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Abstract

Serum alpha-fetoprotein and radiologic imaging are the most commonly used tests for early 

diagnosis and dynamic monitoring of treatment response in hepatocellular carcinoma (HCC). 

However, the accuracy of these tests is limited, and they may not reflect the underlying biology of 

the tumor. Thus, developing highly accurate novel HCC biomarkers reflecting tumor biology is a 

clinically unmet need. Circulating tumor cells (CTCs) have long been proposed as a noninvasive 

biomarker in clinical oncology. Most CTC assays utilize immunoaffinity-based, size-based, 

and/or enrichment-free mechanisms followed by immunocytochemical staining to characterize 

CTCs. The prognostic value of HCC CTC enumeration has been extensively validated. Subsets 

of CTCs expressing mesenchymal markers are also reported to have clinical significance. In 

addition, researchers have been devoting their efforts to molecular characterizations of CTCs 

(e.g., genetics and transcriptomics) as molecular profiling can offer a more accurate readout and 
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provide biological insights. As new molecular profiling techniques, such as digital polymerase 

chain reaction, are developed to detect minimal amounts of DNA/RNA, several research groups 

have established HCC CTC digital scoring systems to quantify clinically relevant gene panels. 

Given the versatility of CTCs to provide intact molecular and functional data that reflects the 

underlying tumor, CTCs have great potential as a noninvasive biomarker in HCC. Large-scale, 

prospective studies for HCC CTCs with a standardized protocol are necessary for successful 

clinical translation.

Introduction

Hepatocellular carcinoma (HCC) comprises 75%-85% of primary liver cancer cases1 

and accounts for the fourth most common cancer-related deaths worldwide.2 In recent 

decades, advances in systemic therapy with both targeted therapies3 and immune checkpoint 

inhibitors4 have significantly impacted the treatment paradigm and prognosis of patients 

with advanced HCC. However, biomarkers for predicting or monitoring treatment response 

are still unavailable. As such, early diagnosis is essential to improve clinical outcomes since 

early-stage HCC patients can undergo curative-intent surgical or locoregional treatment.5, 6

Serum alpha-fetoprotein (AFP) is the most common blood-based biomarker for prognosis 

and monitoring treatment response in HCC. Combined with serum AFP levels, radiologic 

studies, including ultrasonography, computed tomography (CT), and magnetic resonance 

imaging (MRI), are the primary strategies for surveillance and monitoring treatment 

response in the current paradigm.5 However, serum AFP levels and the imaging studies 

are limited by their poor sensitivity and high financial cost, respectively. Thus, reliable 

biomarkers are still an unmet need for early detection and dynamic monitoring of treatment 

response for HCC.

In the past decades, researchers have extensively developed liquid biopsies such as 

circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), and extracellular vesicles 

(EVs) as promising and noninvasive biomarkers in clinical oncology.7 Among these 

modalities, CTCs represent a sampling of live tumor cells that contain intact molecular 

or even functional information from primary and metastatic malignancies. CTC enumeration 

offers a systemic and reproducible assessment of tumor burden. Its prognostic and 

predictive value has been widely validated in various cancers. However, identifying CTCs 

in blood samples is technically challenging because of their rarity (around 1-100 CTCs 

in millions of white blood cells [WBCs]). The CellSearch assay is the only Food and 

Drug Administration (FDA)-cleared platform in metastatic breast, colorectal, and prostate 

cancer for CTC enumeration.8 Although many efforts have been dedicated to developing 

new CTC technologies and improving CTC enrichment, unfortunately, there is currently no 

FDA-approved CTC platform for HCC.

Beyond simply enumerating CTCs, researchers have been keen to develop methodologies 

to allow for downstream characterization of the genetics and transcriptomics of CTCs9 to 

further delineate their underlying biology as CTCs play a crucial role in cancer metastases. 

For example, ALK and ROS1 gene rearrangements were detected in CTCs purified from 

ALK/ROS1 positive non-small cell lung cancer patients.10 The androgen receptor splice 
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variant 7 (AR-V7) RNA expression in prostate cancer CTCs was validated to have values 

in predicting hormonal therapy response in a multicenter, prospective-blinded clinical 

trial, and the results were consistent between two CTC platforms of different enrichment 

mechanisms.11 Some researchers might argue that a single-gene expression is biased and 

insufficient for prognostication, so several studies have established CTC-specific gene 

signatures to provide comprehensive biological insights.12–15 In this review article, we will 

briefly introduce the existing CTC technologies and focus on discussing clinically relevant 

studies with an adequate sample size in HCC.

