
Advancements in Circulating Tumor Cell Research | Encyclopedia.pub

https://encyclopedia.pub/entry/56519 1/14

Advancements in Circulating Tumor Cell
Research
Subjects: Cell Biology

Contributor: Philip Salu , Katie M. Reindl

Circulating tumor cells (CTCs) are cells released from the primary and metastatic tumor and intravasate into the

blood or lymphatic vessels, where they are transported to distant sites and act as seeds that initiate cancer

metastases or the development of further lesions.
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1. Introduction

In the United States (US), cancer remains the second leading cause of death, affecting individuals of all ages and

ethnic groups . The estimated number of all cancer-related deaths in the US is over 609,000, which is about 18%

of all US deaths . Cancer mortality is due to poor treatment response, metastasis, and the lack of early detection

methods . Liquid biopsies are gaining popularity as noninvasive techniques for early disease detection .

These liquid biopsies contain circulating tumor cells (CTCs) that are released into the blood by a tumor and travel

through the bloodstream to other areas of the body to form metastatic niches (Figure 1) .
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Figure 1. Biology of CTCs in cancer. CTCs detach from their primary tumors, intravasate into the bloodstream, and

extravasate from the bloodstream to colonize secondary tumors or metastatic sites. CTCs can be detected

following noninvasive collection procedures and serve as biomarkers for monitoring multiple disease aspects. The

image was created using BioRender.com.

CTCs are proving to be essential biomarkers that can be used for early disease detection, monitoring metastasis

and cancer progression, and determining genetic heterogeneity in tumors . Compared to traditional tumor

biopsies, obtaining CTCs from liquid biopsies is non-invasive and real-time . This can be more acceptable to

patients, paving the way for more personalized cancer medicine.

However, several challenges currently affect CTC research. One of the main issues is that they are rare and

heterogeneous . CTCs are present in very small numbers, about 1–100 per 10   blood cells . These

scarcely populated cells are characterized by varying morphology, phenotypical characteristics, and genetic

makeup, making isolation and characterization difficult . Moreover, standardizing isolation techniques and

establishing their clinical relevance presents ongoing challenges . Ethical considerations and the need for

more extensive clinical trials also pose significant obstacles to advancing CTC research . Available techniques

for detecting CTCs, like flow cytometry-based and microscopy-based detection methods, need refinements to

improve accuracy and sensitivity .

Current approaches to the isolation and analysis of CTC biology involve using microfluidic devices, single-cell

sequencing, and the integration of multi-omics data to determine the molecular and functional heterogeneity of

CTCs . Machine learning tools trained to interpret complex CTC data are also being developed to aid in

identifying biomarkers and potential therapeutic targets . These methods hold promise for improved

detection, monitoring, and uncovering treatment-resistant or metastatic CTC subpopulations.

2. Significance of CTCs in Cancer and Clinical Implications

2.1. Early Cancer Detection

Early detection of cancer is crucial for effective treatment and disease management to reduce cancer-related

deaths and improve patient outcomes. CTCs offer the potential for liquid biopsy-based screening, allowing the

identification of cancers at an earlier, more treatable stage . CTCs were first detected in cancer in the eighteenth

century . However, the process of local invasion and extravasation of CTCs has recently been shown to occur

within a short span of time , suggesting that CTCs can be detected in the bloodstream at early stages of cancer,

potentially allowing for early diagnosis before tumors become clinically evident . A study involving 667

participants, of whom 235 were healthy individuals and 432 were patients with either colorectal cancer (CRC) or

adenomas, showed that CTCs can be used to distinguish healthy individuals from patients with CRC or adenomas

with a detection sensitivity of up to 95.2%, even before colonoscopy . Another study evaluating patients with

chronic obstructive pulmonary disease (COPD) without clinically diagnosed lung cancer revealed that five out of

168 patients had detectable CTCs. Notably, all five individuals with detectable CTCs developed lung nodules within
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1–4 years . A third study involving patients with suspected prostate cancer based on high serum prostate-

specific antigen (PSA) levels also revealed a high positive CTC-predicted biopsy outcome and prostate cancer

aggressiveness . Thus, the importance of using CTCs to predict disease occurrence cannot be underestimated.

Additionally, capturing and analyzing CTCs using liquid biopsy techniques offer a non-invasive alternative to

traditional tissue biopsies, providing a real-time snapshot of the tumor’s genetic and phenotypic characteristics.

