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Abstract. Liquid biopsy can transform oncology practice 
through early detection and real‑time monitoring of cancer 
progression and response to treatment. Circulating cell‑free 
tumor RNA offers promise as a novel and emerging alterna‑
tive to circulating cell‑free tumor DNA for detecting the 
presence and understanding the biology of liver tumors. Both 
circulating DNA and RNA, which predominantly reside in 
extracellular vesicles, carry evidence of vital germline and 
somatic mutations. High impact single nucleotide changes, 
insertions and deletions in circulating RNA (ctRNA) serve 
a key role in cancer development and progression. Tumor 
cells exploit the RNA splicing machinery to induce struc‑
tural and functional changes in RNA not transcribed from 
DNA, thereby promoting tumor growth. Examination of the 
landscape of mutations in ctRNA using RNA‑sequencing in 
patients with hepatocellular carcinoma (HCC), cholangio‑
carcinoma and liver cirrhosis has revealed widespread single 
nucleotide changes and splicing aberrations associated with 
patients with cancer. The present study aimed to characterize 
these next‑generation sequencing‑derived high‑risk circulating 

mutated RNA (ctmutRNA) variants, and to develop TaqMan 
chemistry‑based assays for validation of ctmutRNAs in tumor 
tissues and plasma samples from patients with HCC. The 
present study identified a short ctmutRNA panel able to distin‑
guish all patients with liver cancer in the discovery cohort, 
and splicing aberrations, including intron retentions, in tumor 
tissues were validated. Finally, the present study demonstrated 
that the assays detecting ctmutRNA analytes in the plasma, if 
confirmed in larger patient cohorts, could be effectively used 
to identify patients with HCC. Furthermore, the outstanding 
questions and challenges that need to be addressed for the 
development of a robust blood‑based HCC surveillance test 
are discussed.

Introduction

Circulating proteins and circulating DNA (ctDNA) have been 
used for a long time in cancer surveillance and diagnos‑
tics (1,2). Circulating RNA (ctRNA) has been demonstrated to 
have additional advantages over proteins and DNA in clinical 
management  (3). RNA is dynamically and differentially 
expressed across diverse differentiated tissues. The tissue 
specificity of ctRNAs reflects the tumor's tissue of origin 
which may offer advantages over ctDNA for cancer detection. 
The diverse nature of RNA expression can also facilitate the 
classification of cancer subtypes in early disease stages (4). A 
previous study from our laboratory reported the landscape of 
the circulating transcriptome in the liver and demonstrated 
robust upregulation of liver‑specific transcripts in the circu‑
lation of patients with hepatocellular carcinoma (HCC) (5). 
Our previous studies have also demonstrated the detection of 
circulating pathogenic mutations in RNA [circulating mutated 
RNA (ctmutRNA)] exclusively associated with patients with 
HCC and cholangiocarcinoma (CCA)  (6,7). In the present 
study, ctmutRNA refers to a circulating variant RNA analyte 
identified as a high‑risk pathogenic variant by the Genome 
Analysis Tool Kit (GATK) variant caller and the SnpEff 
annotation tool. Compared with cell‑free/ctRNA species 
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detectable in all human subjects, ctmutRNA is exclusively 
detected in the circulation of patients diagnosed with cancer 
and corresponds to single nucleotide polymorphisms (SNPs), 
insertion and deletion (indel), and splicing variants  (6,7). 
RNA‑sequencing (RNA‑seq) analysis in matching whole 
plasma samples, purified extracellular vesicles (EVs) and tumor 
tissues has demonstrated concordance of these pathogenic 
ctRNA mutations in patients with HCC (6,7). The existence 
of these circulating variants identified using next‑generation 
sequencing (NGS) and various mutation calling tools must 
be ascertained through in‑depth characterization and valida‑
tion in HCC tumor tissues. Besides high‑risk SNP variants, 
circulating indel variants and splicing variants that are not 
necessarily detectable using DNA need to be investigated to 
confirm that they originate from tumors.

HCC surveillance in routine practice involves risk assess‑
ment using several clinical and biological parameters to 
identify high‑risk patients among patients with chronic liver 
disease (8). ctRNA mutations can considerably improve this 
prediction and facilitate early detection, patient stratification 
and effective monitoring post‑diagnosis (6,7,9).

SNPs constitute ~90% of sequence variants in humans, 
and thus represent the most predominant type of genetic 
alteration (10). These are scattered throughout the genome 
in both coding and non‑coding regions and ~500,000 
SNPs residing in coding regions are known to be key to 
human genetic variation (11). Among these, missense SNPs 
(non‑synonymous SNPs) cause amino acid substitutions, 
leading to structural and functional changes in proteins (12). 
The number of SNPs that have been identified covering 
common polymorphisms is >10 million (13). The sheer scale 
of high‑throughput sequencing has fundamentally changed 
how genetic data are interpreted. At present, relying strictly 
on a Reference SNP identifier or a broad database classifica‑
tion to denote a benign polymorphism is no longer clinically 
reliable (14). Several in silico tools such as SnpEff, SIFT 
(https://pcingola.github.io/SnpEff/) and Polyphen‑2 (15) are 
used to predict the functional impact of variants on genes 
and proteins. Analysis of functional SNPs in cancer‑asso‑
ciated genes can improve therapeutic selection and patient 
outcomes.

Aberrant splicing during liver tumorigenesis produces 
alternative and tumor‑specific isoforms  (16). Long‑read 
RNA‑seq has revealed diverse splicing variants, including 
in enzyme regulators, chromatin modifiers, RNA‑binding 
proteins and receptors  (17). Primary HCC tumors exhibit 
extensive differential splicing in numerous genes, including 
those coding for RNA binding proteins, affecting metabolism 
and other cancer hallmarks. Alternative splicing in genes 
such as estrogen receptor, HER2, KRAS, P53, BCL2, MET, 
cyclin D1 and BRCA1 across several cancer types is known 
to have prognostic relevance (18‑20). While requiring valida‑
tion via NGS and non‑NGS methods in larger cohorts, these 
high‑risk variants, such as the variant found in UDP‑glucose 
pyrophosphorylase 2, show strong potential as biomarkers and 
molecular therapeutic targets.

In the present study, some novel RNA‑seq‑derived 
ctmutRNA variants in HCC tumors were characterized and 
their validity was demonstrated. Furthermore, assays were 
developed to demonstrate the feasibility of detecting ctRNA 

variants in blood as potential biomarkers for surveillance, 
early detection and precision therapeutics.

Materials and methods

Human subjects. Plasma samples from a small independent 
cohort of patients with HCC and patients with liver cirrhosis 
(LC) without HCC were acquired from the University of 
Pennsylvania (Philadelphia, PA, USA), and the protocol was 
approved by the Institutional Review Board #7 at University 
of Pennsylvania [Philadelphia, USA; protocol no. 828260; 
Federalwide Assurance (FWA) no. 00004028]. Tumor 
tissues from patients diagnosed with HCC were obtained 
from Capital Health Cancer Center (Pennington, NJ, USA), 
and the protocols were approved by the Institutional Review 
Board at Capital Health Medical Center (Pennington, USA; 
protocol no. 00002877; FWA no. 00003248). A total of two 
tumor tissues were obtained from BioChemed Services, a 
commercial vendor. The tumor tissues investigated for the 
validation of ctmutRNAs in the present study were the same 
as those analyzed by RNA‑seq in our original study  (5). 
HCC was diagnosed based on either biopsy or typical 
enhancement patterns on dynamic contrast‑enhanced CT 
or MRI (later codified as meeting Li‑RADS 5 criteria) (21). 
Staging was performed according to the Barcelona Clinic 
Liver Cancer (BCLC) system  (22) and American Joint 
Committee on Cancer (AJCC) guidelines (23). Normal liver 
tissue obtained from a separate, healthy individual was used 
as a control. The normal human liver tissue was a kind gift 
from Dr Ramilla Philip (Immunotope Inc.). Demographic 
and clinical details of all patients whose tumors and plasma 
were investigated are shown in Table  I. Table SI reflects 
sample‑to‑figure usage, correlating samples to specific 
figures in this manuscript.

Plasma processing, EV enrichment and RNA analysis. The 
plasma samples used in the present study were acquired 
from our collaborators at the University of Pennsylvania. The 
maximum time from blood draw to centrifugation at 2,000 x g 
for 15 min at 4˚C and plasma extraction was 2 h. Hemolysis 
was examined by visually evaluating the pink/red color of 
the plasma after centrifugation at 2,000 x g for 15 min at 4˚C. 
All specimens used in the present study were non‑hemolyzed. 
As previously reported  (6), plasma samples with a single 
freeze‑thaw cycle were spun at 2,000 x g for 30 min at 4˚C 
to remove the cellular debris, followed by total RNA extrac‑
tion using the Qiagen RNeasy Serum/Plasma Kit (Qiagen, 
Inc.). For EV isolation, plasma samples (1 ml) were spun 
at 2,000 x g for 30 min at 4˚C to remove the cellular debris 
before purification of EVs using the ExoQuick kit (System 
Biosciences, LLC). EVs were further purified by ultracen‑
trifugation at 100,000 x g for 2 h at 4˚C. Total RNA from 
EVs was extracted using the miRNeasy Serum/Plasma Kit 
(Qiagen, Inc.). Total RNA was also extracted from tumor 
tissues and a normal liver tissue using the mirVana miRNA 
Isolation Kit (Ambion; Thermo Fisher Scientific, Inc.). Tissue 
(100 mg) treated with RNAlater‑ICE solution (Invitrogen; 
Thermo Fisher Scientific, Inc.) was homogenized in a glass 
homogenizer and processed following the kit protocol, and 
RNA was eluted in 100 µl RNase‑free water. In all cases, 
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RNA purity and integrity were assessed using an Agilent 2100 
BioAnalyzer (Agilent Technologies, Inc.).

