 cycle of 10 min at 98 °C and fi-
nally hold at 4 °C. The Sapphire Chips were scanned using Naica Prism3
system with default exposure times for the FAM-labeled mutant probe
(50 ms) and the HEX-labeled wildtype probe (250 ms). Then, data was
analyzed using the Stilla Crystal Miner v2.4.0.3 software and thresh-
olds were set based on positive and negative controls for each mutation
assay.

To exclude false positive samples, all ctDNA were analyzed at low
and high concentrations. An increase in sample concentration should
result in an elevated number of mutant copies compared to the lower
concentrated sample. If mutant copies were detected and no increase
was observed in the higher concentrated sample of the same patient,
the patient was regarded negative for either the TERT C228T or C250T
mutation. Finally, a minimum threshold of 5 detected mutant copies
was established to discriminate between TERT mutation positive and
negative patients. The variant allele fraction (VAF) was calculated as
the proportion of ctDNA harboring the variant in a background of wild-
type cell-free DNA.

Targeted next-generation sequencing (NGS)

Sequencing was performed by Ion semiconductor sequencing on the
Ion Torrent S5XL Next generation sequencing (NGS) system using the
Oncomine ctDNA Assay with molecular barcoding loaded on Ion 540
chips. Experiments were performed according to the manufacturer’s pro-
tocol (Thermo Fisher Scientific/Life Technologies). Since there is no cus-
tomized oncopanel for HCC in EMC, we chose the Oncomine™ Colon
ctDNA panel (Thermo Fisher/Life Technologies) which contains the
most frequently mutated driver genes in HCC. This panel comprises of 14
colon cancer-related genes (TP53, CTNNB1, APC, BRAF, AKT1, PIK3CA,
EGFR, ERBB2, KRAS, NRAS, GNAS, MAD4, MAP2K1, FBXW7) cover-
ing > 240 mutational hotspots. Sample input ranged between 2.8 ng
and 20.7 ng DNA in 13 pl for the sequence reaction. Basecalling was
performed using the Ion Torrent Suite Software 5.10 plugin (Thermo
Fisher Scientific/Life Technologies) according the manufactures proto-
col with default basecalling settings. Variant calling was performed us-
ing the Ion Torrent Suite software and Variant caller plugin (Thermo
Fisher Scientific/Life Technologies) and the variant caller parameters
can be found in Supplementary Table 5. Additionally, the following post-
variant caller filters were used to eliminate false positive variants: only
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known hotspot variants were selected when detected in at least 3 inde-
pendent mutant molecules, with a variant allele frequency of at least
0.2% and the total sequencing depth at that the variant position (wild-
type and mutant) was at least 500 independent (wildtype and mutant)
molecules. Data were being made publically available online at the Eu-
ropean Genome-Phenome Archive (ega-archive.org).

Statistical analysis

Spearman’s rank correlation test for nonparametric data was used
to analyze the correlation between two factors. Kaplan-Meier analysis is
used to evaluate the survival differences. Clinical parameters in different
groups were compared using Chi-Square test. Cox regression model was
used for univariate and multivariate analysis. Statistical analysis was
performed using Graphpad Prism 8.0 or IBM SPSS statistics 25. P value
less than 0.05 was considered statistically significant (*P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001).

A detailed description of other methods is provided in the Supple-
mental information.

Results
Description of study cohort

In total 26 patients diagnosed with HCC were enrolled. The patient
characteristics are summarized in Table 1. With the exception of one
patient who could undergo curative surgery, all patients were treated
with palliative therapy because of comorbidity, severity of liver disease
and/or advanced tumor stage. Male individual accounted for the ma-
jority (88%, 23/26) of subjects included. The median diagnostic age
of enrolled HCC patients was 68.5 years (ranged from 40 to 85). Most
of patients are Caucasian (88%, 23/26). In 9/26 (35%) patients there
was no known liver disease, almost half of patients had alcohol-related
liver disease or NASH/NAFLD (46%, 12/26), and a small percentage of
patients had a chronic hepatitis B/C infection (19%, 5/26). Cirrhosis ex-
isted in 15 patients (58%). The largest tumor diameter was more than
or equal to 10 cm in 73% (19/26) of patients. Nine patients (35%) had
multiple malignant tumor foci. Macrovascular invasion was detected in
14 patients (54%). Fifteen of 26 pts (58%) were cirrhotic (BCLC stage
A/B/C: 3/5/7, respectively). Elevated AFP (> 400 ug/L) was seen in 11
patients (42%).

CTC count and mutation profiling of CTC

As CellSearch based on EpCAM positive selection is the only U.S.
FDA-approved technique for CTC detection, an important prerequisite
for a diagnostic tool to be implemented in clinical practice, we used
the CellSearch system to detect CTCs in HCC patients. For CTC analy-
sis, twenty-six patients were enrolled and 7.5 mL peripheral blood from
each patient was used. The number of CTCs detected by CellSearch
ranged from 1 to 15/7.5 mL blood and 27% (7/26) of patients were
CTC-positive (Fig. 1A and B). Among CTC-positive patients, 4 out of 7
had > 2 CTCs. Using the Vycap system, we managed to isolate 8 single
CTC (53% recovery) from the CellSearch enriched CTC fraction from the
patient that had 15 CTCs (patient 12). We did whole genome amplifi-
cation for each single CTC and only one CTC had good quality of the
WGA and could be analyzed for the oncogenic mutations by ddPCR and
NGS sequencing. However, we did not find any mutations in this CTC.
Importantly, we also did not detect any oncogenic mutation in ctDNA
from the plasma of this patient.