Overview of CTC assays and their mechanisms

The CTC detection and isolation methodologies can be roughly categorized into 

immunoaffinity-based, biophysics-based, and enrichment-free methods (Figure 1).6 

Immunoaffinity is the most classic CTC enrichment technique that utilizes antibodies to 

target proteins with differential expression on different cells. Red blood cells (RBCs) are 

usually depleted first by either lysis buffer or centrifugation, resulting in remaining plasma 

and peripheral blood mononuclear cells (PBMCs). Then, a negative or positive enrichment 

strategy can be applied. For the negative enrichment strategy, most CTC assays deplete 

cells with CD45 expression, which is a classic WBC marker. Kalinich et al. depleted cells 

expressing three immune cell markers (CD45, CD16, and CD66b) to yield purer CTCs.12 

The major advantage of the negative enrichment method is less manipulation of CTCs, 

which theoretically gives higher viability, greater recovery rate, and less interference on 

CTCs. The positive enrichment strategy usually targets epithelial cell adhesion molecule 

(EpCAM) to capture CTCs of epithelial origin (i.e., carcinoma). However, different 

carcinomas have differential expressions of epithelial markers (e.g., EpCAM),16 and loss 

of epithelial markers typically represents epithelial-mesenchymal transition (EMT), which 

is a characteristic of tumor aggressiveness and progression.17 Thus, some CTC assays use 

combined markers to enrich HCC CTCs.18 The positive selection would consume much 

fewer antibodies because of fewer target cells (i.e., CTCs) and yield higher purity than 

the negative selection. Most immunoaffinity-based platforms to conduct negative/positive 

enrichment can be subcategorized into magnetic-based and microfluidic-based devices. 

For example, the only FDA-approved CellSearch assay uses magnetic beads to isolate 

anti-EpCAM tagged cells.8 The microfluidic-based devices usually rely on nanosubstrates 

characterized by highly increased contact area.16 Dong et al. had a comprehensive review 

on currently existing nanosubstrates for the enrichment of circulating rare cells.19 Of note, 

the CTC-iChip reported by Kalinich et al. combined magnetics and microfluidics to enrich 

CTCs.12

Biophysics-based assays utilize differential biophysical properties, e.g., size and density, 

to isolate CTCs from background WBCs. CTCs are usually larger and more rigid than 

WBCs, so microfiltration can be rationally applied to enrich CTCs. For example, many 

research groups used the CanPatrol assay20 to isolate HCC CTCs. Other less common 

biophysics-based platforms include employing differential inertial focusing effect21 and 

dielectrophoresis effect22 to enrich CTCs. The isolated cells are generally subject to 

immunocytochemical (ICC) staining of cytokeratin (CK) and CD45 and nuclear staining 

(DAPI or Hoest) to avoid false positivity. CTCs are identified as nuclear stain+/CK+/
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CD45−. Finally, enrichment-free platforms such as flow cytometry ensure minimal 

manipulation of cells to identify CTCs quickly. In 2013, Liu et al. used flow cytometry 

to identify CD45-/ICAM-1+ cells, of which high frequency was significantly associated 

with worse survival and aggressive clinical behaviors (Table 1).23 Other researchers have 

proposed that counting higher nucleus to cytoplasm (N/C) ratio cells was better than staining 

CD45 and epithelial markers.24 However, the purity by enrichment-free platforms is much 

less than that by immunoaffinity- or biophysics-based platforms. For example, CTC size 

could be diminished after neuroendocrine differentiation and EMT.25, 26

CTC enumeration by protein expression or fluorescence in situ 

hybridization (FISH)

Enumeration of CTCs can assess the systemic tumor burden in cancer patients. 

Representative HCC CTC enumeration studies with clinical applications and significance 

are summarized in Table 1. Many research groups have broadly applied magnetic separation 

to enumerate HCC CTCs. For example, Xu et al. exploited the AutoMACS Pro Separator 

and found CTC presence associated with aggressive clinical features.27 Li et al. reported 

that CTCs with twist and vimentin expression (both are mesenchymal markers) enriched 

by the MiniMACS Separator were associated with poor clinical behaviors.28 The clinical 

significance of subsets of CTCs beyond total CTCs has been reported more recently. 