RNA‑seq method used to identify ctmutRNA. Total RNA‑seq 
was not performed in the present study, but was performed 
previously (6), and the data generated were used to inform 
the current study. Total RNA from plasma, EVs and tissues 
was isolated using the aforementioned method to be used for 
sequencing. The final loading library concentration was 1.8 pM 

and this was verified on an Agilent 2100 BioAnalyzer (Agilent 
Technologies, Inc.). As detailed in our original study  (6), 
RNA‑seq was carried out on either an Illumina NextSeq 500 
platform (Illumina, Inc.) using the SMARTer® Stranded Total 
RNA‑Seq Kit v2‑Pico Input Mammalian (cat. no. 634411; 
Takara Bio, Inc.) and a high‑output flow cell and reagent kit 
(v2; cat. no. 20024907; Illumina, Inc.) generating 2x75 bp 
paired‑end reads as reported previously (6), or on the Illumina 
NovaSeq 6000 platform (Illumina, Inc.) using a S1 Flow Cell 

Table  I. Demographic and clinical details of patients whose tumor tissues and plasma samples were used for validation of 
circulating RNA variants identified by RNA‑sequencing.

			   Age, 						      Tumor 
Diagnosis	 Patient ID	 Specimen	 years	 Sex	 Ethnicity	 Etiology	 Grade/differentiation	 AJCC stage	 size, cm

HCC	 CH‑001	 Tissue	 69	 M	 White	 NA	 G1/well differentiated	 pT1aN0M0	 1.9
HCC	 CH‑004	 Tissue	 58	 M	 Hispanic	 NA	 G2/moderately 	 pT3N0	 8.6
							       differentiated		
HCC	 CH‑006	 Tissue	 76	 M	 Hispanic	 MASH	 G1/well differentiated	 pT1bN0Mx	 3.0
HCC	 CH‑007	 Tissue	 59	 M	 White	 HCV/	 G3,4/poorly 	 pTxpNx	 2.8
						      alcohol	 differentiated		
HCC	 BC‑103	 Tissue	 72	 F	 Black	 NA	 G2/moderately 	 I (pT1, pN0)	 Not available
							       differentiated		
HCC	 BC‑105	 Tissue	 74	 M	 White	 NA	 G2/moderately 	 IIIA [pT3a(m),	 Not available
							       differentiated	  pN0]	
CCA	 CH‑002	 Tissue	 62	 M	 Black	 MASH	 G3/poorly 	 IA (pT1aNxMx)	 4.2
							       differentiated		
CCA	 CH‑005	 Tissue	 83	 F	 White, 	 HBV/	 G2/moderately 	 pT2NxMx	 15.6
					     Hispanic	 MASH	 differentiated		
No 	 Normal 	 Tissue	 57	 M	 White	 N/A	 N/A	 N/A	 N/A
diagnosis	 liver								      
HCC	 CH‑033	 Plasma	 27	 M	 Hispanic	 HBV	 G2/moderately 	 pTxpNxM1	 1.0
							       differentiated		
HCC	 CH‑062	 Plasma	 60	 M	 White	 HCV	 G3,4/poorly 	 pTx, pNx	 0.8
							       differentiated		
HCC	 CH‑103	 Plasma	 70	 M	 White	 HBV/	 ‑	 I (pT1, pN0)	 1.8
						      MASH			 
HCC	 CH‑138	 Plasma	 67	 M	 Hispanic	 HCV/	 ‑	 IVa (pT3NxM1)	 8.8
						      alcohol			 
HCC	 CH‑144	 Plasma	 77	 M	 White	 HCV	 ‑	 IVb (pT1NxM1)	 1.0
HCC	 UP‑032	 Plasma	 60	 M	 White	 HCV	 ‑	 Ib (cT1bN0M0)	 3.2
HCC	 UP‑050	 Plasma	 56	 M	 White	 HCV	 ‑	 IVA (cT4N1M0)	 10.9
HCC	 UP‑075	 Plasma	 72	 M	 White	 MASH	 ‑	 Ib (cT1bN0M0)	 2.6
HCC	 UP‑097	 Plasma	 70	 M	 Black	 HCV	 ‑	 IIIb (cT4N0M0)	 6.0
HCC	 UP‑120	 Plasma	 79	 F	 Asian	 HBV	 ‑	 Ib (cT1bN0M0)	 2.1
LC	 UP‑001	 Plasma	 73	 M	 White	 HCV	 ‑	 ‑	 ‑
LC	 UP‑003	 Plasma	 78	 M	 White	 MASH	 ‑	 ‑	 ‑
LC	 UP‑008	 Plasma	 47	 F	 White	 Alcohol	 ‑	 ‑	 ‑
LC	 UP‑022	 Plasma	 66	 M	 White	 MASH	 ‑	 ‑	 ‑
LC	 UP‑023	 Plasma	 75	 F	 White	 PBC	 ‑	 ‑	 ‑
LC	 UP‑025	 Plasma	 68	 F	 White	 Alcohol	 ‑	 ‑	 ‑

All patient specimens were acquired at the time of diagnosis before initiating any therapeutic treatment. HBV, hepatitis B virus; HCV, hepatitis 
C virus; MASH, metabolism‑associated steatohepatitis; HCC, hepatocellular carcinoma; CCA, cholangiocarcinoma; LC, liver cirrhosis; AJCC, 
American Joint Committee on Cancer; F, female; M, male; N/A, not applicable; NA, non‑alcoholic; PBC, primary biliary cholangitis.

https://www.spandidos-publications.com/10.3892/or.2026.9196


ZEZULINSKI et al:  VALIDATION OF CIRCULATING mRNA VARIANTS IN LIVER CANCER4

and reagents kit (v1.5; cat. no. 20012864; Illumina, Inc.) with 
a paired end run, 2x150 bp, generating >50 million reads 
each. Residual Pico v2 SMART adapters on paired‑end fastq 
files were trimmed. Alignment was performed on the current 
human reference genome assembly (GRCh38.p13) using the 
STAR splice aware aligner (v2.7.3) (24). Indel local realign‑
ment, base quality recalibration and variant calling (haplotype 
caller algorithm) were performed using Broad Institutes 
GATK (v4.1.7.0; https://gatk.broadinstitute.org/hc/en‑us). 
Variants with a Phred quality (Q) score of ≥20 as well as a 
depth of five or more were considered true positives. A higher 
Q score indicated higher confidence and lower probability 
of an incorrect call. Q20 indicates a 1 in 100 chance of error 
(99% accuracy). Filtration and annotation of high‑risk variants 
was carried out using SnpEff analysis (v4.3t; https://pcingola.
github.io/SnpEff/#snpeff) to identify high‑risk variants in all 
sample subsets. Tumor‑specific high‑risk variants (ctmutRNA) 
were sorted by concordant detection in tumors and plasma 
from patients with HCC, frequency/recurrence in samples, and 
lack of detection in normal liver tissue and in the plasma of 
patients with LC and normal healthy individuals. Raw unpro‑
cessed FASTQ files can be accessed via the publicly available 
National Center for Biotechnology Information (NCBI) 
Sequence Read Archive database with accession number 
PRJNA907745 using the following URL link: https://www.
ncbi.nlm.nih.gov/bioproject/PRJNA907745. Additional infor‑
mation on identified variants was obtained using The Cancer 
Genome Atlas (TCGA; portal.gdc.cancer.gov) and the Human 
Protein Atlas (HPA; www.proteinatlas.org).

Testing the performance of ctmutRNA to identify patients with 
cancer in this small cohort. Table SII summarizes the top 70 
high‑impact cancer‑associated ctRNA variants identified by 
RNA‑seq exclusively in 16 patients with cancer (HCC/CCA) 
and not detectable in 15 patients without cancer (patients 
with LC and healthy individuals). The small discovery cohort 
consisted of patients with various etiologies and clinical stages. 
The aim of the present pilot study was to identify a short 
ctmutRNA panel able to distinguish the majority of patients 
with liver cancer from patients with LC without cancer. An 
ordered panel framework was used in which signatures were 
ranked by the number of positive individuals they identified 
and signatures that did not contribute additional positive iden‑
tifications beyond those already captured by higher‑ranked 
signatures were removed. This panel of collections is ordered 
and organized by decreasing diagnostic performance, meaning 
one may reduce the size of the panel by keeping the collections 
at the top of the panel and dropping those at the bottom of 
the panel. The resulting ordered panel allows investigators to 
construct sub‑panels by retaining signatures from the top of 
the panel and excluding those at the bottom, thereby trading 
panel size against performance.

The operating characteristics of multiple ordered panels 
were visualized using operating characteristic curves, which 
plot sensitivity (the percentage of positive subjects identi‑
fied) against the number of variant‑signatures included and 
pseudo‑receiver operating characteristic (ROC) curves, which 
plot sensitivity against non‑specificity. These curves were 
termed pseudo‑ROC curves because each sensitivity‑non‑spec‑
ificity pair corresponded to a distinct ordered sub‑panel rather 

than to a continuously varying decision threshold. Panels 
that achieved higher sensitivity with fewer variant‑signatures 
and whose curves approached the upper‑left corner of these 
plots were considered to exhibit superior performance. This 
is a novel methodology proposed by TZ and currently under 
review by The Comprehensive R Archive Network.