2.2. Prognostic Indicators

The presence of CTCs in the bloodstream provides valuable prognostic information, aiding in predicting disease

outcomes and guiding treatment decisions . Studies have shown that higher CTC counts and the presence

of CTC clusters are associated with poorer outcomes across various cancer types . In clinical settings, CTCs

are commonly used as a liquid biopsy method to screen for tumors, monitor disease, and predict patients’

prognoses . A CTC count cutoff value of ≥ 3 CTCs per 7.5 mL blood is considered unfavorable for metastatic

colorectal cancer . In a study involving hormone receptor-positive (HR+) metastatic breast cancer patients, the

overall survival (OS) and progression-free survival (PFS) of patients with CTC counts ≥ 5 per 7.5 mL blood after

treatment was significantly worse than those of patients with < 5 CTCs . Also, CTC counts ≥ 10 per 5 mL blood

in small-cell lung cancer (SCLC) patients were closely associated with advanced stage (high lymph node

metastasis and distant metastasis), indicating a more unfavorable prognosis . These recent investigations have

refined the understanding of CTCs as robust prognostic indicators, guiding clinicians in predicting disease

outcomes and tailoring treatment strategies. Multiple detection methods have been developed to comprehensively

characterize CTCs, providing valuable insights into the likely cause of disease . CTC enumeration is

increasingly being incorporated into clinical practice as a predictive tool, and CTC counts are being used to stratify

patients, helping tailor treatment plans based on individual prognoses .

2.3. Tumor Heterogeneity

Tumor cells obtained from liquid biopsies exhibit genetic and phenotypic diversity, reflecting heterogeneity within

the primary tumor . Numerous studies have discovered the presence of different CTC subpopulations in

cancers . For instance, Freed and colleagues identified two CTC subpopulations expressing epithelial

cell adhesion molecule, EpCAM (CTC ), or fibroblast activation protein-alpha, FAPα (CTC ), in pancreatic

ductal adenocarcinoma (PDAC) patients. Using the ratios of CTC  to CTC , they were able to stratify

patients as responders versus non-responders to niraparib treatment . In a non-small cell lung cancer (NSCLC)

study, the authors were able to detect different gene signatures related to therapy resistance (MET and HER3) and

the initiation of metastasis (ALHD1) using CTCs . The spectrum of cancer heterogeneity has long been under

scrutiny as a factor allowing the tumor to adapt to different microenvironmental stressors with different

subpopulations that may evolve to increase disease aggressiveness and decrease therapeutic response . The

study of CTCs, therefore, allows researchers to understand and monitor tumor heterogeneity, providing crucial

information for devising effective and personalized treatment strategies.

2.4. Metastasis and Disease Progression
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Metastasis accounts for more than 90% of cancer-related mortalities . This is because treatment options

available for patients with metastatic solid tumors are rarely curative . Metastatic events in cancer involve the

spread of tumor cells from the primary to secondary sites, following a phenotypic transition from epithelial to

mesenchymal phenotype, cancer cell invasion into circulation, dormancy, and colonization at distant sites .

CTCs can be released by aggressive and metastatic tumors into circulation, where they extravasate to other

remote sites for continuous colonization, leading to the growth of further lesions . Nonetheless, research

suggests that CTCs can be shed from primary tumors at early stages of cancer, challenging the traditional view

that metastasis occurs primarily in advanced disease . This early dissemination contributes to the understanding

of metastatic potential and the dynamics of cancer progression . Following the injection of pancreatic cancer

cells expressing fluorescent proteins into the earlobes of mice to form solid tumors, the presence of CTCs with

fluorescent proteins was detected in the bloodstream of the mice at different stages of development . Using

quantum dots, the researchers identified cells with high metastatic potential; those expressing clusters of

differentiation, CD24+ and CD133+ . The development of metastatic niches often signifies a significant

progression in the tumor stage, and studies have linked CTC characteristics, such as the presence of CTC

clusters, to increased metastatic potential, aiding in the identification of patients at higher risk . In

metastatic breast cancer, a CTC count ≥ 5 in 7.5 mL of blood correlates with worse overall survival and

progression-free survival . Indeed, a CTC count of less than five in patients with stage IV breast cancer is used

to classify the tumor as stage IV indolent, whereas a CTC count greater than five classifies the tumor as stage IV

aggressive . CTC clusters exhibit stemness characteristics and can evade the immune system by recruiting

immunosuppressive cells . This attribute helps prevent CTCs from being attacked by antitumor immune cells like

natural killer (NK) cells, thereby increasing their metastatic potential . In circulation, CTCs are protected

from shear forces and shielded from immune detection through interactions with platelets . Other blood cells,

like macrophages, are able to interact directly with CTCs to protect them from being phagocytosed . Szczerba et

al. also identified and associated CTC–neutrophil interactions with cell cycle progression, leading to more efficient

metastasis formation . Using a mass spectrometry-based untargeted metabolomics approach, human colorectal

cancer CTC-derived cells were shown to have low or high metastatic potential based on metabolic features . A

combination of metabolites, such as glutamic acid, malic acid, lactic acid, and aspartic acid, along with higher CTC

counts, positively predicted the metastatic risk in patients, providing evidence of the influence of metabolic

phenotype on the metastatic potential of cells . Recently, CTCs were shown to have unexpectedly high levels of

OXPHOS compared to glycolytic signatures . This metabolic reprogramming was the opposite of the common

“Warburg Effect” seen in metastatic cancer cells, suggesting an additional layer of regulative complexities in cancer

metastasis . Metabolic reprogramming of CTCs enables them to survive harsh conditions in the bloodstream

and enhances their ability to establish a favorable microenvironment for metastasis, known as metastatic niches

. The molecular mechanisms by which CTCs influence the pre-metastatic niche (PMN), prepare distant organs

for colonization, and contribute to the metastatic process are yet to be fully understood. However, CTCs acquire

enhanced migratory and invasive capabilities when undergoing epithelial–mesenchymal transition (EMT) .