Since CellSearch is dependent on EpCAM expression by CTC, we an-
alyzed the expression of EpCAM on tumor cells using tissue microar-
rays with cores of resected tumors from 109 early-stage HCC patients
(surgery candidates as described previously in [31,32]) by immuno-
histochemistry (IHC) staining. EpCAM expression in tumor tissue was
found in only 7% (7/109) of these HCC patients (Figs. S1A-S1D).
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Collectively, we detected CTCs in a minority of our cohort of mostly
advanced HCC patients and we could not isolate sufficient single CTC
cell for mutational analysis.

Mutational landscape in HCC by ctDNA profiling

As TERT promoter mutations are the most common mutations
present in around 60% of HCC patients [33], we analyzed TERT pro-
moter mutations C228T and C250T by ddPCR in order to estimate the
ctDNA amount in blood from HCC patients. We additionally analyzed
somatic mutations with a NGS panel covering 14 oncogenic genes. The
amount of ctDNA that we isolated ranged from 7 to 282.4 ng per ml of
plasma (mean 45.52 ng/ml plasma) (Fig. S2A). The majority of patients
(77%, 20/26) had at least one mutation in ctDNA, only (23%, 6/26) had
no detectable mutations (Tables S1 and S2). The TERT C228T muta-
tion (20/26, 77%) was the most frequently detected mutation whereas
the TERT C250T mutation was absent in all patients (Fig. 2A). TP53
(6/26, 23%) was the second most frequently detected mutation, fol-
lowed by CTNNBI (3/26, 12%), PIK3CA (3/26, 12%) and NRAS (4%,
1/26) (Fig. 2A). The median VAF for ctDNA mutations are 2.76% (range:
0.3—-17.92%) for TERT C228T, 7.21% (range: 0.28—14.05%) for TP53,
5.63% (range: 5.63—14.68%) for CTNNBI and 13.09% (0.35-13.99%)
for PIK3CA (Fig. 2B). Interestingly, the TERT C228T mutation was
present in all patients with one or more ctDNA mutations, and this
mutation was detectable in all patients of which CTCs were detectable
(Fig. 2C). However, ctDNA maximal VAF did not correlate with CTC
count (Fig. S2B).

Subsequently, we explored the concordance of these mutations in
ctDNA and matched tumor tissue. There were two matched primary tu-
mor biopsies available (patients 14 and 16) for mutational analysis, and
in those tissues TERT C228T and TP53 (hotspot p.R249S) mutations
were present at much higher frequency in tumor compared to ctDNA
(Fig. 2D).

Collectively, ctDNA mutations can be detected in our HCC patients
and the mutational landscape in ctDNA matches the published HCC mu-
tation landscape acquired by bulk sequencing of tumor tissues [34].

ctDNA positively correlated with macrovascular invasion, tumor size and
AFP level

We analyzed whether ctDNA status or CTC count correlated with
clinicopathologic parameters known to be associated with prognosis.
Clinical parameters in different groups were compared using Chi-Square
test. We found that ctDNA positivity (or TERT C228T positivity) cor-
related with macrovascular invasion (MVI) as determined on imaging
with CT/MRI, whereas for CTCs we did not observe such correlation
(Table 2). We next performed a linear regression analysis to further ex-
plore the correlation between clinicopathologic parameters and ctDNA
VAF or CTC counts. Results showed that maximal ctDNA VAF was posi-
tively correlated with the size of the largest tumor (r = 0.44, P = 0.024)
and AFP level (r = 0.53, P = 0.005) (Fig. 3A and B). Also TERT C228T
VAF significantly correlated with largest tumor diameter (r = 0.41,
P =0.037) and AFP (Log10) level (r = 0.55, P = 0.004) (Fig. 3C and D).
In contrast, the CTC count did not show such correlations with largest
tumor diameter or AFP (Log10) level (Fig. 3E and F).

ctDNA positivity or CTC count correlated with HCC patient survival

We next investigated whether ctDNA status or CTC count correlated
with overall survival (OS) or tumor specific survival. Patients with one
or more ctDNA mutations (TERT C228T positive patients) had a sig-
nificantly worse overall survival than patients without ctDNA muta-
tions (median OS 3 vs 17.5 months, P = 0.016) (Fig. 4A). Patients with
CTC > 2 tended to have a worse overall survival than patients with
CTC < 2 (median OS 3.5 vs 5 months, P = 0.052) (Fig. 4B). Moreover,
patients that were ctDNA+ (or TERT C228T+) or with CTC > 2 had sig-
nificantly worse tumor-specific survival (Fig. 4C and D). We performed
cox regression analysis to reveal the risk factors for overall survival.
Univariate analysis revealed that ctDNA positivity and MVI were risk
factors for overall survival, whereas multivariate analysis demonstrated
that these two factors were dependent on each other (Table S3). This re-
sult was validated in chi-square test, which shows that ctDNA positivity
was significantly associated with MVI (P = 0.004) (Table 2).
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Table 2
Comparison of the clinical parameters between classified ctDNA or CTC groups.
Clinicopathologic parameters  ctDNA pos (1=20) ctDNAneg(n=6) P CTC>2<n=4) CIC<2<n=22) P
N (%) N (%) value N 1%) N 1%) value

Age, years
< 60 6 (23.1) 1(3.8) 1.000 2 (7.7) 5(19.2) 0.287
> 60 14 (53.8) 5(19.2) 2(7.7) 17 (65.4)