DNase digestion and cDNA synthesis. RNA (5  µg) from 
selected tissue samples, isolated using a mirVana miRNA 
Isolation Kit (Ambion; Thermo Fisher Scientific, Inc.), was 
added to a 1.5‑ml microcentrifuge tube. A total of 5 µl DNase 
I Enzyme (1 U/µl; Invitrogen; Thermo Fisher Scientific, Inc.) 
was added to each sample with 2 µl 10X DNase I Buffer, 
0.5 µl RNaseOUT (40 U/µl) and RNase‑free water to bring 
the total volume to 20 µl. Samples were heated at 37˚C for 
30 min. A total of 2 µl of 50 µM random hexamers and 2 µl 
of 50 mM EDTA were added to each sample, and samples 
were then heated at 65˚C for 10 min and placed on ice. A 
reverse transcription (RT) reaction mix consisting of 0.3 µl of 
100 mM dNTPs, 0.2 µl of RNaseOUT, 1 µl of SuperScript IV 
RT Enzyme (200 U/µl), 3.5 µl of 0.1 M DTT and 7.25 µl of 
5X RT Buffer (Thermo Fisher Scientific, Inc.) was added to 
each sample, and samples were heated at 52.5˚C for 15 min, 
followed by heating at 80˚C for 10 min. The volume of each 
sample was adjusted with RNase‑free water to 400  µl to 
achieve a final concentration of 12.5 ng/µl of cDNA.

Reverse transcription‑quantitative PCR (RT‑qPCR). A total 
of 4 µl of tumor tissue cDNA, prepared as aforementioned, at a 
concentration of 12.5 ng of total converted RNA (50 ng) per µl 
was used as the template of the PCR reaction and added to the 
well of a 96‑well PCR plate. A volume of 8 µl of 2 µM forward 
and reverse primer pairs that flanked the target exon‑exon 
junction, whose sequences can be found in Table SIII, was 
added to the well. Lastly, 12 µl of 2X PowerUP SYBR PCR 
master mix (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) was added to the well, with a final volume of 24 µl. The 
plate was sealed with an optically clear film and centrifuged 
at 500 x g for 2 min at room temperature. PCR was performed 
on a LightCycler 480 instrument (Bio‑Rad Laboratories, 
Inc.) under the following heating conditions: 95˚C for 10 min 
(enzyme activation), followed by 45 cycles of 95˚C for 10 sec 
(denaturation), 60˚C for 30 sec (annealing) and 72˚C for 5 sec 
(extension). A melt curve was generated after the 45th cycle for 
melt curve genotyping analysis. The 2‑ΔΔCq method was used 
to calculate relative expression (25). β‑actin was used as an 
endogenous reference gene whose primer sequences can be 
found in Table SIII.

Traditional semi‑qPCR. An additional endpoint PCR reac‑
tion was performed using the RT‑qPCR‑amplified tumor 
and healthy liver cDNA. A volume of 4 µl of the first PCR 
product, previously amplified by RT‑qPCR as aforementioned, 
was added to a 200‑µl 8‑tube strip tube. A volume of 8 µl of 
the same 2 µM forward and reverse primer pairs that flanked 
the target exon‑exon junction was added to the well. Primer 
sequences can be found in Table SIII. Lastly, 12 µl of 2X 
PCR Master Mix with no fluorescent dye (Thermo Fisher 
Scientific, Inc.) was added to the well, with a final volume of 
24 µl. PCR was performed on a T100 Thermocycler (Bio‑Rad 



ONCOLOGY REPORTS  56:  190,  2026 5

Laboratories, Inc.) with the following heating conditions: 98˚C 
for 3 min (enzyme activation), followed by 35 cycles of 98˚C 
for 15 sec (denaturation), 60˚C for 30 sec (annealing) and 
72˚C for 45 sec (extension). Subsequently, 2‑2.5% agarose 
gels were prepared using 1X triethylamine and pre‑stained 
with ethidium bromide. A volume of 10‑30 µl of the endpoint 
PCR product was mixed with 2‑6 µl of 6X loading dye (New 
England BioLabs, Inc.) and loaded into the well. A volume of 
10 or 5 µl of 50‑bp DNA ladder was added to a well adjacent to 
the samples. Gel electrophoresis was then performed at 100 V 
for 1 h. The gel was subsequently imaged on a ChemiDoc 
Touch (Bio‑Rad Laboratories, Inc.) or iBright 1500 (Thermo 
Fisher Scientific, Inc.) and the sizes and densities of the PCR 
products were compared using Image Lab (v6.0.1; Bio‑Rad 
Laboratories, Inc.). β‑actin was used as a reference gene as a 
loading control and for normalization.

Gel extraction, purification and sequencing. After imaging, 
cDNA bands of interest were identified. The gel was placed 
on a UV lightbox and the bands were cut out and placed in 
a 1.5‑ml microcentrifuge tube. Using the Monarch DNA 
Gel Extraction kit (New England BioLabs, Inc.), the DNA in 
the band was isolated and eluted according to the manufac‑
turer's protocol. The isolated DNA was sent to Azenta Life 
Sciences with the appropriate forward primer (Table SIV) 
for Sanger sequencing. Results were delivered electronically 
and the returned sequences were compared with the reference 
sequence using the NCBI Basic Local Alignment Search Tool 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

SNP variants and digital PCR (dPCR). A volume of 4 µl of 
tumor tissue cDNA, generated as aforementioned, at a concen‑
tration of 12.5 ng of total converted RNA per µl (50 ng) was 
used as the template of the PCR reaction and added to the well 
of a 96‑well PCR plate. Subsequently, 1.25 µl of 20X TaqMan 
Assay mix (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) containing primers and the two allele‑specific probes, 
tagged with fluorescein amidite (FAM) and chloro‑phenyl‑
dichloro‑carboxy‑fluorescein (VIC) labels, was added to the 
well with the template. Probe assay information and sequences 
can be found in Table SIV. A volume of 12 µl of 2X TaqPath 
ProAmp PCR Master Mix (Thermo Fisher Scientific, Inc.) 
was added to the well. Finally, 6.75 µl of nuclease‑free water 
was added to the well to bring the total reaction volume up to 
24 µl per well. The plate was sealed with an optically clear 
film and the plate was centrifuged at 500 x g for 2 min at 
room temperature. PCR was performed on a LightCycler 480 
instrument (Roche Diagnostics) under the following heating 
conditions: 95˚C for 10 min (enzyme activation), followed by 
40 cycles of 95˚C for 10 sec (denaturation), 60˚C for 1 min 
(annealing/extension) and a brief 1 sec pause at 72˚C. Endpoint 
genotyping analysis of the FAM and VIC fluorescence was 
performed to determine which alleles were present using the 
Light Cycler 480 operating and analysis software (v1.5; Roche 
Diagnostics).

For the digital PCR, a volume of 4 µl of tumor tissue 
cDNA at a concentration of 12.5 ng of total converted RNA 
per µl (50 ng) was used as the template of the dPCR reaction. 
A total of 0.5 µl 20X assay mix (Table SIV; Thermo Fisher 
Scientific, Inc.) was added to the sample along with 2 µl of 5X 

dPCR Master Mix (Thermo Fisher Scientific, Inc.) and 3.5 µl 
of PCR‑grade water. The total assay solution was mixed and 
9 µl of the solution was added to the dPCR well with 15 µl of 
Isolation Buffer (Thermo Fisher Scientific, Inc.). Subsequently, 
dPCR was performed on the Quant Studio dPCR machine 
(Thermo Fisher Scientific, Inc.) using the manufacturer's 
recommended reaction conditions for 40 cycles. Analysis was 
performed using the QuantStudio Absolute Q analysis soft‑
ware (v6.3.5; Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The mean partition count for the dPCR reactions was 
20,409±112 and the minimum copy number detected was 1 
copy per 50 ng of input cDNA. Positive calls were determined 
using the automatic thresholding algorithm of the QuantStudio 
Absolute Q software.

TaqMan probe‑based assays for splicing variants. cDNA 
from tissue used for these assays was prepared as aforemen‑
tioned. Probes and primers corresponding to indel variants 
were designed using tools from Thermo Fisher Scientific, Inc. 
The sequence information for all splicing TaqMan probes 
and primers (Thermo Fisher Scientific, Inc.) is shown in 
Table SV. A total of 4 µl of cDNA, 1 µl of 20X TaqMan Assay 
mix (Thermo Fisher Scientific, Inc.), 10 µl of 2X TaqPath 
ProAmp Master Mix (Thermo Fisher Scientific, Inc.) and 5 µl 
of PCR‑grade water were mixed for the reaction. PCR was 
performed on a LightCycler 480 (Roche Diagnostics) under the 
following conditions: 95˚C for 10 min, followed by 45 cycles of 
95˚C for 15 sec and 60˚C for 1 min. GAPDH (Table SV) was 
used as an endogenous control gene for the relative expression 
calculations using the 2‑ΔΔCq method.

For the dPCR using these assays, plasma cDNA was 
prepared as aforementioned. A total of 4 µl of cDNA, 0.5 µl of 
20X TaqMan assay mix (Table SV; Thermo Fisher Scientific, 
Inc.), 2 µl of 5X dPCR Universal DNA Master Mix (Thermo 
Fisher Scientific, Inc.) and 3.5 µl of PCR‑grade water were 
combined to make a 10 µl reaction mix. A total of 9 µl of 
the reaction mix was added to the dPCR well. Isolation Buffer 
(15 µl; Thermo Fisher Scientific, Inc.) was then added on top 
of the well. dPCR was performed on the Quant Studio dPCR 
machine (Thermo Fisher Scientific, Inc.) using the manu‑
facturer's recommended reaction conditions for 40 cycles. 
Analysis was performed using the QuantStudio Absolute Q 
analysis software (v6.3.5; Applied Biosystems; Thermo Fisher 
Scientific, Inc.).