In 2016, Li et al. demonstrated that pERK+/pAkt− CTCs were associated with worse 

progression-free survival and the total CTC count in patients with pERK+/pAkt- CTCs 

decreased drastically after sorafenib treatment.29

Multiple studies leveraged the CellSearch system in HCC CTC studies. Remarkably, Sun 

et al. included a prospective cohort of 123 HCC patients undergoing curative resection and 

found the CTC count was an independent prognostic factor.30 Additional studies using the 

CellSearch assay also reported similar results.31–37 Among them, Morris et al. demonstrated 

that the ISET (isolation by size of epithelial tumor cells) platform had a CTC detection rate 

of 100%, while the CellSearch had that of 28%.32 Sun et al. collected blood samples from 

various sites, including peripheral vein, peripheral artery, hepatic vein, infrahepatic inferior 

vena cava, and portal vein. They demonstrated the spatial heterogeneity of CTCs.34

As mentioned in the study by Morris et al.,32 the HCC CTC detection rate of the CellSearch 

assay was relatively low, and researchers criticized that the EpCAM-based CellSearch assay 

was unsuitable for the HCC CTC studies because HCC cells often undergo EMT.18 Thus, 

microfluidic devices were developed to achieve high CTC capture efficiency because of 

their maximized contact area.19 Zhang et al. used the CTC-chip coated with anti-ASGPR 

to capture CTCs, with reported 100% of CTC detection rates and a mean of 14 CTCs/2mL 

blood.38 Court et al. utilized the nanosilicon-structured NanoVelcro chip with combined 

capture antibodies targeting EpCAM, ASGPR, and GPC3. They found that vimentin positive 

CTCs were associated with poorer survival and were more frequently observed in advanced 

HCC.18 Winograd et al. also showed that PD-L1 positive CTCs captured by the NanoVelcro 

chip were significantly more frequent in advanced HCC. The PD-L1 positive CTCs might 

show values in predicting treatment response to immuno-oncologics.39
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Sized-based devices were used to isolate CTCs from background WBCs in earlier studies. 

In 2004, Vona et al. used the ISET platform to capture HCC CTCs by microfiltration. 

CTCs identified by their larger size, N/C ratio, and nuclear/chromatin shape were associated 

with overall survival, tumor diffusion, and portal tumor thrombosis.40 Wu et al. optimized 

the size-based CanPatrol assay to enrich CTCs combined with downstream RNA in situ 
hybridization (RNA-ISH) to identify epithelial markers (EpCAM and CK), mesenchymal 

markers (vimentin and twist), and a WBC marker (CD45). CTCs were categorized into 

epithelial, mixed (or hybrid), and mesenchymal CTCs.20 Using the CanPatrol assay, many 

studies showed that total CTCs and mesenchymal CTCs were associated with aggressive 

clinical features and survival,41–47 though Chen et al. did not have a consistent result in 

2019.48 In addition, Lei et al. identified nanog expression of CTCs by the CanPatrol assay 

and revealed that nanog positive CTCs were associated with postoperative recurrence.49

CTC molecular information

The promotion and clinical translation of existing CTC enumeration assays have been 

challenging because of technical limitations, including the complicated CTC capture, 

imaging, and counting process and the lack of throughput. Furthermore, CTC enumeration 

provides limited insights into tumor biology. Therefore, researchers have been moving 

efforts toward molecular characterizations of CTCs.13 Because of existing background 

WBCs, a principle of detecting CTC expression of target genes is to select genes with 

high expression in tumors and minimal expression in WBCs. The representative studies 

investigating HCC CTC molecular information are summarized in Table 2. In 2001, Wong 

et al. used Ficoll-Paque for centrifugation and isolation of all PBMCs. The resulting PBMCs 

were subject to albumin and AFP RNA quantification by reverse transcription-polymerase 

chain reaction (RT-PCR). The AFP RNA expression and serum AFP levels could predict 

HCC metastasis and recurrence.58 Although the AFP RNA expression of a single CTC is 

much higher than that of a WBC, the amount of WBCs is significantly greater than CTCs, so 

it is not suitable to neglect background AFP noise directly without enrichment of CTCs.

Guo et al. demonstrated that the EpCAM RNA expression of CTCs enriched by MACS was 

associated with prognosis and reflective of treatment response.59 Zhou et al. showed that 

patients with higher CTC EpCAM RNA expression had significantly greater postoperative 

HCC recurrence rates.60 Basically, the quantification of EpCAM expression is equivalent to 

quantifying EpCAM+ cells. Shi et al. included three markers (i.e., MAGE-3, survivin, and 

CEA) with biological implications and found that their expression in CTCs was decreased 

after cryosurgery.53 Guo et al. developed a four-gene CTC panel consisting of EpCAM, 

CD133, CD90, and CK19. Higher expression of the 4-gene panel was associated with earlier 

recurrence.61

In 2017, Kalinich et al. published an HCC CTC digital scoring system that integrated 