Cirrhosis
No 9 (34.6) 2 (7.7) 1.000 1 (3.8) 10 (38.5) 0.614
Yes 11 (42.3) 4(15.4) 3 (11.5) 12 (46.2)

Tumor size
<10 4 (15.4) 3(11.5) 0293 0(0) 7 (26.9) 0.546
> 10 16 (61.5) 3 (11.5) 4 (15.4) 15 (57.7)

Tumor number
1 14 (53.8) 3(11.5) 0.628 3 (11.5) 14 (53.8) 1.000
>1 6 (23.1) 3 (11.5) 1(3.8) 8 (30.8)

Macrovascular

invasion
No 6 (23.1) 6 (23.1) 0.004 0 (0) 12 (46.2) 0.100
Yes 14 (53.8) 0 (0) 4(15.4) 10 (38.5)

AFP (ng/mL)
<20 8 (30.8) 4 (15.4) 0365 1(3.8) 11 (42.3) 0.598
> 20 12 (46.2) 2(7.7) 3 (11.5) 11 (42.3)

Discussion

Liquid biopsies, including CTCs and ctDNA, may potentially be used
to identify tumor-derived mutations for HCC diagnosis and to guide de-
cisions with regard to targeted therapies. In this study, we compare CTCs
and ctDNA from the same patient for oncogenic mutational profiling in
a cohort of mostly advanced HCC.

EpCAM™* CTCs have previously been detected in 28—35% of ad-
vanced HCC patients in Western cohorts by CellSearch [5, 6,11], which
is lower than the frequencies reported in Asian cohorts (EpCAM™* CTCs:
44—74%) focusing mostly on resectable HCC patients [8,10,12]. In line
with these findings, we found CTCs in 27% of a Western cohort of ad-
vanced HCC patients using this method. Moreover, in 43% (3/7) of
CTCs+ patients only 1 CTC/7.5 ml blood could be detected. Such low
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detection rate limits the use of this technique for mutational analysis.
There can be several explanations for the low CTC detection rate: CTCs
are simply not present (the frequency is < 1 in 7.5 mL blood), or they
cannot be detected by this assay because the expression of capture (Ep-
CAM) and/or identification (CK) markers is too low or lacking in a sub-
set of patients. EpCAM was expressed in tumors of only 7% of HCC pa-
tients in our IHC analysis, and moreover has been reported to be down-
regulated during epithelial-mesenchymal transition (EMT) [35,36]. The
frequency of EpCAM expression in our western HCC cohort was lower
compared to Asian cohorts in which its frequency ranges from 15% to
56% of patients [37-43]. This might be due to the difference in etiology
of liver disease. EpCAM expression is reported to correlate with HBV in-
fection [37,38,42]. However, in our cohort only 8% HBV+ patients were
EpCAM™* (2/24). Although IHC may be less sensitive to detect EpCAM
expression compared to immunomagnetic capture with ferrofluids and
the CellSearch enhanced aggregation technique, our data emphasize the
limitations of EpCAM-based detection of circulating tumor cells in HCC
for mutational analysis due to the low frequency of CTCs in our patient
cohort. Several other techniques for CTC detection have been described

[4], but they have as far as we know not been FDA approved, which
hampers widespread implementation in clinical practice.

In contrast, HCC-associated mutations could be detected in 77% of
patients using ctDNA. In our cohort, 77% of patients have TERT pro-
moter mutations, 23% have TP53 and 12% have CTNNBI1 or PIK3CA
mutations. Moreover, in all ctDNA+ patients the TERT promotor C228T
mutation was present, whereas one or more additional oncogenic muta-
tion(s) was/were present in 50% of these patients. Overall the observed
frequencies of mutations are consistent with NGS results of HCC tumors
[34]: Totoki et al. detected in HCC histology: 55% TERT promoter mu-
tations, 31% TP53, 31% CTNNBI and 1% PIK3CA mutations, respec-
tively (a comparison of all oncogenic mutations analyzed is provided
in supplementary Table 4). Our data are also in line with other studies
reporting that oncogenic alteration in ctDNA can be detected in 57%
(8/14) — 88% (181/206) of advanced HCC patients [22,23]. Discrep-
ancies in reported frequencies may be related to differences in clinical
characteristics of the populations studied since genomic distinction has
been associated with HCC risk factors [22,23]; we have included mostly
Caucasian patients with unknown or alcoholic liver disease, whereas
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Fig. 4. ctDNA positivity or CTC count correlated with HCC patient survival.

Tumor specific survival (months)

(A) Patients with positive ctDNA (or TERT C228T) and negative ctDNA (or TERT C228T) demonstrated differentiated overall survival. (B) Survival curve for patients
with CTC count < 2 and > 2. Kaplan-Meier analysis is used to evaluate the survival differences. P < 0.05 is considered significant.

the above mentioned studies include more patients with viral etiology
of their liver disease. In our experimental design there can be two pos-
sible explanations for ctDNA negativity: (1) the absence of any targeted
mutation in the primary tumor, (2) the targeted oncogenic mutation
was present in the primary tumor but it could not be detected in blood.
To illustrate, recently, TERT promotor mutation in paired plasma and
tissue biopsy were concordant in 21/34 patients (62%). In the 12 of 13
non-concordant samples, the TERT mutation was found in tumor but not
in plasma [27]. In agreement with other studies [26,44-46], we found
mutation concordance between ctDNA and primary tumor tissue in two
patients but since in our clinic routine tumor biopsies are uncommon in
advanced HCC patients (in context of cirrhosis) our dataset of matched
tissues is too small to draw conclusions.