Statistical analysis. Beyond the variant selection process 
using the aforementioned ordered panel framework, appro‑
priate statistical tools were used for variant validation qPCR 
and dPCR assays. Data for RT‑qPCR assays are presented as 
the mean log2 fold‑change in expression ± standard devia‑
tion. Data for dPCR assays are presented as individual copy 
number values with the minimum, first quartile, median, third 
quartile and maximum shown as a box plot on a log2 scale. For 
single‑probe qPCR assays, Welch's ANOVA was used to assess 
the overall difference of the mean log2 fold change in expres‑
sion of each target gene in the tumor tissue samples (HCC and 
CCA tumors; n=6) and the healthy liver tissue sample (n=1). 
This was followed by Dunnett's T3 multiple comparisons 
test to compare each tumor sample back to the healthy liver 
tissue and control for multiple comparisons. Using all of the 
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Dunnett's T3‑adjusted P‑values, a Holm‑Bonferroni multiple 
comparisons correction was applied to all assays. Both adjusted 
P‑values for Dunnett's T3 tests and the Holm‑Bonferroni 
test are reported. Hedge's g score was used to calculate the 
effect size for each assay. Statistical analysis and graphing 
were performed using GraphPad Prism (v11.0.0; Dotmatics). 
For the dPCR single‑probe assays using plasma samples 
from patients with HCC and patients with LC without HCC, 
aggregated ctRNA copy numbers of HCC samples (n=10) and 
LC samples (n=6) were compared using a Mann‑Whitney test 
to determine statistically significant differences between the 
two groups for each of the eight assay probe targets. Rank 
biserial correlation was used to calculate the effect size for 
each assay. A Holm‑Bonferroni multiple comparisons correc‑
tion was used to determine adjusted P‑values for the panel of 
assays. Mann‑Whitney tests, Welch's ANOVAs and Dunnett's 
T3 multiple test corrections were performed using GraphPad 
Prism (v11.0.0), and the Holm‑Bonferroni corrections were 
performed using R Statistical Software (v4.3.1; R Core Team). 
All tests were run in triplicate. Graphs were created using 
GraphPad Prism (v11.0.0). A mean coefficient of variation 
(CV) of 5.50±3.90% was observed in the TaqMan assays 
with a minimum CV of 2.45±2.12% and a maximum CV of 
12.02±5.83%. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Diagnostic performance of HCC‑specific ctRNA variants 
identified by RNA‑seq. In the present pilot study, a large 
independent validation cohort was not available to investigate 
the diagnostic performance of ctmutRNA variants identi‑
fied in the discovery cohort. Since the original discovery 
cohort consisted of patients with different etiologies and 
clinical stages, the present study aimed to determine if a short 
ctmutRNA panel could distinguish the majority of the patients 
with cancer. Table SII summarizes the top 70 high‑impact 
cancer‑associated ctRNA variants identified by RNA‑seq 
exclusively in 16 patients with cancer (HCC/CCA) and not 
detectable in 15 non‑cancer individuals (LC and healthy). 
These 70 ctRNA variants were sorted into 54 variant signa‑
tures (Fig. 1) enabling identification of identical sets of patients 
with cancer, resulting in groups of variants that identified the 
same patients with cancer. Tables SVI and SVII show the 
‘variants to collections’ distribution to explain how the 70 top 
ctRNA variants were reduced to 54 collections before further 
analysis. Using the ordered panel methodology in this small 
feasibility study, a panel of six ctRNA variants was identi‑
fied with a diagnostic sensitivity of 87.5% and a specificity 
of 100% (Fig. 1). The sensitivity (87.5%; 14/16 patients with 
cancer) corresponded to a 95% exact CI of 61.7‑98.4%. The 
specificity (100%; 0/15 non‑cancer subjects) corresponded to a 
95% exact CI of 78.2‑100.0%.

The operating characteristics of multiple ordered panels 
were visualized using a pseudo‑operating characteristic curve, 
which plots sensitivity (the percentage of positive individuals 
identified) against the number of variant‑signatures included, 
and another pseudo‑ROC curve, which plots sensitivity against 
non‑specificity (Fig.  1). These curves were referred to as 
pseudo‑ROC curves because each sensitivity non‑specificity 

pair corresponded to a distinct ordered sub‑panel rather than 
to a continuously varying decision threshold. Panels that 
achieved higher sensitivity with fewer variant signatures and 
whose curves approached the upper‑left corner of these plots 
were considered to have superior performance.

Characterization of HCC‑specific circulating SNPs using 
tumor tissues. Having identified several high‑impact 
HCC‑specific ctRNA variants in a previous cohort of patients 
with HCC and CCA by RNA‑seq, it was decided to investigate if 
these variants could be confirmed using simple assays in tumor 
tissues from patients with liver cancer (Table I). Detection of 
high‑impact SNPs in apolipoprotein B (APOB) and transferrin 
(TF) in HCC tumor tissues from RNA‑seq read piles is shown 
in Fig. S1. The TF SNP was exclusively expressed in all five 
tumors with no wild‑type (WT) allele detected. The APOB 
SNP variant allele was expressed in all five tumors; however, 
APOB's variant allele was only exclusively expressed in two 
tumors, with the other three showing expression of the WT 
allele. The investigation began using a set of highly recurrent 
SNPs (Table SII) detected exclusively in the tumors, plasma 
and exosome fractions from patients with HCC and CCA.

For the investigation of SNPs, duplexed competing 
hydrolysis probe assays (Thermo Fisher Scientific, Inc.), also 
referred to as 5' nuclease assays, were used to perform endpoint 
genotyping on the tumor RNA. HCC‑specific SNPs in APOB 
and TF were examined as these occurred in 100 and 83% of 
HCC tumor samples analyzed by RNA‑seq, respectively. For 
assay standardization, variable amounts of synthetic cDNA 
templates corresponding to variant and WT alleles of APOB 
SNP rs1042034 were tested using SNP TaqMan assays, 
and consistent results reflecting allelic differentiation were 
observed with all template amounts (Fig. S2). Although there 
is no known association between ctRNA variants identified 
by RNA‑seq and corresponding transcript expression, The 
TCGA database indicated tissue‑specific dysregulation of 
variant‑associated transcripts in HCC datasets, underscoring 
the liver cancer specificity of transcripts harboring these 
high‑impact variants (Fig. 2A). APOB expression has been 
reported as a potential autonomous predictor of survival in 
patients with HCC (26). Schematic representations of the 
SNPs in the last exon of APOB and exon 12 of TF are shown 
in Fig. 2B. SNP TaqMan assays were carried out using RNA 
from tumor tissues. When investigating each SNP, two probes 
corresponding to WT and variant alleles competed to bind the 
target region and consequently, nuclease activity associated 
with RNApol led to the release of the fluorescence tag to reveal 
the identity of the target allele. To ensure that the assay was 
working correctly, synthetic DNA containing either the WT 
or variant sequences was used as a positive control for the WT 
and variant signal in the TaqMan assay (Fig. 2C). The results 
demonstrated that the synthetic WT and variant sequence 
signals were observed close to the y‑ and x‑axis, respectively. 
Tumor samples tested to examine the SNPs in APOB and TF 
showed alignment with the variant allele frequencies (VAFs) 
captured by RNA‑seq (6). For example, for APOB, HCC006T 
exhibited a VAF of 388 variant reads/390 total reads at that 
locus, which suggested that this tumor was predominantly 
harboring the variant APOB allele. Conversely, HCC001T 
exhibited an APOB SNP VAF of 192/635, which suggested 
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that both WT and variant alleles were detectable in this tumor 
(data not shown). Investigation of the read piles from the 

original RNA‑seq data in five tumor tissues highlighted these 
variant SNPs corresponding to TF and APOB (Fig. S1).

Figure 1. Operating characteristics of a ctmutRNA panel for the identification of subjects with liver cancer with high precision. (A) The flow chart shows the 
process of reducing 70 ctmutRNA variants identified by RNA‑seq to a short panel of six variants able to distinguish 87.5% of patients with liver cancer (n=16). 
In this scheme, signatures that identified no cancer subjects or were associated with one or more negative control subjects (liver cirrhosis without cancer) were 
excluded, and the remaining signatures were ranked by the number of positive subjects they identified. Generally, each individual ctRNA variant plotted on the 
curve represents multiple signatures which identify the same individual patients with cancer (Tables SVI and SVII). To avoid redundancy, signatures that did 
not contribute additional positive identifications beyond those already captured by higher‑ranked signatures were removed. (B) The operating characteristics 
of multiple ordered panels were visualized using an operating characteristic curve, which plots sensitivity (percentage of positive subjects identified) against 
the number of variant signatures included, and a pseudo‑ROC curve, which plots sensitivity against non‑specificity. This curve is referred to as a pseudo‑ROC 
curve because each sensitivity‑non‑specificity pair corresponds to a distinct ordered sub‑panel rather than to a continuously varying decision threshold. Panels 
that achieve higher sensitivity with fewer variant signatures, and whose curve approaches the upper‑left corner of these plots, are considered to have superior 
performance. (C) The variant annotation and number of true positive patients with HCC captured of the six ctmutRNA signatures in patients with cancer and 
non‑cancer subjects are shown. The ordered‑panel framework and methodology are implemented in the R (v4.3.1; R Core Team) package ordPanel, which is 
currently under review by The Comprehensive R Archive Network. ASAH1, N‑acylsphingosine amidohydrolase 1; chr, chromosome; ctmutRNA, circulating 
mutated RNA; GOLGA2, golgin A2; MADD, MAP kinase‑activating death domain; MST1, macrophage stimulating 1; RBM5, RNA binding motif protein 5; 
RNA‑seq, RNA‑sequencing; ROC, receiver operating characteristic.
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With good confidence in the power of this assay, the vali‑
dation panel was expanded to other cancer‑specific SNPs of 
interest (Table SII). The variant annotations and locations 

in the coding regions of liver‑specific genes glycosyl‑
transferase‑like domain containing 1 (GTDC1), NUGGC, 
kallikrein B1 (KLKB1), CD151, phosphoenolpyruvate 