CTC-iChip for CTC enrichment and downstream droplet digital PCR (dPCR) for highly 

sensitive RNA quantification. The introduction of the droplet dPCR specifically addressed 

the challenge of quantifying small amounts of DNA/RNA (as sensitive as one copy per cell) 

in the high background by using water-oil emulsion technology. They used dPCR to quantify 

the RNA expression of a 10-gene panel comprising AFP, AHSG, ALB, APOH, FABP1, 
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FGB, FGG, GPC3, RBP4, and TF. The 10-gene expression of CTCs had values in screening 

HCC in high-risk cirrhotic patients.12 Sun et al. translated the same 10-gene panel into an 

HCC EV purification system and found that the 10-gene expression of HCC EVs was also 

valuable for early detecting HCC in at-risk cirrhotic patients.62

The NanoVelcro assay10, 63, another microfluidic-based device, was also used to obtain 

molecular messages from HCC CTCs. Court et al. incorporated laser microdissection 

technology to isolate single CTCs for profiling somatic copy number alterations (SCNAs). 

There was an 80% concordance of SCNA profiling between HCC CTCs and primary 

tumors.64 Sun et al. displayed that the CTCs purified by the latest NanoVelcro assay, i.e., 

Click Chip, possessed highly concordant expression of 64 HCC tissue-derived genes from 

The Cancer Genome Atlas (TCGA).14 Lee et al. established a 10-gene HCC CTC Risk 

Score panel (DDR1, EHHADH, AR, LUM, HSD17B6, PMEPA1, TSKU, NECAB2, LAD1, 

and SLC27A5) quantified by the NanoString nCounter platform65 and the risk score was 

significantly associated with overall survival.15

Besides serving as a biomarker assay, many researchers also utilized CTC platforms to 

explore cancer biology. For example, Sun et al. conducted single-cell RNA sequencing of 

HCC CTCs collected from various human body sites. The results explored the immune 

invasion of CTCs and the role of EMT in the hematogenous dissemination of CTCs.34, 66 Hu 

et al. applied 3-dimensional culture of collected CTCs from HCC patients to investigate the 

biological behavior of early recurrence and metastasis.67

Conclusion

The prognostic value of HCC CTC enumeration has been extensively validated in multiple 

studies across different CTC platforms. However, accessing molecular information in a 

noninvasive manner was eagerly needed. Since Kalinich et al. introduced digital reports 

combining multiple genes,12 the digital scoring of a multiple-gene panel offers a more 

objective and reproducible means with more comprehensive biological understandings 

for clinical applications of liquid biopsies. Nevertheless, there remain challenges to the 

widespread use of HCC CTC platforms in clinical settings. In addition, large-scale 

prospective studies of HCC CTC platforms are still lacking. As new therapies have been 

rapidly developed in clinical oncology, biomarkers for the selection of treatment and the 

prediction of response are becoming more urgent. CTCs hold great potential to serve this 

purpose since CTCs contain intact molecular and even functional information despite the 

shortcomings mentioned above. Therefore, a standardized protocol for establishing CTC 

assays is necessary to promote their clinical applications in advance.

Acknowledgment

This work is supported by the American College of Gastroenterology Junior Faculty Development Award, 
Department of Defense Peer Reviewed Cancer Research Program Career Development Award (CA191051), and 
National Institutes of Health (R01 CA218356, U01 CA198900, P01 CA233452, R01 CA255727, R01 CA253651, 
R01 CA246304, U01 EB026421, R21 CA240887, and R21 CA235340).

Teng et al. Page 6

J Gastroenterol Hepatol. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

[1]. Sung H, Ferlay J, Siegel RL, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of 
Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021; 
71: 209–49. [PubMed: 33538338] 

[2]. Yang JD, Hainaut P, Gores GJ, Amadou A, Plymoth A, Roberts LR. A global view of 
hepatocellular carcinoma: trends, risk, prevention and management. Nat Rev Gastroenterol 
Hepatol. 2019; 16: 589–604. [PubMed: 31439937] 

[3]. Llovet JM, Ricci S, Mazzaferro V, et al. Sorafenib in advanced hepatocellular carcinoma. N Engl J 
Med. 2008; 359: 378–90. [PubMed: 18650514] 

[4]. Finn RS, Qin S, Ikeda M, et al. Atezolizumab plus Bevacizumab in Unresectable Hepatocellular 
Carcinoma. N Engl J Med. 2020; 382: 1894–905. [PubMed: 32402160] 

[5]. Yang JD, Heimbach JK. New advances in the diagnosis and management of hepatocellular 
carcinoma. BMJ. 2020; 371: m3544. [PubMed: 33106289] 

[6]. Ahn JC, Teng PC, Chen PJ, et al. Detection of Circulating Tumor Cells and Their Implications 
as a Biomarker for Diagnosis, Prognostication, and Therapeutic Monitoring in Hepatocellular 
Carcinoma. Hepatology. 2021; 73: 422–36. [PubMed: 32017145] 

[7]. Palmirotta R, Lovero D, Cafforio P, et al. Liquid biopsy of cancer: a multimodal diagnostic tool in 
clinical oncology. Ther Adv Med Oncol. 2018; 10: 1758835918794630.