In our cohort presence of ctDNA was associated with clinicopatho-
logic parameters of advanced disease. Maximal ctDNA VAF correlated
with tumor size and AFP level, and ctDNA positivity was associated with
macrovascular invasion. Moreover we showed that ctDNA positivity was
associated with overall and tumor-specific survival in our HCC patients
and TERT C228T mutation alone is a significant predictor of survival.
These findings are in line with recent findings by others, that have corre-
lated TERT promotor mutation in plasma with macrovascular invasion
and overall survival [27,28]. The ddPCR technique used in our study for
TERT promoter mutation analysis is a relatively easy, fast and affordable
assay, that can be used in clinical care for detection of this biomarker,
for instance as an additional tool in the early detection of HCC, as was
suggested by others [47,48]. Previously, ctDNA mutations in early-stage
HCC patients have been associated with microvascular invasion and re-
currence by others [44,45]. ctDNA positivity in postoperative plasma
predicted poor disease-free survival after tumor resection in early HCC-
patients [26].

Somatic mutations detected in ctDNA can guide treatment de-
cisions with regard to targeted therapies. Mutation analysis of
NRAS/KRAS/BRAF, PIK3CA and CSF-1R in plasma has been applied

in a phase 2 clinical trial to assess response to a mitogen-activated
protein kinase (MEK) inhibitor (refametinib) in advanced HCC pa-
tients [49]. Ikeda et al. [22] evaluated 14 patients with advanced
HCC and detected druggable mutations in 79% of patients. Based on
their findings patients were treated with customized therapies. A pa-
tient with a CDKN2A-inactivating and a CTNNBI-activating mutation
received palbociclib (CDK4/6 inhibitor) and celecoxib (COX-2/Wnt in-
hibitor) treatment and found declined des-gamma-carboxy prothrom-
bin (DCP) level after 2months of treatment. Another patient with a
PTEN-inactivating and a MET-activating mutation received sirolimus
(mechanistic target of rapamycin inhibitor) and cabozantinib (MET in-
hibitor) and demonstrated signs of clinical efficacy. The ease-of-use
of mutational analyses using ctDNA as opposed to the more cumber-
some CTC isolation allows for repeated, longitudinal analysis for prog-
nostic and therapeutic decision making in HCC patients. In our co-
hort, we detected druggable mutations in 5 patients, including 3 pa-
tients with CTNNBI, 3 patients with PIK3CA and 1 patient with NRAS
mutations.

Our study has several limitations: (1) we have a relatively small
cohort of patients; (2) as mentioned, we lack sufficient matched pri-
mary tumor tissue biopsies for comparison; and (3) we did not per-
form paired leukocyte DNA sequencing thus we could not fully exclude
that TP53 mutations were derived from leukocyte DNA, because so-
matic variants in TP53 found in ctDNA could be derived from clonal
hematopoiesis [50,51]; (4) the ctDNA panel that we used is limited and
does not contain all known actionable somatic alterations (e.g. mutation
in TSC1/TSC2, amplification in EGFR and MET).

In conclusion, we compared CTC and ctDNA for detecting tumor
mutations in a cohort of mostly advanced HCC patients. CTCs as de-
tected by Cell Search are present in low frequency and it is challenging
to isolate single CTC for mutational analysis. In contrast, ctDNA is de-
tectable in 77% of our HCC patients. CtDNA detection is associated with
known prognostic markers for disease survival. Our study illustrates that
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analysis of ctDNA may serve as a liquid biopsy to identify druggable mu-
tations in advanced HCC patients.

Author contributions statement

Zhouhong: Conceptualization; Data curation; Formal analysis;
Funding acquisition; Investigation; Methodology; Resources; Software;
Validation; Visualization; Roles/Writing — original draft; Writing — re-
view & editing.

Jean C.A. Helmijr: Data curation; Formal analysis; Methodology;
Software; Validation; Visualization; Writing — review & editing.

Maurice P.H.M. Jansen: Conceptualization; Formal analysis;
Methodology; Software; Visualization; Writing — review & editing.

Patrick P.C. Boor: Investigation; Methodology; Supervision.

Lisanne Noordam: Visualization; Writing — review & editing.

Maikel Peppelenbosch: Conceptualization; Investigation; Method-
ology; Project administration; Supervision.

Jaap Kwekkeboom: Conceptualization; Investigation; Methodol-
ogy; Resources; Supervision; Writing — review & editing.

Jaco Kraan: Conceptualization; Investigation; Methodology; Project
administration; Resources; Software; Supervision; Validation; Visualiza-
tion; Writing — review & editing.

Dave Sprengers: Conceptualization; Funding acquisition; Investiga-
tion; Methodology; Project administration; Resources; Software; Super-
vision; Validation; Visualization; Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We would like to thank Corine Beaufort and Mai Van for technical
support (Department of Medical Oncology).

Grant support

This study was supported by the China Scholarship Council
which provided a Ph.D fellowship grant to Zhouhong Ge (number
201606230253) and a Gastrostart fund provided to Dave Sprengers by
the Dutch Society for Gastroenterology (NVGE; BO/JG/PROJECT 2016-
10).

Disclosures

The authors declare no potential conflict of interest.
Writing assistance

No
Author contributions

ZG, JKw, JKr and DS conceived the idea and designed the study.
ZG processed patient samples, analyzed data and wrote the draft of the
manuscript. JKw, JKr and DS supervised the study. JH and PB assisted
with experiments. JH and MJ contributed to ddPCR and NGS data anal-
ysis. DS contributed to material support. JH, MJ, LN, JKw, JKr and DS
contributed to revision of the manuscript. ZG and DS obtained funding.