Figure 2. SNP genotyping assay validation using HCC tumor‑derived RNA. (A) High‑risk, HCC‑specific ctRNA SNPs identified in both plasma and tumor 
tissues of patients with HCC/cholangiocarcinoma by RNA‑sequencing corresponded to APOB and TF. Tissue‑wide expression analysis of APOB and TF in 
tumors was performed using TCGA. High expression levels of both APOB and TF were observed in the HCC cohort (362 tumors) and HCC validation cohort 
(231 tumors), highlighting exclusive liver‑specific dysregulation. (B) Schematic representations of the positions of the APOB SNP rs1042034 and the TF SNP 
rs2692696 based on the Matched Annotation from National Center for Biotechnology Information and European Molecular Biology Laboratory‑European 
Bioinformatics Institute Select APOB and TF mRNA transcripts. The context sequence of the APOB SNP shows the transition from WT (G) to the variant 
allele (A), and the context sequence of the TF SNP shows the transition from WT (A) to the variant allele (G). (C) Graphical demonstration of discrimina‑
tion and detection of the WT and VAR alleles using SNP TaqMan assays based on dual‑labeled probes. Among the two competitive probes, depending on 
complementarity, only one will bind and release fluorescence, revealing the identity of the allele in the reaction. (Left) Reverse transcription‑quantitative 
PCR reactions were all performed in triplicate with 50 ng of cDNA for the tumors and 10 pg for the synthetic controls. The allelic discrimination plot for the 
APOB SNP shows the results for two tumors, HCC001T and HCC006T, with synthetic DNA controls for the WT and VAR allele sequences. (Right) Allelic 
discrimination plot of TF SNP in three tumors (HCC001T, HCC006T and HCC103T), with a synthetic WT template control. AC, adenocarcinoma; APOB, 
apolipoprotein B; ctRNA, circulating RNA; FAM, fluorescein amidite; HCC, hepatocellular carcinoma; pTPM, protein‑coding transcripts per million; SNP, 
single nucleotide polymorphism; SQCC, squamous cell carcinoma; TCGA, The Cancer Genome Atlas; TF, transferrin; UTR, untranslated region; VAR, 
variant; VIC, 2'‑chloro‑7'phenyl‑1,4‑dichloro‑6‑carboxy‑fluorescein; WT, wild‑type.
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carboxykinase 1 (PCK1) and serine arginine protein kinase 
1 (SRPK1) are shown in Fig. 3. GTDC1 is known to be a 
potential prognostic gene in liver cancer based on the 
HPA and a diagnostic gene for colon cancer  (27). High 
NUGGC expression is associated with HCC, prognostic for 
lung cancer and associated with different patient survival 
outcomes in various types of cancer as shown in an analysis 
using the HPA. Serum KLKB1 is known to be a potential 
prognostic biomarker in HCC (28). CD151, a tetraspanin 
receptor, is known to drive cancer progression by inter‑
acting with integrins and EGFR in non‑small cell lung 
cancer (29) and promotes the invasiveness and angiogenesis 
of HCC (30). Phosphoenol carboxy kinase is known to serve 
a role in metabolic reprogramming and immune microenvi‑
ronment remodeling and has been proposed as a therapeutic 
target in cancer (31,32). SRPK1, a splicing kinase, has been 
reported to be a prognostic factor and potential therapeutic 

target in various types of cancer, and its upregulation is 
associated with higher tumor staging, grading and shorter 
survival (33). A normal liver tissue and three tumor tissues 
were used to characterize the high‑impact HCC‑specific 
SNPs corresponding to these genes using the same TaqMan 
SNP allelic discrimination assays (Fig. 3). Tumors showed 
differences in variant allelic frequencies, but all six 
high‑impact variants displayed higher VAR values in the 
majority of tumors when compared with the normal liver 
VAR values, validating the results of RNA‑seq of ctRNAs 
in patients with HCC. For KLKB1, the variant allele was 
detected in HCC004T and HCC006T, but not in HCC007T. 
These data suggested that even if the expression of a 
liver‑specific transcript may not serve as a biomarker for 
HCC detection, the allelic discrimination assay employed 
in the present study was a superior tool to track these poten‑
tial biomarker SNPs.

Figure 3. Characterization and validation of HCC‑specific SNPs in tissues using endpoint genotyping via RT‑PCR. Allelic discrimination plots for six highly 
recurrent HCC‑specific SNPs in three tumors (HCC004T, HCC006T and HCC007T), and in a non‑cancerous liver tissue as a control. RT‑PCR reactions were 
all performed in triplicate using dual allele‑specific probe TaqMan assays. A total of 50 ng of total RNA converted to cDNA was used as a template. Y‑axes 
represent the fluorescence of the VAR allele and x‑axes represent the fluorescence of the WT allele. The right panel shows schematic representations of the 
SNP positions corresponding to GTDC1 rs3731958, NUGGC rs7817227, KLKB1 rs925453, CD151 rs1130719, PCK1 rs707555 and SRPK1 rs662713 based on 
the Matched Annotation from National Center for Biotechnology Information and European Molecular Biology Laboratory‑European Bioinformatics Institute 
Select transcripts. FAM, fluorescein amidite; GTDC1, glycosyltransferase‑like domain containing 1; HCC, hepatocellular carcinoma; KLKB1, kallikrein B1; 
NTC, no‑template control; PCK1, phosphoenolpyruvate carboxykinase 1; RT‑PCR, reverse transcription‑PCR; SNP, single nucleotide polymorphism; SRPK1, 
serine arginine protein kinase 1; UTR, untranslated region; VAR, variant; VIC, 2'‑chloro‑7'phenyl‑1,4‑dichloro‑6‑carboxy‑fluorescein; WT, wild‑type.
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Validation of SNP variants using digital qPCR. Given the 
need for non‑invasive detection, high sensitivity and quantifi‑
cation of these variant transcripts, a dPCR platform was used 
to execute the same duplexed allele‑specific assay (Fig. 4). 
The qualitative genotyping assay was turned into a quantita‑
tive assay using the dPCR platform. HCC‑specific high‑risk 
SNP variants were investigated in three tumor tissues. In 
addition to the aforementioned investigation of the unique 
SNPs in APOB, KLKB1 and CD151, a high impact SNP in 
mitochondrial translational initiation factor 3 (MTIF3) was 
included in this experiment. Loss of function of MTIF3 may 
disrupt the fidelity of mitochondrial translation, leading to 
production of unstable proteins impairing mitochondrial func‑
tion (34). The MTIF3 specific variant SNP was predominant 
in all three tumors, while both WT and variant alleles corre‑
sponding to APOB, KLKB1 and CD151 were observed. In 
addition to sensitive detection of variants, this assay allowed 

the determination of the exact copy numbers of variant and 
WT alleles corresponding to these SNPs, as shown in Fig. 4. 
The copy number counts of APOB in HCC001T were closely 
associated with the VAF in RNA‑seq data, confirming that 
the use of these TaqMan assays gave accurate results when 
transferred to a more sensitive platform and that the APOB 
SNP found in the RNA‑seq data was almost certainly a true 
variant call.

A considerable concern regarding the use of ctDNA vari‑
ants as biomarkers in blood has been the limit of detection 
of low‑frequency alleles. RNA does not conform to the two 
copy limit and is produced in larger numbers (5,9). The use 
of dPCR for the allelic discrimination assays demonstrated 
a large dynamic range, capturing highly expressed variants, 
such as variants in APOB, or variants with much lower RNA 
expression levels, such as variants in KLKB1. The allelic 
discrimination assay in tumor tissues using dPCR was able 

Figure 4. Investigation of HCC‑specific high‑risk SNPs in HCC tumor tissues using digital PCR enables quantitative analysis of variant and WT alleles. 
Two‑dimensional scatter plots of four HCC‑specific SNPs (MTIF3 rs1218825, APOB rs1042034, KLKB1 rs925453 and CD151 rs1130719) across three tumors 
(HCC103T, HCC105T and HCC001T). Each PCR reaction was split into >20,000 mini chambers, and WT and variant allele numbers were calculated based 
on the number of wells positive for each labeled probe in each sample. Black dots at the bottom left of each plot represent wells with no reaction. Orange dots 
represent wells only positive for VIC, purple dots represent wells only positive for FAM, and green dots represent wells positive for both VIC and FAM. In the 
MTIF3, KLKB1 and CD151 plots, the FAM probe represents the WT allele and the VIC probe represents the MUT allele. In the APOB plots, the FAM probe 
represents the MUT allele and the VIC probe represents the WT allele. The counts displayed are the MUT and WT allele copy numbers in the total sample 
loaded (50 ng total RNA). Digital PCR reactions were all performed in triplicate using dual‑probe TaqMan assays and 50 ng of total RNA converted to cDNA 
as a template. APOB, apolipoprotein B; FAM, fluorescein amidite; HCC, hepatocellular carcinoma; KLKB1, kallikrein B1; MTIF3, mitochondrial transla‑
tional initiation factor 3; MUT, mutant; SNP, single nucleotide polymorphism; VIC, 2'‑chloro‑7'phenyl‑1,4‑dichloro‑6‑carboxy‑fluorescein; WT, wild‑type.
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to confirm the occurrence of all these high‑impact variants 
originally detected in ctRNA from patients with HCC.

