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Cellular components of solid tumors including DNA are released into the bloodstream, but data on 

circulating-free DNA (cfDNA) in hepatocellular carcinoma (HCC) are still scarce. This study 

aimed at analyzing mutations in cfDNA and their correlation with tissue mutations in patients with 

HCC. We included 8 HCC patients treated with surgical resection for whom we collected paired 

tissue and plasma/serum samples. We analyzed 45 specimens, including multiregional tumor tissue 

sampling (n=24), peripheral blood mononuclear cells (PMBC, n=8), plasma (n=8) and serum 

(n=5). Ultra-deep sequencing (5,500x) of all exons was performed in a target panel of 58 genes, 

including frequent HCC driver genes and druggable mutations. Mutations detected in plasma 

included known HCC oncogenes and tumor suppressors (e.g., TERT promoter, TP53, NTRK3) as 

well as a candidate druggable mutation (JAK1). This approach increased the detection rates 

previously reported for mutations in plasma of HCC patients. A thorough characterization of cis 
mutations found in plasma confirmed their tumoral origin, which provides definitive evidence of 

the release of HCC-derived DNA fragments into the bloodstream. This study demonstrates that 

ultra-deep sequencing of cfDNA is feasible and can confidently detect somatic mutations found in 

tissue; these data reinforce the role of plasma DNA as a promising minimally invasive tool to 

interrogate HCC genetics.
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INTRODUCTION

The field of liquid biopsy has significantly grown in the last 5 years, and it is likely to play 

an important role in precision medicine, particularly in oncology. The main advantage of this 

technology is that it facilitates obtaining molecular information of the tumor using data from 

a blood draw1–4. This would result in a drastic decrease in the need of tissue biopsies, and 

allow for easy monitoring of cancer genetics. The release of tumor components such as 

circulating-free DNA (cfDNA) into the bloodstream has been known for decades1, 5. Despite 

the mechanisms of how DNA is released are still unclear, robust data suggest that tumor 

DNA fragments found in plasma (approximately 160 bp long) are derived mostly from 

apoptotic cancer cells6. Recent improvements in DNA sequencing technologies and digital 

PCR have enabled incorporating mutation analysis of cfDNA as a novel diagnostic tool in 

some malignancies like lung cancer. Potential applications include cancer surveillance7, 

identification of druggable mutations8, and detection of minimal residual disease after tumor 

surgical resection9. Analysis of cfDNA could be particularly useful to identify and monitor 

drug targets for molecular therapies. The basis for effectively inhibiting oncogene addiction 

relies on the identification of druggable oncodrivers, which are somatic mutations that 

predict response to ad hoc therapies. Many examples demonstrate the value of this approach, 

including the remarkable response to erlotinib in lung cancer patients with EGFR 
mutations10. As an example of the potential of liquid biopsy to identify mutations, the FDA 

recently approved the first blood-based diagnostic tool to detect a specific actionable EGFR 
mutation (L858R) in lung cancer patients11.
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There are few reports on cfDNA in hepatocellular carcinoma (HCC), the most frequent form 

of primary liver cancer6, 12–14. Liver cancer is the second cause of cancer-related mortality 

worldwide, and it ranks first among tumors that increased mortality in the last 20 years15. 

Patients with HCC are typically diagnosed at intermediate or advanced stages, where 

potential curative treatments (e.g., surgical resection or liver transplantation) are not 

recommended16. Unlike most solid tumors, HCC can be confidently diagnosed with imaging 

techniques16, which has limited the access to tissue biopsies for retrospective biomarker 

studies. Thus, it is critical to develop new strategies to access HCC molecular information 

and facilitate biomarker discovery in HCC patients. Recent publications on mutation 

analysis of cfDNA in HCC reported variable detection rates that could be as low as 5% for 

certain genes such as TP53 or CTNNB112. A limitation of these studies is their focus on a 

limited number of specific hotspot mutations12, or a relatively low coverage given their low-

stringent thresholds for mutations calling leading to the identification of a high number of 