Ethics statement

The study was approved by the local ethics committee (METC), Eras-
mus MC, Rotterdam (METC number: 17-238), and written informed con-
sent was obtained from each patient.

Translational Oncology 14 (2021) 101073
Data availability statement

The data will be made available upon reasonable request.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.tranon.2021.101073.

References

[1] F. Bray, J. Ferlay, I. Soerjomataram, R.L. Siegel, L.A. Torre, A Jemal, Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries, CA Cancer J. Clin. 68 (2018) 394-424.

[2] H.B. El-Serag, J.A. Marrero, L. Rudolph, K.R Reddy, Diagnosis and treatment of hep-
atocellular carcinoma, Gastroenterology 134 (2008) 1752-1763.

[3] T.R. Ashworth, A case of cancer in which cells similar to those in the tumours were
seen in the blood after death, Aust. Med. J. 14 (1869) 146.

[4] L.M. Millner, M.W. Linder, R. Valdes, Circulating tumor cells: a review of present
methods and the need to identify heterogeneous phenotypes, Ann. Clin. Lab. Sci. 43
(2013) 295-304.

[5] K. Schulze, C. Gasch, K. Staufer, B. Nashan, A.W. Lohse, K. Pantel, S. Riethdorf,
H. Wege, Presence of EpCAM-positive circulating tumor cells as biomarker for sys-
temic disease strongly correlates to survival in patients with hepatocellular carci-
noma, Int. J. Cancer 133 (2013) 2165-2171.

[6] K.L. Morris, J.D. Tugwood, L. Khoja, M. Lancashire, R. Sloane, D. Burt, P. Shenjere,
C. Zhou, C. Hodgson, T. Ohtomo, A. Katoh, T. Ishiguro, J.W. Valle, C. Dive, Circu-
lating biomarkers in hepatocellular carcinoma, Cancer Chemother. Pharmacol. 74
(2014) 323-332.

[7] B.C. Zee, C. Wong, T. Kuhn, R. Howard, W. Yeo, J. Koh, E. Hui, A.T Chan, Detection
of circulating tumor cells (CTCs) in patients with hepatocellular carcinoma (HCC),
J. Clin. Oncol. 25 (2007) 15037 -15037.

[8] Y.F. Sun, Y. Xu, X.R. Yang, W. Guo, X. Zhang, S.J. Qiu, R.Y. Shi, B. Hu, J. Zhou,

J. Fan, Circulating stem cell-like epithelial cell adhesion molecule-positive tumor

cells indicate poor prognosis of hepatocellular carcinoma after curative resection,

Hepatology 57 (2013) 1458-1468.

J. von Felden, K. Schulze, T. Krech, F. Ewald, B. Nashan, K. Pantel, A.W. Lohse,

S. Riethdorf, H. Wege, Circulating tumor cells as liquid biomarker for high HCC

recurrence risk after curative liver resection, Oncotarget 8 (2017) 89978.

[10] Z.T.Fang, W. Zhang, G.Z. Wang, B. Zhou, G.W. Yang, X.D. Qu, R. Liu, S. Qian, L. Zhu,
L.X. Liu, Circulating tumor cells in the central and peripheral venous compartmen-
t-assessing hematogenous dissemination after transarterial chemoembolization of
hepatocellular carcinoma, Onco Targets Ther. 7 (2014) 1311.

[11] R.K. Kelley, M.J.M. Magbanua, T.M. Butler, E.A. Collisson, J. Hwang, N. Sidiropou-
los, K. Evason, R.M. McWhirter, B. Hameed, E.M. Wayne, Circulating tumor cells in
hepatocellular carcinoma: a pilot study of detection, enumeration, and next-gener-
ation sequencing in cases and controls, BMC Cancer 15 (2015) 206.

[12] J-J Yu, W. Xiao, S-L Dong, H-F Liang, Z-W Zhang, B-X Zhang, Z-Y Huang, Y-F Chen,
W-G Zhang, H-P Luo, Q. Chen, X-P Chen, Effect of surgical liver resection on circu-
lating tumor cells in patients with hepatocellular carcinoma, BMC Cancer 18 (2018)
835.

[13] G. Vona, L. Estepa, C. Béroud, D. Damotte, F. Capron, B. Nalpas, A. Mineur,
D. Franco, B. Lacour, S. Pol, Impact of cytomorphological detection of circulating
tumor cells in patients with liver cancer, Hepatology 39 (2004) 792-797.

[14] W. Guo, X.R. Yang, Y.F. Sun, M.N. Shen, X.L. Ma, J. Wu, C.Y. Zhang, Y. Zhou, Y. Xu,
B. Hu, Clinical significance of EpCAM mRNA-positive circulating tumor cells in hepa-
tocellular carcinoma by an optimized negative enrichment and qRT-PCR-based plat-
form, Clin. Cancer Res. 20 (2014) 4794-4805.

[15] M. Lapin, K. Tjensvoll, S. Oltedal, T. Buhl, B. Gilje, R. Smaaland, O. Nordgard, MIN-
DEC-an enhanced negative depletion strategy for circulating tumour cell enrichment,
Sci. Rep. 6 (2016) 28929.

[16] L.F. Ogle, J.G. Orr, C.E. Willoughby, C. Hutton, S. McPherson, R. Plummer,
A.V. Boddy, N.J. Curtin, D. Jamieson, H.L. Reeves, Imagestream detection and char-
acterisation of circulating tumour cells - a liquid biopsy for hepatocellular carci-
noma? J. Hepatol. 65 (2016) 305-313.