[8]. Miller MC, Doyle GV, Terstappen LW. Significance of Circulating Tumor Cells Detected by the 
CellSearch System in Patients with Metastatic Breast Colorectal and Prostate Cancer. J Oncol. 
2010; 2010: 617421. [PubMed: 20016752] 

[9]. Krebs MG, Metcalf RL, Carter L, Brady G, Blackhall FH, Dive C. Molecular analysis of 
circulating tumour cells-biology and biomarkers. Nat Rev Clin Oncol. 2014; 11: 129–44. 
[PubMed: 24445517] 

[10]. Dong J, Jan YJ, Cheng J, et al. Covalent chemistry on nanostructured substrates enables 
noninvasive quantification of gene rearrangements in circulating tumor cells. Sci Adv. 2019; 
5: eaav9186. [PubMed: 31392269] 

[11]. Armstrong AJ, Halabi S, Luo J, et al. Prospective Multicenter Validation of Androgen Receptor 
Splice Variant 7 and Hormone Therapy Resistance in High-Risk Castration-Resistant Prostate 
Cancer: The PROPHECY Study. J Clin Oncol. 2019; 37: 1120–9. [PubMed: 30865549] 

[12]. Kalinich M, Bhan I, Kwan TT, et al. An RNA-based signature enables high specificity detection 
of circulating tumor cells in hepatocellular carcinoma. Proc Natl Acad Sci U S A. 2017; 114: 
1123–8. [PubMed: 28096363] 

[13]. Jan YJ, Yoon J, Chen JF, et al. A Circulating Tumor Cell-RNA Assay for Assessment of 
Androgen Receptor Signaling Inhibitor Sensitivity in Metastatic Castration-Resistant Prostate 
Cancer. Theranostics. 2019; 9: 2812–26. [PubMed: 31244925] 

[14]. Sun N, Lee YT, Kim M, et al. Covalent Chemistry-Mediated Multimarker Purification 
of Circulating Tumor Cells Enables Noninvasive Detection of Molecular Signatures of 
Hepatocellular Carcinoma. Adv Mater Technol. 2021; 6.

[15]. Lee YT, Sun N, Kim M, et al. Circulating Tumor Cell-Based Messenger RNA Scoring System 
for Prognostication of Hepatocellular Carcinoma: Translating Tissue-Based Messenger RNA 
Profiling Into a Noninvasive Setting. Liver Transpl. 2022; 28: 200–14. [PubMed: 34664394] 

[16]. Sun N, Yang Y, Miao H, et al. Discovery and characterization of circulating tumor cell clusters in 
neuroendocrine tumor patients using nanosubstrate-embedded microchips. Biosens Bioelectron. 
2022; 199: 113854. [PubMed: 34896918] 

[17]. Alix-Panabieres C, Pantel K. Challenges in circulating tumour cell research. Nat Rev Cancer. 
2014; 14: 623–31. [PubMed: 25154812] 

[18]. Court CM, Hou S, Winograd P, et al. A novel multimarker assay for the phenotypic profiling of 
circulating tumor cells in hepatocellular carcinoma. Liver Transpl. 2018; 24: 946–60. [PubMed: 
29624843] 

[19]. Dong J, Chen JF, Smalley M, et al. Nanostructured Substrates for Detection and Characterization 
of Circulating Rare Cells: From Materials Research to Clinical Applications. Adv Mater. 2020; 
32: e1903663. [PubMed: 31566837] 

Teng et al. Page 7

J Gastroenterol Hepatol. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[20]. Wu S, Liu S, Liu Z, et al. Classification of circulating tumor cells by epithelial-mesenchymal 
transition markers. PLoS One. 2015; 10: e0123976. [PubMed: 25909322] 

[21]. Martel JM, Toner M. Inertial focusing in microfluidics. Annu Rev Biomed Eng. 2014; 16: 371–
96. [PubMed: 24905880] 

[22]. Abonnenc M, Manaresi N, Borgatti M, et al. Programmable interactions of functionalized 
single bioparticles in a dielectrophoresis-based microarray chip. Anal Chem. 2013; 85: 8219–24. 
[PubMed: 23968491] 