plasma mutations with indeterminate confidence13, 14. Here, we report results of a new 

approach of targeted sequencing using ultra-deep coverage (5,500x) of all exons of the 58 

most frequently mutated genes in HCC, in paired plasma and tissue samples of 8 patients. To 

assert the impact on intra-tumoral heterogeneity in detection rate, we conducted multi-

regional sampling in tumor tissue. We also compared the performance of cfDNA detection 

rate in plasma versus serum in a subset of patients (n=5/8). Overall, we confirm the 

feasibility of this approach to detect mutations in plasma and provide the proof-of-principle 

to further develop this technology to monitor mutant DNA in HCC patients.

RESULTS

Ultra-deep sequencing of cfDNA detect tissue mutations in HCC patients

This study included 8 patients undergoing surgical resection for HCC with available paired 

tissue (i.e., multi-regional sampling in 5 patients) and blood samples. Patient demographics 

and tumors characteristics are summarized in Table 1. Briefly, all patients were male with a 

median age of 59 years. Cirrhosis was present in 3/8 (38%) patients, with viral hepatitis B 

(HBV) as the main etiologies for the underlying liver disease in 4/8 (50%) cases. Most 

patients had a single nodule (7/8, 88%) with a median tumor size of 4.6 cm. Vascular 

invasion or satellites were observed in 2/8 (25%) surgical specimens. Blood was collected 

preoperatively and further processed into plasma (n=8 patients), serum (n=5 patients), and 

PBMC (n=8 patients). The latter was used as germline DNA to call somatic events. We 

performed multi-regional sampling in some tumor specimens (total of 24 regions analyzed), 

which allowed interrogating different geographic locations of the same nodule. Altogether, 

DNA was extracted from 45 samples and submitted for next generation sequencing (NGS).

DNA extracted from plasma and serum yielded a median concentration of 12.5 ng/mL and 

14.6 ng/mL, respectively. There were no differences in the rate of DNA recovery from both 

sources (p=0.42). Median DNA fragment size was 171 base pairs, which is consistent with 

previously reported fragment size of cfDNA in HCC6, and significantly lower than average 

fragment size for tissue extractions. Despite DNA fragments tend to be slightly larger in 

serum compared to plasma, the difference was not statistically significant (Fig. 1a). Average 

sequencing coverage was 1,500X and 5,500X for tissue and plasma, respectively (Fig. 1b). 
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We leveraged ultra-deep coverage to detect rare somatic mutations that may be present in 

very small cell fractions of the tumor or mutations at extremely low allele frequencies in 

cfDNA. The sequencing panel included 58 genes comprising 943 regions and 3,808 probes 

(total region size of 193,000 bp), with an estimated coverage of the selected targets of 

99.3%.

Targeted deep sequencing identified 21 somatic mutations in the tumor tissue of 6 out of the 

8 patients analyzed (75%) (Table 2). These included known mutations in HCC such as TERT 
promoter (5/8), TP53 (3/8), CTNNB1 (2/8), JAK1 (1/8) or AXIN1 (1/8). We then looked for 

these same mutations in corresponding plasma and serum samples to assess their 

concordance with tissue (Fig. 2a). Among the 21 mutations identified in tissue with deep 

sequencing, reads harboring the same alternative allele were also detected in plasma or 

serum in 15/21 (71%) mutations (Fig. 2b). Among these 15 mutations, 9 (43%) were 

supported by enough reads of the mutant allele to be confidently called in cfDNA (p<0.05). 

As predicted, these 9 mutations displayed high variant allele fraction (VAF) based on the 

range of cfDNA previously described in cancer patients6. Considering a potential role of our 

gene panel for early HCC detection, our approach identified at least one mutation in the 

blood of 4/6 (67%) patients with tissue mutations (Fig. 2b). We selected a subset of tissue 

mutations (14/22, 66%) for orthogonal validation with Sanger sequencing and/or Droplet 

Digital PCR (ddPCR). All mutations tested for validation were confirmed (Table 2).