Validation of splice site indel variants in tumor tissues. The 
detection of several high‑risk circulating splicing variants in 
ctRNA falling into the category of indel variants has been 
reported in the present study. The RNA‑seq analysis identified 
a high number of splice site variants with high recurrence in 
patients with HCC/CCA, which warranted further investiga‑
tion (Table SII). It can be hypothesized that these structural 
variants would be equally impactful and pathogenic in 
terms of functionality of the affected protein in the cancer 
cell. To validate these specific splice‑site mutations, primer 
pairs were designed to amplify RNA stretches around the 
exon‑intron‑exon junctions in endpoint PCR. Due to the 
higher abundance of RNA isolated from the tumor tissues 
compared with plasma, the aim was to validate the RNA‑seq 
findings from plasma samples to ensure that the variant calling 
using the bioinformatics pipeline was accurate. Semi‑qPCR 
assays using three tumor tissues and a normal liver tissue 
were carried out, corresponding to 15 indel sites. After PCR 
amplification, these amplified products were separated by 
agarose gel electrophoresis for semi‑quantitation of amplicons 
(Fig. 5A). Exon‑intron‑exon junctions where the variants were 
located on the corresponding mRNA are shown in schematic 
diagrams in Fig. 5B. Striking differences in amplicon size 
between the normal liver tissue and the three tumor tissues 
were demonstrated. Splice site‑specific variants in protein 
phosphatase 1 regulatory subunit 12C (PPP1R12C), vacuolar 
protein sorting 13 homolog A (VPS13A), protein tyrosine 
phosphatase receptor type J (PTPRJ), transfer RNA (tRNA) 
methyltransferase 1 (TRMT1), ubiquitin protein ligase E3 
component n‑recognin 4 (UBR4), mitogen‑activated protein 
kinase kinase kinase kinase 2 (MAP4K2), solute carrier 
family 25 member 17 (SLC25A17), macrophage stimulating 
1 (MST1), uroporphyrinogen decarboxylase (UROD), pumilio 
RNA binding family member 2 (PUM2), agrin (AGRN), 
catenin α like 1 (CTNNAL1), ubiquitin conjugating enzyme 
E2 Q1 (UBE2Q1) and mitogen‑activated protein kinase kinase 
2 were detected using this approach, affirming the authen‑
ticity of ctRNA variant calls based on RNA‑seq data. The 
PPP1R12C gene encodes a subunit of myosin phosphatase and 
is a prognostic marker in liver cancer according to the Human 
Protein Atlas (https://www.proteinatlas.org/). The mutations 
and dysregulated expression of VPS13A in tumors affect 
prognosis and serve as biomarkers for screening and diag‑
nosis (35). PTPRJ, a receptor protein tyrosine phosphatase, 
drives VEGF‑dependent tumor progression and represents a 
therapeutic target (36). TRMT1 enzymatically modifies tRNA, 
and thus, regulates tRNA structure, function and stability (37). 
UBR4, an E3 ubiquitin ligase, is known to enhance tumor cell 
proliferation and survival by regulating DNA mismatch repair 
and the stress response (38). MAP4K2, a mitogen‑activated 
serine/threonine kinase, is upregulated in head and neck 
cancer and associated with the Hippo pathway affecting 
autophagy of cellular components under energy stress (39). 
Another head and neck cancer associated gene, SLC25A17, a 
mitochondrial carrier, serves a prognostic role in cancer (40). 
MST1, a Hippo pathway‑related tumor suppressor, is known 
to be involved in multiple myeloma pathogenesis (41). When 

cleaved to its 36‑kDa form, MST1 suppresses tumor growth by 
amplifying apoptotic signals and 76% of HCC tumors exhibit 
the absence of this splicing process to create the 36‑kDa 
protein (42). UROD, a heme biosynthesis enzyme, serves as a 
prognostic factor in cervical cancer and radiation therapy (43). 
PUM2 is an oncogenic RNA‑binding protein regulating HCC 
cell proliferation and apoptosis via binding to another tumor 
suppressor, BTG anti‑proliferation factor 3 (44), and has been 
reported to drive colorectal cancer growth by suppressing 
p21 (45).

AGRN is a matricellular glycoprotein involved in extra‑
cellular matrix signaling, has been reported to promote 
thyroid, colon and lung cancer, and is known as a therapeutic 
target (46). CTNNAL1 is known as a prognostic marker in 
HCC and gastric cancer (HPA). UBE2Q1, a ubiquitin conju‑
gating enzyme, has been identified as a potential prognostic 
marker for ovarian and digestive cancer  (47). As before, 
normal liver tissue exhibited a single predominant WT 
product, except for VPS13A and PUM2, for which little to 
no expression was observed in normal liver tissue. However, 
using the same splice site‑specific primers, tumor tissues 
either showed amplicons of a different size or altered expres‑
sion of the WT isoform. While a number of the tumor samples 
exhibited a similar tumor‑specific isoform at the different 
splice sites, a variety of isoforms of TRMT1, UBR4 and PUM2 
were observed across the tumor samples. Unlike the other 
examples, for the GET3 splice junction site, a single, consis‑
tently sized band was observed across normal liver and tumor 
tissues, showing no splicing differences at this site. In some 
cases, some ctmutRNA‑associated splice site isoforms were 
observed to be downregulated in a tumor tissue compared with 
the normal liver. Using both RT‑semi‑qPCR and RT‑qPCR, a 
loss of expression in several genes, including FASN, POLR2A, 
TDP2, MADD, ARAF and HYI, was observed (Fig. S3). It 
is useful to remember that all these high‑risk HCC‑specific 
variants were originally identified in the circulation of patients 
with HCC using RNA‑seq and were not found in patients 
with LC without cancer, highlighting their potential utility as 
noninvasive biomarkers for HCC surveillance.

Since the previous RNA‑seq data showed that a number 
of HCC‑specific variants were also detectable in patients with 
CCA (Table SII), ctmutRNA variants in CCA tissue were 
investigated (Fig. 6). Indel variants corresponding to RAF1, 
coat protein complex I subunit α (COPA), N‑acylsphingosine 
amidohydrolase (ASAH) and serine/threonine‑protein kinase 
A‑Raf (ARAF) were investigated. As with the previous set of 
experiments, the primer pairs were designed to amplify RNA 
stretches around the exon‑intron‑exon junctions in endpoint 
PCR. Semi‑qPCR assays using a tumor tissue and a normal 
liver tissue were carried out targeting the ctRNA splice junc‑
tion sites and the resulting amplicons were resolved on agarose 
gels. Fig. 6A shows distinct amplicon products in lanes 2 
(normal liver) and 3 (CCA tissue). Lane 1 corresponds to PCR 
reactions with no template. The panel on the right portrays 
the variant annotations and schematic representations along 
exon‑intron junctions. As seen in HCC tissues in the afore‑
mentioned experiments, the CCA tumor showed differentially 
sized amplicons corresponding to RAF1, COPA, ASAH and 
ARAF. Indel variants corresponding to RNA binding motif 
protein 5 (RBM5) and golgin A2 (GOLGA2) were similarly 
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Figure 5. ctRNA indel variants generate tumor‑specific, transcribed RNA isoforms visualized using semi‑qPCR and agarose gel electrophoresis. (A) Agarose 
gel images of tumor‑specific ctRNA amplicons generated by indel‑specific semi‑qPCR corresponding to several ctRNA variants identified by RNA‑sequencing. 
Primers encompassing the indel variant sites along exon‑intron junctions were used to amplify the cDNA templates from tumor tissues to evaluate the size 
of the amplicons. A 50‑bp ladder was used to determine the size. Appearance of a red streak is caused by pixel saturation (overexposure) when balancing 
exposure times to visualize both high‑ and low‑abundance bands. This often occurs while optimizing imaging settings to capture finer details and visualize 
any low‑abundance bands across the gel. (B) Schematic representations of the exon‑intron junctions and location of the indels around the exon‑intron‑exon 
junction. Amplicon sizes expected after normal splicing based on the canonical Matched Annotation from National Center for Biotechnology Information 
and European Molecular Biology Laboratory‑European Bioinformatics Institute Select transcripts are shown. The left and right arrows indicate the relative 
positions of the forward and reverse primers used for semi‑qPCR. ctRNA, circulating RNA; HCC, hepatocellular carcinoma; indel, insertion and deletion; 
semi‑qPCR, semi‑quantitative PCR.
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Figure 6. Tumor‑specific ctRNA isoforms and intron retentions detected in CCA at exon‑intron junctions encompassing indel variants. (A) Previous RNA‑seq 
analysis identified high‑risk variants concordant in tumors and plasma samples from patients with CCA. For validation of the RNA‑seq variant calls, agarose 
gel images of PCR‑amplified regions with ctRNA indels located at exon‑intron junctions corresponding to normal liver and CCA tumor tissue are shown. 
Lane 1 in the gels represents a no‑template PCR. The schematic diagrams on the side show exon‑intron junctions corresponding to the indel variants. Arrows 
indicate the relative positions of the forward and reverse primers used for PCR. Tumor tissue from a patient with CCA (CCA005T) and normal liver tissue 
previously investigated by total RNA‑seq were subjected to semi‑qPCR targeting the exon‑intron junctions corresponding to ctRNA indel sites in COPA, 
RAF1, ASAH1 and ARAF transcripts. The gels reflect either a loss of a transcript isoform or an amplicon of increased size. Schematics of the location of the 
indels around the exon‑intron‑exon site and predicted sizes with and without possible intron retention are shown. (B) Another two HCC- and CCA‑specific 
indels corresponding to RBM5 and GOLGA2, detected with high frequency by RNA‑seq, were investigated in normal liver tissue and CCA tumor tissue. 
Schematic representations of the exon‑intron junctions in RBM5 and GOLGA2 encompassing the high‑risk indel sites are shown. The arrows indicate the 
relative positions of the forward and reverse primers used for PCR. The sizes of the intron and the expected post‑splice mature mRNA amplicon sizes are 
displayed. A 100‑bp ladder and a PCR reaction with no template as a control are shown. PCR products corresponding to normal liver tissue and CCA tumor 
tissue were resolved on a 2% agarose gel. Lane 1 was a no template control reaction, so no amplification was expected, lane 2 is the amplified region in the 
normal liver sample and lane 3 is the amplified region in the CCA tumor sample. The CCA tumor tissue showed increased amplicon sizes corresponding to 
indels in RBM5 and GOLGA2, and intron retention could be predicted in both cases. Appearance of red streaks is caused by pixel saturation (overexposure) 
when balancing exposure times to visualize both high‑ and low‑abundance bands. This often occurs while optimizing imaging settings to capture finer details 
and visualize any low‑abundance bands across the gel. To confirm intron retention, amplicon products from normal tissue and CCA tissue were extracted 
from agarose gels and subjected to Sanger sequencing (Fig. S4). Reference sequences of the RBM5 and GOLGA2 transcripts are shown with forward and 
reverse primer locations highlighted in green and red, respectively. The graphic illustrates the Sanger sequencing results. The blue bar represents the Refseq 
Curated gene sequence for RBM5 and GOLGA2. The RBM5_T and GOLGA2_T bars show Sanger sequencing coverage through the intronic sequence of the 
gene in the tumor samples. RBM5_NL and GOLGA2_NL bars show missing intron sequences in the normal liver. ARAF, serine/threonine‑protein kinase 
A‑Raf; ASAH, N‑acylsphingosine amidohydrolase; CCA, cholangiocarcinoma; COPA, coat protein complex I subunit α; ctRNA, circulating RNA; GOLGA2, 
golgin A2; indel, insertion and deletion; Lad, ladder; NL, normal liver; RBM5, RNA binding motif protein 5; RNA‑seq, RNA‑sequencing; semi‑qPCR, 
semi‑quantitative PCR; T, tumor.
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studied by semi‑qPCR in CCA and healthy liver tissue, and 
longer amplicons were observed in the tumor (Fig.  6B). 
Primers encompassing the two adjacent exons separated by 
an intron, as shown in the schematic diagrams, were used to 
amplify the product using semi‑qPCR. The resulting ampli‑
cons were resolved on a 2% agarose gel by electrophoresis. 
Tumor‑associated bands of larger size were extracted from 
the agarose gels and the sequences were studied using Sanger 
sequencing (Fig. S4). RBM5 appeared to have an insertion of 
80 nucleotides, the same size as the size of the intron at the 
investigated exon junction in the CCA tumor tissue. GOLGA2 
appeared to have an insertion of 87 nucleotides, which again 
was the same size as the intron. Sanger sequencing results 
confirmed the intron retention of both RBM5 and GOLGA2 
in CCA tissue. No such insertions were detected in the PCR 
amplicons excised from the normal liver (Fig. S4). The Sanger 
sequencing results were blasted against the published sequence 
for each gene, and the sequence of the excised band closely 
matched the canonical exon‑intron‑exon sequence in NCBI, 
confirming intron retention as a feature of HCC (Fig. 6B). 
The results suggested that splicing aberrations in tumors 
may involve mis‑splicing events such as retaining introns and 
affirmed the validity of the variant calls in ctRNA of patients 
with HCC using RNA‑seq.