[17] M. Kalinich, I. Bhan, T.T. Kwan, D.T. Miyamoto, S. Javaid, J.A. LiCausi, J.D. Milner,
X. Hong, L. Goyal, S. Sil, An RNA-based signature enables high specificity detection
of circulating tumor cells in hepatocellular carcinoma, Proc. Natl. Acad. Sci. 114
(2017) 1123-1128.

[18] D. Boral, M. Vishnoi, H.N. Liu, W. Yin, M.L. Sprouse, A. Scamardo, D.S. Hong,
T.Z. Tan, J.P. Thiery, J.C. Chang, Molecular characterization of breast cancer CTCs
associated with brain metastasis, Nat. Commun. 8 (2017) 1-10.

[19] F. Diehl, M. Li, D. Dressman, Y. He, D. Shen, S. Szabo, L.A. Diaz, S.N. Goodman,
K.A. David, H. Juhl, Detection and quantification of mutations in the plasma of
patients with colorectal tumors, Proc. Natl. Acad. Sci. 102 (2005) 16368-16373.

[20] F. Diehl, K. Schmidt, M.A. Choti, K. Romans, S. Goodman, M. Li, K. Thornton,
N. Agrawal, L. Sokoll, S.A. Szabo, K.W. Kinzler, B. Vogelstein, L.A Diaz Jr, Circu-
lating mutant DNA to assess tumor dynamics, Nat. Med. 14 (2008) 985-990.

[21] K.C.A. Chan, P. Jiang, Y.W.L. Zheng, G.J.W. Liao, H. Sun, J. Wong, S.S.N. Siu,
W.C. Chan, S.L. Chan, A.T.C. Chan, P.B.S. Lai, RW.K. Chiu, Y.M.D. Lo, Cancer
genome scanning in plasma: detection of tumor-associated copy number aberra-
tions, single-nucleotide variants, and tumoral heterogeneity by massively parallel
sequencing, Clin. Chem. 59 (2013) 211-224.

[9

—_


https://doi.org/10.1016/j.tranon.2021.101073
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0001
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0001
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0001
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0001
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0001
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0001
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0001
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0002
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0002
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0002
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0002
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0002
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0003
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0003
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0004
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0004
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0004
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0004
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0015
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0015
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0015
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0015
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0015
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0015
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0015
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0015
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0021

Z. Ge, J.C.A. Helmijr, M.P.H.M. Jansen et al.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[301]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

S. Ikeda, LF. Tsigelny, AA. Skjevik, Y. Kono, M. Mendler, A. Kuo, J.K. Sicklick,
G. Heestand, K.C. Banks, A. Talasaz, R.B. Lanman, S. Lippman, R. Kurzrock, Nex-
t-generation sequencing of circulating tumor DNA reveals frequent alterations in
advanced hepatocellular carcinoma, Oncologist 23 (2018) 586-593.

A.O. Kaseb, N.S. Sanchez, S. Sen, R.K. Kelley, B. Tan, A.G. Bocobo, K.H. Lim, R. Ab-
del-Wahab, M. Uemura, R.C. Pestana, W. Qiao, L. Xiao, J. Morris, H.M. Amin,
M.M. Hassan, A. Rashid, K.C. Banks, R.B. Lanman, A. Talasaz, K.R. Mills-Shaw,
B. George, A. Haque, K.P.S. Raghav, R.A. Wolff, J.C. Yao, F. Meric-Bernstam,
S. Ikeda, R Kurzrock, Molecular profiling of hepatocellular carcinoma using circu-
lating cell-free DNA, Clin. Cancer Res. 25 (2019) 6107.

J. Wang, A. Huang, Y.P. Wang, Y. Yin, P.Y. Fu, X. Zhang, J. Zhou, Circulating tu-
mor DNA correlates with microvascular invasion and predicts tumor recurrence of
hepatocellular carcinoma, Ann. Transl. Med. 8 (2020) 237.

D. Wang, Y. Xu, J.B. Goldstein, K. Ye, X. Hu, L. Xiao, L. Li, L. Chang, Y. Guan,
G. Long, Q. He, X. Yi, J. Zhang, Z. Wang, X. Xia, L Zhou, Preoperative evaluation
of microvascular invasion with circulating tumor DNA in operable hepatocellular
carcinoma, Liver Int. (2020).

Y. An, Y. Guan, Y. Xu, Y. Han, C. Wu, C. Bao, B. Zhou, H. Wang, M. Zhang, W. Liu,
L. Qiu, Z. Han, Y. Chen, X. Xia, J. Wang, Z. Liu, W. Huang, X. Yi, J Huang, The
diagnostic and prognostic usage of circulating tumor DNA in operable hepatocellular
carcinoma, Am. J. Transl. Res. 11 (2019) 6462-6474.

S.K. Oversoe, M.S. Clement, M.H. Pedersen, B. Weber, N.K. Aagaard, G.E. Villadsen,
H. Gregnbeak, S.J. Hamilton-Dutoit, B.S. Sorensen, J. Kelsen, TERT promoter mutated
circulating tumor DNA as a biomarker for prognosis in hepatocellular carcinoma,
Scand. J. Gastroenterol. 55 (2020) 1433-1440.

M. Hirai, H. Kinugasa, K. Nouso, S. Yamamoto, H. Terasawa, Y. Onishi, A. Oyama,
T. Adachi, N. Wada, M. Sakata, Prediction of the prognosis of advanced hepatocellu-
lar carcinoma by TERT promoter mutations in circulating tumor DNA, J. Gastroen-
terol. Hepatol. (2020).