We next sought to orthogonally validate the mutations detected in plasma using Droplet 

Digital PCR (ddPCR). This technology allows for a highly sensitive quantitation of nucleic 

acids by partitioning a given sample into several thousand discrete droplets, and performing 

subsequent PCR amplification and fluorescence-based readout in each one of them17. Unlike 

conventional Sanger sequencing, ddPCR allows detecting mutations with a VAF as low as 

0.01%. In addition to plasma DNA, we included paired tumor tissue DNA as a positive 

control. In our samples, median droplet count per reaction was 13,800, which allowed us to 

confidently detect mutations with very low VAF. All the plasma mutations tested were 

validated with ddPCR: JAK1 (VAF 1.22%, patient #2), TP53 (VAF 1.4%) and PDGFRB 
(VAF 1.5%, patient #3), NTKR3 (VAF 1.82%), CTNNB1 (VAF 1.57%) and the two TP53 
mutations in cis (VAF 2.12%, patient #5), TP53 (VAF 0.3%) and BRAF (VAF 0.3%, patient 

#7, Fig. 4). In summary, we confirmed the detection performance of our ultra-deep targeted 

sequencing approach using ddPCR.

Mutations in cfDNA are detected in small tumors and include a candidate druggable gene

We next sought to better characterize the mutations detected in cfDNA. Well-established 

oncogenes and tumor suppressors in HCC were confidently detected in plasma (e.g., TERT 
promoter in patient #5, TP53 in patients #3 and #5). Interestingly, we found two TP53 
mutations in cis in patient #5 located 3 base-pairs apart (chromosome 17:7674885 and 

17:7674888). We also found a somatic mutation in JAK1 (patient #2) (Fig. 1b), at the same 

hotspot as recently described18. This is particularly relevant because JAK1 mutations are 

druggable (e.g., ruxolitinib), and there is evidence demonstrating the oncogenic potential of 

this mutation in experimental models of HCC18. However, it is unknown if selective 

blockade of this mutation has anti-tumoral effects in HCC patients. These data support the 
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use of mutant cfDNA as a tool to track candidate oncogene addiction loops on an individual 

basis. Notably, the BRAF mutation found in the plasma of patient #7 indicates that 

mutations in cfDNA can also be detected in small tumors. Patient #7 had a single nodule 

HCC of 2 cm in size without vascular invasion or satellites. Likewise, mutant cfDNA was 

also detected in patients with normal levels of the prognostic marker AFP, as exemplified by 

the JAK1 mutation found in the plasma of patient #2 (AFP 2 ng/mL), or the NTRK3, 

CTNNB1 and TP53 mutations detected in patient #5 (AFP 2 ng/mL).

A frequent criticism of studies detecting mutations in cfDNA is the lack of definitive 

evidence that the mutated reads are derived from the tumor. In other words, how can we be 

confident about a tumor origin of a given mutation in plasma? Our study provides definitive 

evidence of the release of HCC-derived DNA fragments into the bloodstream. Specifically, 

patient #5 had 2 distinct TP53 mutations in tissue located 3 base pairs apart, both detected 

with NGS and validated with Sanger sequencing and ddPCR. These mutations were also 

found in plasma, at a VAF of 4.12% and 3.92%, respectively, and validated with ddPCR 

(Fig. 3). Strikingly, when visualizing the mutant reads in plasma we found that both 

mutations were present in cis in the same reads while being absent in PMBC, which 

confirms their shared origin from malignant hepatocytes.

Detection rate in plasma and serum and impact of variant allele fraction

We next explored whether the mutation detection performance was influenced by the source 

of cfDNA (i.e., plasma or serum). This was not previously reported in HCC patients and 

could facilitate the retrospective analysis of samples stored in serum banks. We performed a 

paired analysis on the 5 patients for which both data points were available. In every case, 

plasma and serum were collected from the same blood draw, they were processed at the 

same time and under the same laboratory conditions. We did not find significant differences 

in the detection rate in plasma or serum. Among the 13 tissue mutations detected in these 5 

patients, reads harboring the alternative allele were captured for 10 mutations in both plasma 

and serum, while 5 mutations were detected with high confidence (p<0.005) in both plasma 

and serum samples.