Development of TaqMan chemistry‑based assays for sensitive 
detection of splice variants. While semi‑qPCR is an effective 
method for confirming ctRNA variants, it is not suitable as a 
high‑throughput translational assay. To improve the efficiency 
of detecting these tumor‑specific splice variants, TaqMan 
chemistry‑based primer‑probe sets were designed to detect 
these HCC‑specific high‑risk splice site variants using a qPCR 
assay. The single‑probe assay allowed for variant detection 

above the background noise of the WT mRNA sequences. A 
total of four HCC and two CCA tumor tissues were investi‑
gated using variant splice site‑specific TaqMan chemistry 
assays using single probes corresponding to indel/splice junc‑
tions. As a qualitative detection system, these variant‑specific 
probes must allow for detection of these HCC‑specific ctRNA 
variants and distinguish HCC tumors from healthy liver 
tissue (Fig. 7). Using relative expression analysis, the detec‑
tion of these HCC‑specific high‑risk variants, which were 
earlier validated by semi‑quantitative endpoint PCR, was 
demonstrated. For exosome component 4 (EXOSC4), phos‑
phatidylinositol‑4,5‑bisphosphate 3‑kinase catalytic subunit α 
(PIK3C2A), PTPRJ, SLC25A17, UBR4, VPS13A and YIF1B, 
1.5 to >10‑fold upregulated expression of ctRNA variants was 
observed in tumors compared with normal tissue. The assays 
for AGRN, TRIO and F‑actin binding protein (TRIOBP) and 
UBE2Q1 also showed upregulation of ctRNA variants in 
most of the tumors; however, in HCC103T, AGRN ctRNA's 
expression upregulation was not statistically significant, and in 
CCA005T, the upregulation of TRIOBP and UBE2Q1's ctRNA 
variants was also not statistically significant. Additionally, 
these 10 assays demonstrated significant upregulation relative 
to the control baseline following Holm correction (adjusted 
P<0.05), with 95% confidence intervals that did not cross zero. 
Effect sizes ranged from large (Hedges' g, 1.17) to extremely 
large (g >8). UBR4, YIF1B, VPS13A and PIK3C2A exhibited 
the largest and most precise effects, as reflected by both high 
standardized effect sizes and confidence intervals with no 
negative limits (Table SVIII). These results suggested that this 
approach may be used for testing the occurrence of such vari‑
ants in plasma samples of patients with chronic liver disease 
for use as surveillance biomarkers for different types of liver 
cancer.

Figure 7. Development of TaqMan chemistry assays against ctRNA indel variants validated by semi‑qPCR assays. TaqMan probes corresponding to the indel 
sites along exon‑intron junctions of 10 high‑risk HCC/CCA‑specific indels were used to develop qPCR assays to test four HCC and two CCA tumor tissues. 
Normal healthy liver tissue was used as a control to demonstrate the specific detection of indel ctRNA variants. Each reaction was run in triplicate. Welch's 
ANOVA followed by Dunnett's T3 multiple comparisons test was used to identify statistically significant differences between each sample and the control for 
each target. **P<0.01 and ****P<0.0001. Dunnett's T3 adjusted P‑values for each sample are reported. Detailed statistical information is provided in Table SVIII. 
CCA, cholangiocarcinoma; ctRNA, circulating RNA; HCC, hepatocellular carcinoma; indel, insertion and deletion; ns, not significant; qPCR, quantitative 
PCR.
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Transitioning from tumor tissue to blood to test splice variant 
assays in patients with HCC. Having validated the ctRNA 
variant‑specific assays in liver tumor tissues, the next step was 
to test the functionality of these assays in plasma from patients 
with HCC in an effort to develop tools for HCC surveillance 
using non‑invasive detection. TaqMan assays developed 
against high‑impact variants, tested earlier on tumor tissues, 
were conducted using plasma samples from a small indepen‑
dent cohort of patients with HCC (n=10) and patients without 
cancer but with LC (n=6). The ctmutRNA variants corre‑
sponding to UBR4, UBE2Q1, TRIOBP, EXOSC4, VPS13A, 
PTPRJ, PIK3C2A and TRMT1 were investigated using 

the TaqMan assays and plasma samples from patients with 
HCC and LC by dPCR. The experiment was performed on 
an Absolute Q dPCR platform (Fig. 8). The box and whisker 
plots demonstrated that variant copy numbers of indel targets 
corresponding to EXOSC4, UBR4, TRIOBP and PTPRJ were 
significantly upregulated and abundant in patients with HCC 
compared with patients with LC. Copy numbers of indel 
variants corresponding to VPS13A, UBE2Q1, PIK3C2A 
and TRMT1 were higher in patients with HCC, although the 
expression differences were not statistically significant for all 
eight genes in this small test cohort (Table SIX). The results of 
the present study not only affirmed the validity of assays using 

Figure 8. Investigation of plasma samples from a small independent cohort of patients with HCC and LC‑without HCC using insertion and deletion‑based 
TaqMan assays and dPCR. RNA was isolated from plasma samples from an independent cohort of patients diagnosed with HCC (n=10) and a control set of 
patients with LC with no HCC (n=6). Total RNA was converted to cDNA and 50 ng was used as the input for each assay. A dPCR reaction was performed 
using TaqMan single probe assays for each sample, with a fluorescein amidite reporter dye released when the ctRNA sequence was amplified. The resulting 
copy numbers of ctRNA for the HCC and LC plasma samples are plotted on a log2 scale with the value 0.5 copies on the graph representing 0 copies detected 
to include all data points. Statistical analysis was performed for each target using a Mann‑Whitney test to determine significant differences between the HCC 
and LC samples, followed by a Holm‑Bonferroni correction to evaluate statistically significant differences for all the target assays as a complete panel. The box 
and whisker plots show the ctRNA copy numbers per 50 ng of input cDNA in aggregate for the HCC samples on the left and the LC samples on the right, plotted 
on a log2 scale. Mann‑Whitney test results: EXOSC4, P=0.007; UBR4, P=0.045; TRIOBP, P=0.031; PTPRJ, P=0.038; VPS13A, P=0.084; UBE2Q1, P=0.086; 
PIK3C2A, P=0.077; and TRMT1, P=0.091. Holm‑Bonferroni correction resulted in the following adjusted P‑values: EXOSC4, P=0.056; UBR4, P=0.226; 
TRIOBP, P=0.214; PTPRJ, P=0.226; VPS13A, P=0.307; UBE2Q1, P=0.307; PIK3C2A, P=0.307; and TRMT1, P=0.307. The P‑values in the figure represent 
the Mann‑Whitney test results. *P<0.05, **P<0.01. A detailed statistical summary is provided in Table SIX. Each black and pink dot represents the number of 
variant allele copies detected in an HCCP or LCP sample, respectively. All cDNA input amounts were normalized to 50 ng per reaction. ctRNA, circulating 
RNA; dPCR, digital PCR; EXOSC4, exosome component 4; HCC, hepatocellular carcinoma; HCCP, HCC plasma; LC, liver cirrhosis; LCP, LC plasma; ns, 
not significant; PIK3C2A, phosphatidylinositol‑4‑phosphate 3‑kinase catalytic subunit type 2α; PTPRJ, protein tyrosine phosphatase receptor type J; TRIOBP, 
TRIO and F‑actin binding protein; TRMT1, transfer RNA methyltransferase 1; UBE2Q1, ubiquitin conjugating enzyme E2 Q1; UBR4, ubiquitin protein ligase 
E3 component n‑recognin 4; VPS13A, vacuolar protein sorting 13 homolog A.
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plasma samples but also underscored the biomarker value 
of ctRNA targets for HCC and CCA surveillance. Table SI 
summarizes the mapping of clinical samples to the specific 
figures in the present study.