M. Stevens, L. Oomens, J. Broekmaat, J. Weersink, F. Abali, J. Swennenhuis,
A. Tibbe, VyCAP’s puncher technology for single cell identification, isolation, and
analysis, Cytometry A 93 (2018) 1255-1259.

B.C. Corless, G.A. Chang, S. Cooper, M.M. Syeda, Y. Shao, I. Osman, G. Karlin-Neu-
mann, D Polsky, Development of novel mutation-specific droplet digital PCR assays
detecting TERT promoter mutations in tumor and plasma samples, J. Mol. Diagn. 21
(2019) 274-285.

K. Sideras, S.J. Bots, K. Biermann, D. Sprengers, W.G. Polak, J.N. 1J, R.A. de Man,
Q. Pan, S. Sleijfer, M.J. Bruno, J. Kwekkeboom, Tumour antigen expression in hep-
atocellular carcinoma in a low-endemic western area, Br. J. Cancer 112 (2015)
1911-1920.

K. Sideras, K. Biermann, J. Verheij, B.R. Takkenberg, S. Mancham, B.E. Hansen,
H.M. Schutz, R.A. de Man, D. Sprengers, S.I. Buschow, M.C. Verseput, P.P. Boor,
Q. Pan, T.M. van Gulik, T. Terkivatan, J.N. Ijzermans, U.H. Beuers, S. Sleijfer,
M.J. Bruno, J. Kwekkeboom, PD-L1, Galectin-9 and CD8(+) tumor-infiltrating lym-
phocytes are associated with survival in hepatocellular carcinoma, Oncoimmunol-
ogy 6 (2017) €1273309.

J. Zucman-Rossi, A. Villanueva, J.C. Nault, J.M. Llovet, Genetic landscape and
biomarkers of hepatocellular carcinoma, Gastroenterology 149 (2015) 1226-1239
el224.

Y. Totoki, K. Tatsuno, K.R. Covington, H. Ueda, C.J. Creighton, M. Kato, S. Tsuji,
L.A. Donehower, B.L. Slagle, H. Nakamura, Trans-ancestry mutational landscape of
hepatocellular carcinoma genomes, Nat. Genet. 46 (2014) 1267.

T.M. Gorges, 1. Tinhofer, M. Drosch, L. Rése, T.M. Zollner, T. Krahn, O Von Ah-
sen, Circulating tumour cells escape from EpCAM-based detection due to epithelial-
to-mesenchymal transition, BMC Cancer 12 (2012) 178.

M.T. Gabriel, L.R. Calleja, A. Chalopin, B. Ory, D Heymann, Circulating tumor cells:
a review of non-EpCAM-based approaches for cell enrichment and isolation, Clin.
Chem. 62 (2016) 571-581.

J.J. Sung, S.J. Noh, J.S. Bae, H.S. Park, K.Y. Jang, Chung MJ, W.S. Moon, Immuno-
histochemical expression and clinical significance of suggested stem cell markers in
hepatocellular carcinoma, J. Pathol. Transl. Med. 50 (2016) 52.

T. Yamashita, M. Forgues, W. Wang, J.W. Kim, Q. Ye, H. Jia, A. Budhu, K.A. Zanetti,
Y. Chen, L-X Qin, EpCAM and a-fetoprotein expression defines novel prognostic sub-
types of hepatocellular carcinoma, Cancer Res. 68 (2008) 1451-1461.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Translational Oncology 14 (2021) 101073

H. Kim, G.H. Choi, D.C. Na, E.Y. Ahn, G.I. Kim, J.E. Lee, J.Y. Cho, J.E. Yoo, J.S. Choi,
Y.N. Park, Human hepatocellular carcinomas with "Stemness"-related marker expres-
sion: keratin 19 expression and a poor prognosis, Hepatology 54 (2011) 1707-1717.
Z. Guo, L.Q. Li, J.H. Jiang, C. Ou, L.X. Zeng, B.D. Xiang, Cancer stem cell markers
correlate with early recurrence and survival in hepatocellular carcinoma, World J.
Gastroenterol. 20 (2014) 2098-2106.

Y.F. Shan, Y.L. Huang, Y.K. Xie, Y.H. Tan, B.C. Chen, M.T. Zhou, H.Q. Shi, Z.P. Yu,
Q.T. Song, Q.Y. Zhang, Angiogenesis and clinicopathologic characteristics in differ-
ent hepatocellular carcinoma subtypes defined by EpCAM and a-fetoprotein expres-
sion status, Med. Oncol. 28 (2011) 1012-1016.

O. Kimura, Y. Kondo, T. Kogure, E. Kakazu, M. Ninomiya, T. Iwata, T. Morosawa,
T. Shimosegawa, Expression of EpCAM increases in the hepatitis B related and
the treatment-resistant hepatocellular carcinoma, Biomed. Res. Int. 2014 (2014)
172913.

0. Govaere, M. Komuta, J. Berkers, B. Spee, C. Janssen, F. de Luca, A. Katoonizadeh,
J. Wouters, L.C. van Kempen, A. Durnez, C. Verslype, J. De Kock, V. Rogiers, L.A. van
Grunsven, B. Topal, J. Pirenne, H. Vankelecom, F. Nevens, J. van den Oord, M. Pin-
zani, T Roskams, Keratin 19: a key role player in the invasion of human hepatocel-
lular carcinomas, Gut 63 (2014) 674-685.