We explored whether any tumor characteristics could impact the detection rate for mutations 

in cfDNA. We failed to find differences in detection rate based on tumor size, vascular 

invasion, etiology of the underlying liver disease, cirrhosis or degree of cell differentiation 

(Figure 2c). However, the low sample size of our study does not allow us to definitively rule 

out a contribution of any of these factors in cfDNA mutation detection rate. Of note, we 

found significant differences in detection rate when considering the VAF of the mutation in 

tissue, with higher likelihood for detection in those mutations with higher VAF in tissue 

(Mann-Whitney P=0.02). Lastly, we evaluated the impact of intra-tumor genetic 

heterogeneity in plasma detection. Previous studies suggested the ability of mutation 

analysis of cfDNA to detect sub-clonal mutations19. Multi-regional sequencing data was 

available in 5 patients, with a total of 21 tumor regions analyzed. Similarly to recent data20, 

mutations in HCC driver genes such as TP53, CTNNB1 or TERT had a clonal distribution 

among all regions sampled from the same patient. However, our targeted gene panel did not 

allow us to extensively evaluate sub-clonal non-driver mutations. We found sub-clonal 
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mutations such as APOB in patients #3 and #4, ALB in patient #5, and an intronic mutation 

in BRAF in patient #3. None of these sub-clonal mutations was detected in the blood.

DISCUSSION

The use of cfDNA as a novel source for cancer biomarkers will likely revolutionize 

personalized medicine. Its convenience and diagnostic power is well established in non-

invasive prenatal testing21, and its application in oncology is rapidly evolving. In this study, 

we applied ultra-deep coverage NGS to the analysis of circulating DNA in HCC patients. In 

this pilot study, we demonstrate its ability to detect somatic mutations including known 

driver genes in HCC and a candidate druggable mutation (JAK1). In a clinical setting, this 

could allow monitoring response to selective oncogenic addition blockade using a minimally 

invasive approach.

There are previous reports of targeted sequencing of cfDNA in other tumor types. For 

instance, a recent study evaluated 568 mutations in six genes across samples from different 

tumor types, and confirmed its value to track emerging mutations upon tumor 

progression22 . Another study compared the mutation detection rate in tissue and plasma of a 

panel of 54 genes in 26 patients with pancreatobiliary malignancies23, further confirming the 

accuracy of this technology as a proxy to detect mutations in tissue. However, there are few 

reports that studied DNA mutations in plasma of HCC patients12–14, 24–26. Most of them 

analyzed a small number of genes (e.g., TERT promoter, TP53 and CTNNB1) and did not 

evaluate druggable mutations12, 24. Some studies reported an overall detection rate for tissue 

mutations in plasma as low as 12% (8/67), on a mutation-basis12. Our approach improves 

this rate to 43% (9/21), likely due to an increased sequencing effort (i.e., ultra-deep 

coverage), and a more comprehensive gene panel that included all exons of the 58 most 

frequently mutated genes in HCC.

Our analysis also detects mutant reads in plasma for 6 additional loci, but their VAF is too 

low to provide a confident call as per our pre-specified hyper-geometric test threshold. This 

limitation has been reported in other malignancies such as lung cancer27. Potential 

improvements could result from the use of molecular barcoding or an increase in the input 

cfDNA. Among these 6 mutations detected at low frequency in blood, there were 2 

mutations in TERT promoter and CTNNB1. The former is widely known to be of particular 

challenge in term of sequencing because the 2 described hotspots are located within GC-rich 

regions. As a consequence, the detection of TERT promoter mutation in NGS studies was 

circumvent by alternative technique such as Sanger sequencing, even when using tissue 

samples28. Regarding CTNNB1, a recent study also failed to detect in blood any of the 

CTNNB1 mutations detected in tissue24. Interestingly, we were able to confirm the 

CTNNB1 mutation in patient #5 using ddPCR.