Discussion

Conventional surveillance strategies for HCC exhibit subop‑
timal performance for early detection and blood‑based assays 
are actively being evaluated (48). Development of circulating 
nucleic acid‑based signatures could facilitate early detection, 
identify high‑risk patients, guide personalized therapeutics 
and predict tumor relapses. In the post‑intervention setting, 
incorporating mutation profiles into current histological 
grading and TNM staging (AJCC, BCLC and Cancer of the 
Liver Italian Program) could enhance the clinical stratification 
of patients at high risk for tumor relapse (49,50).

Somatic mutations, which are genetic alterations that 
are not inherited and emerge in non‑germline cells during a 
person's lifetime, have been used for diagnosis and targeted 
therapy selection (51). Our previous studies and others have 
reported that ctRNA mutations associated with cancer 
predominantly comprise SNPs and indels (6,7,9,52). In coding 
regions, an SNP or indel can be frameshift (FS) or non‑frame‑
shift (NFS). FS variants in coding regions that change open 
reading frames are potentially deleterious (53), while NFS 
variants where the length is a multiple of three nucleotides 
only affect the amino acid(s) of the variant. RNA‑seq has 
enabled the identification of numerous SNPs and variations 
of alternatively processed RNAs  (54,55). A multitude of 
SNPs at splicing junctions and deregulated RNA modifiers 
or regulators promote splicing aberrations associated with 
cancer progression. Aberrant RNA splicing is known to result 
in the production of oncogenic isoforms that promote tumori‑
genesis and cancer progression (18). Several tumor‑specific 
alternative splice isoforms have been reported to be associ‑
ated with overall survival in HCC (56‑58). While RNA‑seq 
can readily detect SNPs (59), alternative splicing complexity 
makes indel detection comparatively challenging. The present 
study attempted to characterize some HCC‑associated SNPs 
and indel variants identified in the circulation of patients with 
HCC using total RNA‑seq, and to develop assays to validate 
the detection of these ctmutRNA variants in tumor tissues 
and to finally test these assays using plasma samples from 
patients with HCC.

RNA‑seq‑based approaches for capturing multiple and 
diverse types of mutations simultaneously have been reported 
previously (60). ctmutRNA variants exclusively associated 
with patients with HCC have been identified but the role they 
serve in HCC needs to be further investigated. High‑risk muta‑
tions in certain transcripts corresponding to GTDC1, MAF1, 
NUGGC and MST1, which are known to be associated with 
HCC (TCGA protein atlas database), warrant investigation to 
determine how these mutations influence HCC. A high‑impact 
HCC‑specific SNP in APOB, reported in the present study, is 
known to be associated with dyslipidemia and ischemic heart 
disease (61). Similarly, SNPs in TF and KLKB1 are known 
to be associated with hemochromatosis  (62) and venous 
thromboembolism (63), respectively. Additionally, validated 
high‑risk SNPs in CD151 genes are known to be associated 

with lung squamous cell carcinoma (64), while PCK1 has been 
reported to be a potential therapeutic target in cancer (32). In 
the present study, high‑impact SNPs associated with some 
splicing factors were reported and confirmed. SRPK1, a serine 
arginine protein kinase, acts as a regulator of constitutive and 
alternative splicing by phosphorylating splicing factors rich 
in Ser/Arg domains. SRPK1 is an oncoprotein involved in 
PI3K/AKT signaling in HCC (65). Indel variants associated 
with RBM5 and GOLGA2 leading to intron retention were 
also observed in the present study. RBM5 is a part of the spli‑
ceosome A complex and encodes an RNA binding protein that 
harbors a structural module for RNA recognition and regulates 
RNA splicing (66). It could be hypothesized that mutations 
in splicing factors, such as SRPK1 and RBM5, introduce 
splicing aberrations in cancer cells, leading to cancer‑specific 
isoforms. Intron retention is considered to contribute to the 
transcriptional diversity of cancer cells and may serve a role 
in cancer pathogenesis and drug resistance (67). Furthermore, 
retained introns can potentially be presented as neoantigens 
on the surface of cancer cells, which is a potential target for 
personalized cancer vaccines (68).

Aberrant splicing events commonly detected in the liver 
include intron retention, exon skipping and alternative usage 
of the first exon (17,19). In the present study, intron retention 
in GOLGA2 in liver tumors was reported; however, exon 
exclusion in GOLGA2 has been reported to contribute to 
tumorigenesis mediated by PTEN abrogation (69). Compared 
with normal liver, primary HCC tumors exhibit extensive 
differential splicing and a number of these splicing aberra‑
tions are associated with patient survival (20,70). Alternative 
splicing in HCC produces novel protein isoforms with 
distinct, occasionally opposing functions, from canonical 
counterparts  (71,72), affecting genes involved in the cell 
cycle, DNA repair, metabolism and epithelial‑mesenchymal 
transition (73). Metabolism‑related genes, particularly those 
involved in carbohydrate processing, are most commonly 
affected (16). Some splicing events are known to be strongly 
associated with HCC etiology (74) and may represent novel 
disease biomarkers.

Consistent with observations in the present study, 
HCC‑associated splice variants in RAF1 and ARAF have 
been previously reported to alter protein structure and func‑
tion, potentially causing oncogenic effects  (75). Similarly, 
pre‑mRNA of COPA is known to undergo alternative splicing 
to produce different transcripts and protein isoforms (76,77). 
The splice variant corresponding to the ASAH1 gene has 
been reported to be dysregulated in cancer and has been 
proposed as a therapeutic target in cancer (78). In alignment 
with the findings of the present study, ASAH1 is known to 
undergo alternative splicing, generating multiple transcript 
variants (79).

To characterize HCC‑specific circulating splicing variants 
identified by RNA‑seq, primers encompassing the corre‑
sponding variant splicing junction were designed to evaluate 
the size of amplicons in tumors and normal liver tissue 
using semi‑qPCR. The variability of PCR amplicon sizes in 
tumors corresponding to several variant splice junctions was 
demonstrated and it was hypothesized that the mutations in 
the splicing factors contributed to the dysregulation of spli‑
ceosome machinery and consequent aberrant splicing during 
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tumor development and progression (80). Altered expression 
and mutations of splicing factors may generate tumor‑specific 
isoforms in cancer (81). Tumor cells exploit aberrant RNA 
splicing to develop, grow and progress into therapy‑resistant 
malignancies (82). Therefore, dissecting tumor‑specific RNA 
isoforms and the splicing networks between alternative splice 
forms and splicing factors may reveal mechanisms underlying 
tumor development and progression, potentially identifying 
prognostic biomarkers and therapeutic targets.

One limitation of the present study was the lack of somatic 
or germline characterization of the ctRNA variants. Without 
access to paired lymphocytes or matching adjacent liver 
tissues, it was not possible to evaluate the somatic or germline 
nature of these variants. Additionally, due to limited plasma 
volumes, ctmutRNA biomarker performance could not be 
compared with levels of α‑fetoprotein (AFP), AFP‑L3 and 
des‑γ carboxyprothrombin (DCP) in the same samples, and 
therefore, GALAD score correlations were not possible. The 
GALAD score, derived from sex, age, and levels of AFP, 
AFP‑L3 and DCP, is a highly accurate statistical model used 
to estimate the probability of developing HCC in patients 
with chronic liver disease (83). However, these head‑to‑head 
comparisons, along with functional characterization of these 
ctmutRNA variants in larger patient cohorts, are planned for 
future validation studies.

Liquid biopsy is evolving from signal discovery to deploy‑
able and clinically integrated multiparametric decision systems 
facilitating surveillance, early detection and monitoring (84). 
The present proof‑of‑concept study investigated a small cohort 
of patients to highlight the role of ctRNA variants as potential 
cancer biomarkers for non‑invasive detection of liver cancer. 
Through a rigorous discovery and validation process, a series 
of RNA‑seq‑derived SNP and indel ctRNA variants associ‑
ated with HCC and CCA were characterized and validated. 
Additionally, the present study highlighted some novel circu‑
lating cancer‑specific splicing aberrations in RNAs. The FSs 
introduced by SNP and indel variants likely caused pathologic 
changes such as intron retention or exon skipping, resulting in 
early termination codons and truncated proteins with a consid‑
erable role in cancer development and progression. If validated 
in larger patient cohorts, these novel biomarkers will be useful 
in early non‑invasive detection and effective management of 
patients with liver cancer.
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