[23]. Liu S, Li N, Yu X, et al. Expression of intercellular adhesion molecule 1 by hepatocellular 
carcinoma stem cells and circulating tumor cells. Gastroenterology. 2013; 144: 1031–41 e10. 
[PubMed: 23376424] 

[24]. Liu Z, Guo W, Zhang D, et al. Circulating tumor cell detection in hepatocellular carcinoma 
based on karyoplasmic ratios using imaging flow cytometry. Sci Rep. 2016; 6: 39808. [PubMed: 
28009002] 

[25]. Chen JF, Ho H, Lichterman J, et al. Subclassification of prostate cancer circulating tumor 
cells by nuclear size reveals very small nuclear circulating tumor cells in patients with visceral 
metastases. Cancer. 2015; 121: 3240–51. [PubMed: 25975562] 

[26]. Beltran H, Jendrisak A, Landers M, et al. The Initial Detection and Partial Characterization of 
Circulating Tumor Cells in Neuroendocrine Prostate Cancer. Clin Cancer Res. 2016; 22: 1510–9. 
[PubMed: 26671992] 

[27]. Xu W, Cao L, Chen L, et al. Isolation of circulating tumor cells in patients with hepatocellular 
carcinoma using a novel cell separation strategy. Clin Cancer Res. 2011; 17: 3783–93. [PubMed: 
21527564] 

[28]. Li YM, Xu SC, Li J, et al. Epithelial-mesenchymal transition markers expressed in circulating 
tumor cells in hepatocellular carcinoma patients with different stages of disease. Cell Death Dis. 
2013; 4: e831. [PubMed: 24091674] 

[29]. Li J, Shi L, Zhang X, et al. pERK/pAkt phenotyping in circulating tumor cells as a biomarker 
for sorafenib efficacy in patients with advanced hepatocellular carcinoma. Oncotarget. 2016; 7: 
2646–59. [PubMed: 26544731] 

[30]. Sun YF, Xu Y, Yang XR, et al. Circulating stem cell-like epithelial cell adhesion molecule-
positive tumor cells indicate poor prognosis of hepatocellular carcinoma after curative resection. 
Hepatology. 2013; 57: 1458–68. [PubMed: 23175471] 

[31]. Schulze K, Gasch C, Staufer K, et al. Presence of EpCAM-positive circulating tumor cells as 
biomarker for systemic disease strongly correlates to survival in patients with hepatocellular 
carcinoma. Int J Cancer. 2013; 133: 2165–71. [PubMed: 23616258] 

[32]. Morris KL, Tugwood JD, Khoja L, et al. Circulating biomarkers in hepatocellular carcinoma. 
Cancer Chemother Pharmacol. 2014; 74: 323–32. [PubMed: 24923562] 

[33]. von Felden J, Schulze K, Krech T, et al. Circulating tumor cells as liquid biomarker for high 
HCC recurrence risk after curative liver resection. Oncotarget. 2017; 8: 89978–87. [PubMed: 
29163804] 

[34]. Sun YF, Guo W, Xu Y, et al. Circulating Tumor Cells from Different Vascular Sites 
Exhibit Spatial Heterogeneity in Epithelial and Mesenchymal Composition and Distinct Clinical 
Significance in Hepatocellular Carcinoma. Clin Cancer Res. 2018; 24: 547–59. [PubMed: 
29070526] 

[35]. Yu JJ, Xiao W, Dong SL, et al. Effect of surgical liver resection on circulating tumor cells in 
patients with hepatocellular carcinoma. BMC Cancer. 2018; 18: 835. [PubMed: 30126375] 

[36]. Shen J, Wang WS, Zhu XL, Ni CF. High Epithelial Cell Adhesion Molecule-Positive Circulating 
Tumor Cell Count Predicts Poor Survival of Patients with Unresectable Hepatocellular 
Carcinoma Treated with Transcatheter Arterial Chemoembolization. J Vasc Interv Radiol. 2018; 
29: 1678–84. [PubMed: 30392801] 

[37]. Zhou KQ, Sun YF, Cheng JW, et al. Effect of surgical margin on recurrence based on 
preoperative circulating tumor cell status in hepatocellular carcinoma. EBioMedicine. 2020; 62: 
103107. [PubMed: 33181461] 

Teng et al. Page 8

J Gastroenterol Hepatol. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[38]. Zhang Y, Zhang X, Zhang J, et al. Microfluidic chip for isolation of viable circulating tumor cells 
of hepatocellular carcinoma for their culture and drug sensitivity assay. Cancer Biol Ther. 2016; 
17: 1177–87. [PubMed: 27662377] 