Ultra-deep targeted sequencing of cfDNA is still a technology under development, and 

considering its high financial cost and analytical requirements, it is unlikely to be widely 

available for routine testing. In addition, clinical implementation of the cfDNA analysis in 

HCC faces different challenges. First, the variant allele fraction (i.e., percentage of mutant 

DNA) of tumor cfDNA is generally beneath 2%, which is below threshold for minimal 
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detection in most sequencing technologies at the usual sequencing depth rates (80-200x). 

Two recent studies reported whole exome as well as targeted sequencing of cfDNA in small 

series of 4 and 5 HCC patients, respectively13, 14. The sequencing coverage was lower than 

in our study, and the number of called SNV was significantly higher (with an average of 

172-253 SNV per patient) after whole exome sequencing of cfDNA. Not surprisingly, the 

validation rate for these mutations using digital PCR was 53%. Our approach to address 

these limitations included increasing sequencing depth up to 5,500x, and integrating a 

hypergeometric test that enables to calibrate the confidence of the SNV called, based on 

predicted error distribution. Nevertheless, other technologies such as digital PCR are better 

suited to detect very low frequency variants. The improved performance of digital PCR for 

low VAF variants comes at a cost of limiting the number of mutation hotspots interrogated in 

each reaction. This may not be critical in tumors with well-defined recurrent hotspot 

mutations (e.g., EGFR in lung cancer29). However, in HCC most mutations affect different 

locations in a given gene, which complicates the use of digital PCR for multiple mutation 

monitoring. More recent analytical approaches have tried to reduce error rates without 

substantially sacrificing mutation calling in plasma by incorporating molecular barcoding 

and background polishing30, which could significantly reduce the amount of input DNA 

needed for this analyses. Notably, our detection performance was better for truncal 

mutations, which suggest a direct correlation between tumor burden and detection rate. 

Indeed, high VAF of a given mutation in tissue was significantly associated with higher odds 

for detection in blood. This suggests that the number of input DNA molecules in the plasma 

(i.e., genomic equivalents) is still a limiting factor to maximize mutation calling from 

cfDNA in plasma. Similar results have been recently reported in patients with lung cancer31. 

This may affect the ability of this technology to monitor sub-clonal mutations, which could 

be clinically relevant for those that are druggable.

Another challenge of this technology is its inability to identify the tumor site based on the 

mutations called in blood. This is key when considering mutation analysis of cfDNA as a 

cancer surveillance tool, but it is not so relevant when looking for tools to monitor response 

to oncogene addiction loops linked to actionable mutations. To a certain extent, mutation 

analysis on ctDNA could complement imaging techniques by tracking cancer clone 

evolution in response to therapies. For instance, the JAK1 mutation we found in tissue and 

blood in patient #2 could be easily monitored to potentially evaluate response to JAK1 
inhibition. The advantages of monitoring tumor clone composition with cfDNA to overcome 

treatment resistance were recently confirmed in colorectal cancer32. Sequential analysis of 

KRAS mutations in cfDNA was instrumental to assess clonal competition over time. The 

relevance of this approach is that it demonstrated re-emergence of a KRAS wild-type clone, 

which provided the rationale to re-challenge the patient with an EGFR monoclonal antibody, 

despite initial progression on this therapy. Without mutation analysis of ctDNA, this case 

would have required more than 4 tumor biopsies, which is unfeasible in routine clinical 

conditions and emphasizes the power of this technology for precision medicine.

Despite JAK1 could be considered a druggable mutation, the overall detection rate of 

druggable mutations in plasma was low. Despite BRAF mutations are predictive biomarkers 

of response to vemurafenib in melanoma33, but there are no robust data to suggest a similar 

behavior in HCC. The lack of druggable mutations is an inherent limitation in HCC. Indeed, 
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a recent report that evaluated druggable mutations in 10,000 cancer samples from different 

tumor types ranked HCC as second-to-last in terms of prevalence of druggable mutations34. 