A. Ono, A. Fujimoto, Y. Yamamoto, S. Akamatsu, N. Hiraga, M. Imamura,
T. Kawaoka, M. Tsuge, H. Abe, C.N Hayes, Circulating tumor DNA analysis for liver
cancers and its usefulness as a liquid biopsy, Cell. Mol. Gastroenterol. Hepatol. 1
(2015) 516-534.

W. Liao, H. Yang, H. Xu, Y. Wang, P. Ge, J. Ren, W. Xu, X. Lu, X. Sang, S Zhong, Non-
invasive detection of tumor-associated mutations from circulating cell-free DNA in
hepatocellular carcinoma patients by targeted deep sequencing, Oncotarget 7 (2016)
40481.

A. Huang, X. Zhang, S.L. Zhou, Y. Cao, X.W. Huang, J. Fan, Yang XR, J. Zhou, De-
tecting circulating tumor DNA in hepatocellular carcinoma patients using droplet
digital PCR is feasible and reflects intratumoral heterogeneity, J. Cancer 7 (2016)
1907-1914.

J. Jiao, G.P. Watt, H.L. Stevenson, T.L. Calderone, S.P. Fisher-Hoch, Y. Ye, X. Wu,
J.M. Vierling, L. Beretta, Telomerase reverse transcriptase mutations in plasma DNA
in patients with hepatocellular carcinoma or cirrhosis: prevalence and risk factors,
Hepatol. Commun. 2 (2018) 718-731.

N. Akuta, Y. Kawamura, M. Kobayashi, Y. Arase, S. Saitoh, S. Fujiyama, H. Sezaki,
T. Hosaka, M. Kobayashi, Y. Suzuki, F. Suzuki, K. Ikeda, H. Kumada, TERT promoter
mutation in serum cell-free DNA is a diagnostic marker of primary hepatocellular
carcinoma in patients with nonalcoholic fatty liver disease, Oncology 99 (2021)
114-123.

H.Y. Lim, J. Heo, H.J. Choi, C.Y. Lin, J.H. Yoon, C. Hsu, K.M. Rau, R.T. Poon, W. Yeo,
J.W. Park, M.H. Tay, W.S. Hsieh, C. Kappeler, P. Rajagopalan, H. Krissel, M. Jeffers,
Yen CJ, W.Y. Tak, A phase II study of the efficacy and safety of the combination
therapy of the MEK inhibitor refametinib (BAY 86-9766) plus sorafenib for Asian
patients with unresectable hepatocellular carcinoma, Clin. Cancer Res. 20 (2014)
5976-5985.

P. Razavi, B.T. Li, D.N. Brown, B. Jung, E. Hubbell, R. Shen, W. Abida, K. Juluru, I. De
Bruijn, C. Hou, O. Venn, R. Lim, A. Anand, T. Maddala, S. Gnerre, R. Vijaya Satya,
Q. Liu, L. Shen, N. Eattock, J. Yue, A.W. Blocker, M. Lee, A. Sehnert, H. Xu, M.P. Hall,
A. Santiago-Zayas, W.F. Novotny, J.M. Isbell, V.W. Rusch, G. Plitas, A.S. Heerdt,
M. Ladanyi, D.M. Hyman, D.R. Jones, M. Morrow, G.J. Riely, H.I. Scher, C.M. Rudin,
M.E. Robson, L.A. Diaz, D.B. Solit, A.M. Aravanis, J.S Reis-Filho, High-intensity se-
quencing reveals the sources of plasma circulating cell-free DNA variants, Nat. Med.
25 (2019) 1928-1937.

A. Leal, N.C.T. van Grieken, D.N. Palsgrove, J. Phallen, J.E. Medina, C. Hruban,
M.A.M. Broeckaert, V. Anagnostou, V. Adleff, D.C. Bruhm, J.V. Canzoniero, J. Fik-
sel, M. Nordsmark, F.A.R.M. Warmerdam, H.M.W. Verheul, D.J. van Spronsen,
L.V. Beerepoot, M.M. Geenen, J.E.A. Portielje, E.P.M. Jansen, J. van Sandick,
E. Meershoek-Klein Kranenbarg, H.W.M. van Laarhoven, D.L. van der Peet,
C.J.H. van de Velde, M. Verheij, R. Fijneman, R.B. Scharpf, G.A. Meijer, A. Cats,
V.E Velculescu, White blood cell and cell-free DNA analyses for detection of resid-
ual disease in gastric cancer, Nat. Commun. 11 (2020) 525.


http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0033
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0033
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0033
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0033
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0033
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0036
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0036
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0036
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0036
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0036
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0036
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0040
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0040
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0040
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0040
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0040
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0040
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0040
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0041
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0049
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00065-6/sbref0051

	Detection of oncogenic mutations in paired circulating tumor DNA and circulating tumor cells in patients with hepatocellular carcinoma
	Introduction
	Material and methods
	Patients and blood collection
	Plasma separation and ctDNA extraction
	Enrichment of CTCs and single cell isolation
	Amplification of ctDNA
	Droplet digital PCR (ddPCR)
	Targeted next-generation sequencing (NGS)
	Statistical analysis

	Results
	Description of study cohort
	CTC count and mutation profiling of CTC
	Mutational landscape in HCC by ctDNA profiling
	ctDNA positively correlated with macrovascular invasion, tumor size and AFP level
	ctDNA positivity or CTC count correlated with HCC patient survival

	Discussion
	Author contributions statement
	Declaration of Competing Interest
	Acknowledgments
	Grant support
	Disclosures
	Writing assistance
	Author contributions
	Ethics statement
	Data availability statement
	Supplementary materials
	References