[39]. Winograd P, Hou S, Court CM, et al. Hepatocellular Carcinoma-Circulating Tumor Cells 
Expressing PD-L1 Are Prognostic and Potentially Associated With Response to Checkpoint 
Inhibitors. Hepatol Commun. 2020; 4: 1527–40. [PubMed: 33024921] 

[40]. Vona G, Estepa L, Beroud C, et al. Impact of cytomorphological detection of circulating tumor 
cells in patients with liver cancer. Hepatology. 2004; 39: 792–7. [PubMed: 14999698] 

[41]. Chen J, Cao SW, Cai Z, Zheng L, Wang Q. Epithelial-mesenchymal transition phenotypes of 
circulating tumor cells correlate with the clinical stages and cancer metastasis in hepatocellular 
carcinoma patients. Cancer Biomark. 2017; 20: 487–98. [PubMed: 28869439] 

[42]. Yin LC, Luo ZC, Gao YX, Li Y, Peng Q, Gao Y. Twist Expression in Circulating Hepatocellular 
Carcinoma Cells Predicts Metastasis and Prognoses. Biomed Res Int. 2018; 2018: 3789613. 
[PubMed: 30046595] 

[43]. Ye X, Li G, Han C, et al. Circulating tumor cells as a potential biomarker for postoperative 
clinical outcome in HBV-related hepatocellular carcinoma. Cancer Manag Res. 2018; 10: 5639–
47. [PubMed: 30532586] 

[44]. Wang Z, Luo L, Cheng Y, et al. Correlation Between Postoperative Early Recurrence of 
Hepatocellular Carcinoma and Mesenchymal Circulating Tumor Cells in Peripheral Blood. J 
Gastrointest Surg. 2018; 22: 633–9. [PubMed: 29159757] 

[45]. Qi LN, Xiang BD, Wu FX, et al. Circulating Tumor Cells Undergoing EMT Provide a Metric 
for Diagnosis and Prognosis of Patients with Hepatocellular Carcinoma. Cancer Res. 2018; 78: 
4731–44. [PubMed: 29915159] 

[46]. Ou H, Huang Y, Xiang L, et al. Circulating Tumor Cell Phenotype Indicates Poor Survival 
and Recurrence After Surgery for Hepatocellular Carcinoma. Dig Dis Sci. 2018; 63: 2373–80. 
[PubMed: 29926241] 

[47]. Cheng Y, Luo L, Zhang J, et al. Diagnostic Value of Different Phenotype Circulating Tumor Cells 
in Hepatocellular Carcinoma. J Gastrointest Surg. 2019; 23: 2354–61. [PubMed: 30805878] 

[48]. Chen Y, Li S, Li W, et al. Circulating tumor cells undergoing EMT are poorly correlated with 
clinical stages or predictive of recurrence in hepatocellular carcinoma. Sci Rep. 2019; 9: 7084. 
[PubMed: 31068623] 

[49]. Lei Y, Wang X, Sun H, et al. Association of Preoperative NANOG-Positive Circulating Tumor 
Cell Levels With Recurrence of Hepatocellular Carcinoma. Front Oncol. 2021; 11: 601668. 
[PubMed: 34123777] 

[50]. Li J, Chen L, Zhang X, et al. Detection of circulating tumor cells in hepatocellular carcinoma 
using antibodies against asialoglycoprotein receptor, carbamoyl phosphate synthetase 1 and pan-
cytokeratin. PLoS One. 2014; 9: e96185. [PubMed: 24763545] 

[51]. Liu HY, Qian HH, Zhang XF, et al. Improved method increases sensitivity for circulating 
hepatocellular carcinoma cells. World J Gastroenterol. 2015; 21: 2918–25. [PubMed: 25780289] 

[52]. Ogle LF, Orr JG, Willoughby CE, et al. Imagestream detection and characterisation of circulating 
tumour cells - A liquid biopsy for hepatocellular carcinoma? J Hepatol. 2016; 65: 305–13. 
[PubMed: 27132171] 

[53]. Shi J, Li Y, Liang S, et al. Circulating tumour cells as biomarkers for evaluating cryosurgery on 
unresectable hepatocellular carcinoma. Oncol Rep. 2016; 36: 1845–51. [PubMed: 27573435] 

[54]. Wang S, Zhang C, Wang G, et al. Aptamer-Mediated Transparent-Biocompatible Nanostructured 
Surfaces for Hepotocellular Circulating Tumor Cells Enrichment. Theranostics. 2016; 6: 1877–
86. [PubMed: 27570557] 