However, there are other potential clinical applications of mutation analysis in cfDNA 

beyond the study of druggable mutations. For example, the detection of driver genes and 

monitoring of their allele frequency could be critical tools to trace cancer progression8, and 

to detect minimal residual disease9.

The main limitation of our study is related to its sample size. Also, all patients included were 

male and had early stage HCC (i.e., surgical resection candidates). As per study design, we 

wanted to ensure that we could recapitulate the mutational landscape of tumor tissue on the 

blood, and this required early stages with paired multi-regional tissue and blood samples. 

Hence, we cannot rule out different detection performance in patients with advanced HCC, 

but based on studies in other malignancies, detection rate scales up in parallel with tumor 

burden4. Also, we only performed mutation analysis in plasma at one time point, which did 

not allow us to monitor mutations at clinically significant events such as tumor recurrence.

A major strength of our study is the confirmation of the tumor origin of the mutant reads 

found in plasma, which has not yet been demonstrated in depth for HCC patients. The fact 

that the exact same reads harbored the two nearby TP53 mutations found in patient #5 

supports the validity of this approach to investigate HCC genetics in blood. The small 

sample size precluded a comprehensive evaluation of how detection rate is influenced by 

clinical or pathological variables such as tumor size or presence of vascular invasion. We 

were able to confidently detect mutations in at least one small tumor (patient 7) and in 2 

patients with normal levels of the prognostic biomarker AFP (patient 2 and 5). In summary, 

this pilot study demonstrates how ultra-deep targeted sequencing of cfDNA in the plasma of 

HCC patients is a feasible, reliable and minimally invasive approach to interrogate HCC 

genetics. It confidently identifies driver mutations in plasma and emerges as a promising tool 

for predictive biomarker development in HCC.

MATERIALS AND METHODS

Study participants

All patients were enrolled at a single institution (Icahn School of Medicine at Mount Sinai 

(ISMMS), New York, (US)) and provided informed consent for tissue/blood biobanking. 

Samples were provided by the ISMMS Biorepository (Project number BRC#228) and the 

study was approved by ISMMS IRB (#14-01011). All patients were diagnosed with 

hepatocellular carcinoma (HCC) based on the EASL/AASLD guidelines16, and they were all 

treated by surgical resection. Patients did not receive any other treatment prior resection.

Sample Collection

Blood—Peripheral venous blood was drawn prior surgery, and it was processed within 3 

hours of collection. Plasma was collected in EDTA-containing tubes (BD Vacutainer) 

whereas serum was collected using clot activator tubes (BD Vacutainer). Plasma was 

separated by 2 centrifugation steps. The interphase layer containing peripheral blood 

mononuclear cells (PBMC), namely ‘buffy coat’ (germline DNA), was collected after a first 
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centrifugation at 1,600g for 10 min at 4°C. The obtained plasma was further centrifuged at 

16,000g for 10 min at 4°C to remove any cellular debris. For serum, whole blood was stored 

at room temperature (RT) for 30-60 minutes to allow clotting, and further centrifuged at 

1,200g for 20 min at RT. Plasma, serum and PBMC were immediately aliquoted and stored 

at −80°C.

Tissue—Multi-regional tissue sampling of the surgical specimens was performed within 90 

min of resection. The surgical specimen was examined and sectioned by a liver pathologist. 

Different regions within the same tumor nodule were sampled allowing for at least 1 cm of 

distance between each other. The final number of regions sampled per tumor varied 

according to tissue availability and presence of intra-tumoral necrosis. Tissue samples were 

immediately stored in RNA-later (Qiagen) for 24 hours at 4°C, and subsequently at −80°C.