[55]. Wan S, Kim TH, Smith KJ, et al. New Labyrinth Microfluidic Device Detects Circulating 
Tumor Cells Expressing Cancer Stem Cell Marker and Circulating Tumor Microemboli in 
Hepatocellular Carcinoma. Sci Rep. 2019; 9: 18575. [PubMed: 31819089] 

[56]. Rau KM, Liu CT, Hsiao YC, et al. Sequential Circulating Tumor Cell Counts in Patients with 
Locally Advanced or Metastatic Hepatocellular Carcinoma: Monitoring the Treatment Response. 
J Clin Med. 2020; 9.

Teng et al. Page 9

J Gastroenterol Hepatol. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[57]. Amado V, Gonzalez-Rubio S, Zamora J, et al. Clearance of Circulating Tumor Cells in Patients 
with Hepatocellular Carcinoma Undergoing Surgical Resection or Liver Transplantation. Cancers 
(Basel). 2021; 13.

[58]. Wong IHN, Yeo W, Leung T, Lau WY, Johnson PJ. Circulating tumor cell mRNAs in 
peripheral blood from hepatocellular carcinoma patients under radiotherapy, surgical resection 
or chemotherapy: a quantitative evaluation. Cancer Letters. 2001; 167: 183–91. [PubMed: 
11369140] 

[59]. Guo W, Yang XR, Sun YF, et al. Clinical significance of EpCAM mRNA-positive circulating 
tumor cells in hepatocellular carcinoma by an optimized negative enrichment and qRT-PCR-
based platform. Clin Cancer Res. 2014; 20: 4794–805. [PubMed: 25009297] 

[60]. Zhou Y, Wang B, Wu J, et al. Association of preoperative EpCAM Circulating Tumor Cells and 
peripheral Treg cell levels with early recurrence of hepatocellular carcinoma following radical 
hepatic resection. BMC Cancer. 2016; 16: 506. [PubMed: 27439521] 

[61]. Guo W, Sun YF, Shen MN, et al. Circulating Tumor Cells with Stem-Like Phenotypes for 
Diagnosis, Prognosis, and Therapeutic Response Evaluation in Hepatocellular Carcinoma. Clin 
Cancer Res. 2018; 24: 2203–13. [PubMed: 29374055] 

[62]. Sun N, Lee YT, Zhang RY, et al. Purification of HCC-specific extracellular vesicles on 
nanosubstrates for early HCC detection by digital scoring. Nat Commun. 2020; 11: 4489. 
[PubMed: 32895384] 

[63]. Jan YJ, Chen JF, Zhu Y, et al. NanoVelcro rare-cell assays for detection and characterization of 
circulating tumor cells. Adv Drug Deliv Rev. 2018; 125: 78–93. [PubMed: 29551650] 

[64]. Court CM, Hou S, Liu L, et al. Somatic copy number profiling from hepatocellular carcinoma 
circulating tumor cells. NPJ Precis Oncol. 2020; 4: 16. [PubMed: 32637655] 

[65]. Geiss GK, Bumgarner RE, Birditt B, et al. Direct multiplexed measurement of gene expression 
with color-coded probe pairs. Nat Biotechnol. 2008; 26: 317–25. [PubMed: 18278033] 

[66]. Sun YF, Wu L, Liu SP, et al. Dissecting spatial heterogeneity and the immune-evasion 
mechanism of CTCs by single-cell RNA-seq in hepatocellular carcinoma. Nat Commun. 2021; 
12: 4091. [PubMed: 34215748] 

[67]. Hu CL, Zhang YJ, Zhang XF, et al. 3D Culture of Circulating Tumor Cells for Evaluating Early 
Recurrence and Metastasis in Patients with Hepatocellular Carcinoma. Onco Targets Ther. 2021; 
14: 2673–88. [PubMed: 33888992] 

Teng et al. Page 10

J Gastroenterol Hepatol. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. CTC isolation methods and downstream characterizations.
Most CTC assays can be categorized into immunoaffinity-based, biophysics-based (e.g., 

microfiltration), and enrichment-free methods. The immunoaffinity-based platform is the 

most common and can be subcategorized into magnetic-based and microfluidic-based (e.g., 

nanosubstrates in the figure) devices. Besides, a negative selection strategy (depleting 

WBCs) or a positive selection strategy (capturing CTCs) is conducted for enriching 

CTCs. The resulting CTCs are generally subject to immunocytochemical (ICC) staining 

or molecular profiling (e.g., droplet digital PCR in the figure).
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