DNA extraction, quality control and quantification

Circulating DNA was isolated from 5 mL and 1 mL of plasma and serum, respectively, using 

the QIAamp Circulating Nucleic Acid Kit (Qiagen). Germline DNA was isolated from 

PBMC using the QIAamp DNA Mini Kit (Qiagen). DNeasy Blood & Tissue kit (Qiagen) 

was used to extract DNA from fresh frozen tissue, following the recommendations from the 

manufacturer. Extracted DNA was immediately aliquoted and stored at −20°C. The purified 

plasma DNA was run on a 2100 Bioanalyzer Instrument (Agilent) for size estimation, and its 

concentration was measured by fluorometric quantitation using Qubit (ThermoFisher).

Next-Generation Library Preparation and Sequencing

Ultra-deep DNA sequencing was performed for all exons of a panel of 58 genes (Suppl. 

Table 1) selected based on 2 main criteria: 1) high prevalence of mutations in previous HCC 

studies28, 35 and 2) evidence of druggability36. Indexed Illumina NGS libraries were 

prepared from plasma, serum, tumor tissue and PBMC (germline DNA). Sequence captures 

of 58-gene-exons were carried out using the Biotinylated custom baits of Agilent SureSelect 

oligo pool (Agilent Cat # 5190-4808). All the procedures were carried out using vendor 

recommended protocols. 25-50 ng of plasma DNA were used for library construction 

without fragmentation using KAPA Hyper Prep Kit. Targeted enrichment was carried out 

using custom SureSelect oligo pool (Agilent). For tumor tissue and germline DNA, 50 ng 

DNA was used for tagmentation based SureSelect QXT library preparation (Agilent) 

followed by targeted custom sequence capture (Agilent); mean fragment size was ~250 bp. 

High fidelity Herculese II Fusion DNA polymerase supplied by Agilent (Cal # 600677) was 

utilized to prevent PCR errors. To minimize the risk of sequence error rate, we made sure 

that our Q30 of sequencing data was ≥90%. All samples were sequenced on HiSeq2500 

sequencing platform, carrying out 100 bp single-end sequencing and pair-end sequencing for 

plasma/serum and tissue samples, respectively.

Sanger Sequencing

Sanger sequencing after PCR amplification using the primers listed in Suppl. Table 2 was 

used to further validate tissue mutations. Each PCR product was assessed on a 1.5% agarose 

gel, sequenced in both directions using Big Dye Terminator reactions and loaded on an ABI 
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PRISM 3730xl DNA analyzer. Sequences were analyzed using the Applied Biosystems’s 

sequencing analysis software with the KB base-caller.

Droplet Digital PCR (ddPCR)

Droplets were generated using a QX100 Droplet generator (QuantaLife/BioRad) in a 20 ul 

reaction mix containing 2x ddPCR Supermix, 20x target/mutant (FAM) and wild-type 

(HEX) probes, 0.5 ul of restriction enzyme, and DNA sample or water. For each experiment, 

corresponding tumor tissue with the known mutation (detected by NGS and validated by 

Sanger) was used as a positive control, while a blank and wild-type DNA (adjacent liver 

tissue without mutation) served as two separate negative controls. DNA input for tissue was 

between 28-31 ng, where for plasma was 2.5 ng (Patient #2, JAK1 mutation) to 13.2 ng (Pat 

#3, TP53 and PDGFRB mutations) per reaction. Subsequent reading was performed with the 

QX100 Droplet reader (QuantaLife/BioRad) in “rare event detection” mode. Analysis was 

done with QuantaSoft Analysis Pro Software version 1.0.596. All the probes except for 

BRAF (BioRad #10031276/-9) were custom-made by BioRad. Sequences of the probes are 

listed in Suppl. Table 2.

Data Analysis

General quality control of the samples was assessed by descriptive statistics and exploratory 

plots with FastQC (Babraham Institute), including quality score and sequence content per 

base. The coverage for the targeted region was also investigated. Based on the mentioned 

metrics, we used a quality threshold of 20 for trimming read ends. Reads left at length 

smaller than 40 bp after quality trimming were filtered out. We mapped the reads to the 

reference genome GRCh38 (ENSEMBL) using BWA37 with the BWA-MEM algorithm. 

Alignments were filtered to include only the targeted region with an interval of 50 bp. PCR 

duplicates were tagged with GATK38 to assess their effect on variant calling. To avoid 

misdetection of sequencing- or PCR errors, we followed the best-practice standards of 

GATK39, and reads were re-aligned near indels. Subsequently, the mapping quality scores 

were re-calibrated according to BQSR (Base Quality Score Recalibration). VarScan2 was 

used for variant calling40. Filtering was done based on allele frequency (a threshold of 0.1 

for solid tumors, where expected average VAF is centered around 0.5) and Fisher p-value of 

somatic variant of 0.001. Germ line variants were identified and filtered out with the 

standard germ line consensus calling in VarScan2. Because of the reported difficulty to 

sequence the two mutation hotspots located in the GC-rich TERT promoter, we assessed the 

presence and clonality of somatic mutations at these sites by manual inspection of the 

alignment files. Selected TERT promoter variants were further validated with Sanger. 

Annotation and effect prediction was performed with Variant Effect Predictor (Ensembl 

release 85), including SIFT and Polyphen scores of impact on protein function. For those 

tumors where multi-regional tissue sequencing data was available, we define clonal 

mutations as those detected in all regions of the tumor whereas sub-clonal were those not 

detected in all regions.

We assessed whether the somatic mutations called in solid tissue were detected in blood, for 

those with alternative allele frequencies that are beyond what we would expect in a random 

choice. For this purpose, and for each mutation found in tissue in each patient, we performed 
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a hypergeometric test calculating the probability of observing a somatic mutation in blood 

(out of n mutational events tested for a patient) as compared to those having equal or higher 

read support (coverage of the alternative allele) under the null hypothesis of random 

selection. For those mutations with a hypergeometric p-value lower than 0.05, we rejected 

the null hypothesis and concluded that such somatic mutations were successfully detected in 

blood. For the purpose of significance testing, each SNP was considered as an independent 

event and the dinucleotide mutation in Patient #7 at gene AXIN1 at position 

16:346446-346447 was counted as a single genomic event as per previous publications41.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Distribution of DNA length fragments in plasma and serum samples.

b) Differential coverage for next-generation sequencing in tissue and plasma. Sequencing 

depth was significant higher in plasma to identify low-frequency mutations.
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Figure 2. 
a) Heat-map of detected mutations with their concordance in tissue and plasma. Each 

column represents one tumor region and each row is a mutated gene found in tissue.

b) Performance of ultra-deep sequencing to detect plasma mutations, on a mutation-basis 

and on a patient-basis.

c) Impact of tumor size, AFP levels and variant allele fraction of the mutation in tissue in 

detection rate of cfDNA.
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Figure 3. 
TP53 mutations in patient #5: Left panels illustrate read alignments using Integrative 

Genomics Viewer. Right panels show the percentage of alternative reads found in each 

compartment [i.e., tissue (top), PBMC (middle), plasma (bottom)]. Two adjacent mutations 

of TP53, located 3 base pairs apart, with a variant allele fraction of 80% were detected in 

tissue. The corresponding alternative alleles of these 2 mutations were not detected in 

PBMC, thus excluding germline events. Ultra-deep sequencing of plasma DNA detected the 

same 2 mutations in approximately 4% of circulating DNA fragments. Mutations in plasma 
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are found in the exact same reads, identifying their shared origin from their tissue 

counterparts.
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Figure 4. 
Mutation assay with ddPCR. Displayed are 1D amplitudes for mutant probe (upper lane) and 

wild-type probe (lower lane) for each mutation assay. Panels from left to right: Plasma and 

corresponding HCC tissue of same patient, blank (negative control), wild-type DNA 

(negative control). Blue: single positive droplets for mutant, green: single positive droplets 

for wild-type, grey: double negative droplets. Detected positive droplets for mutant alleles in 

plasma are circled in red.
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