Recent discoveries have elucidated the dynamic nature of EMT in CTCs, identifying hybrid epithelial/mesenchymal

states that may contribute to metastatic progression . For instance, the presence of both epithelial and

mesenchymal markers indicates the occurrence of intrahepatic metastasis, while the presence of mesenchymal
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phenotypes prompts the development of extrahepatic metastasis . Expression of mesenchymal markers like N-

cadherin, vimentin, snail, and slug have also been detected in CTCs, highlighting their use in metastasis prediction

. Using CTC-based information to assess the risk of metastasis will help implement more aggressive

treatment strategies for patients with a higher likelihood of developing metastatic disease.

2.5. Treatment Response Monitoring

Changes in CTC counts and characteristics during treatment can indicate treatment response or resistance .

Real-time monitoring of CTC dynamics will allow for timely adjustments to therapeutic strategies. To monitor patient

response to therapy, longitudinal tissue biopsies must be collected. However, this procedure is often invasive and

complicated by the location and size of tumors . Therefore, CTCs can serve as dynamic biomarkers for

monitoring treatment response and assessing the efficacy of therapies. Indeed, CTCs from patients with either

chemosensitive or chemorefractory SCLC were tumorigenic in immune-compromised mice, and their resultant

CTC-derived explants mirrored the donor patients’ response to platinum and etoposide chemotherapy .

Molecular alterations that affect a tumor cell’s response to specific drugs can also be determined through molecular

profiling of CTCs. For example, the expression level of cyclin D1 (CCND1) was shown to be significantly reduced in

patients with head and neck squamous cell carcinoma (HNSCC) following nivolumab treatment . In contrast, the

expression of NANOG increased significantly . Changes in CTC count or specific genetic alterations can, thus,

indicate whether a treatment effectively targets the tumor, enabling timely adjustments to the therapeutic approach.

2.6. Minimal Residual Disease Monitoring

CTCs can be used to monitor minimal residual disease (MRD) after surgery or other treatments, helping identify

potential disease recurrence early. Li and colleagues used preoperative CTC concentration to predict postoperative

recurrence or metastasis in patients with NSCLC . Detection of CTCs pre- and post-adjuvant chemotherapy can

also serve as prognostic indicators of early relapse . These indicators allow for investigations into novel

therapeutic approaches to curb relapse and drug resistance. CTC-based MRD monitoring has also been explored

as a valuable tool in post-treatment surveillance, offering insights into the effectiveness of interventions and

informing decisions regarding additional therapies . CTCs can enter a state of dormancy, temporarily evading

the immune system and therapeutic interventions . Recent studies have shed light on the mechanisms

governing CTC dormancy and the factors that lead to their reactivation, contributing to a deeper understanding of

cancer relapse . Molecular characterization of CTCs can also help identify and analyze drug-tolerant

clones within the tumor microenvironment (TME) .

2.7. Personalized Medicine

Precision oncology aims to treat patients according to the molecular characteristics of their tumors, adjusting these

treatment strategies as the tumors evolve . Molecular characterization of CTCs contributes to identifying

actionable mutations and potential therapeutic targets. Whole exome sequencing (WES) of patient CTC samples

has been shown to reflect the genomic characteristics of their corresponding solid tumors more accurately 

. This genomic information can be crucial in developing personalized treatment plans. Functional mutations in
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driver genes like EGFR, KRAS, and TP53 can be determined quickly and used to stratify patients for therapy .

Mutational characterization of CTCs can also help physicians decipher if and when a patient is developing

resistance to a particular chemotherapeutic agent, thereby allowing for proactive treatment decisions . In this

regard, CTC-based liquid biopsies facilitate the development of personalized treatment plans, allowing for the

selection of targeted therapies based on the specific genetic profile of the tumor. Furthermore, CTC-based liquid

biopsies are increasingly integrated into clinical trials and treatment decision-making.

2.8. Clinical Trials and Drug Development

CTCs offer a tool for assessing drug response in preclinical and clinical trials, aiding in developing novel cancer

therapeutics. Current CTC-based clinical trials aim to use CTC positivity and dynamics to predict clinical outcomes

and therapy responses in patients . Following the STIC CTC randomized clinical trial (NCT0170605),

researchers determined that CTC count was a reliable biomarker for choosing between chemotherapy and a

single-agent endocrine therapy as a first-line treatment in hormone receptor-positive ERBB2-negative metastatic

breast cancer . Data from clinical trials can also be used to model the prognostic impact of a tumor and the

design of specific targeting agents . Therefore, CTC-based studies provide a platform for evaluating the

effectiveness of new treatments and understanding drug resistance mechanisms.

In summary, CTCs have a significant role in cancer research and clinical applications. They act as dynamic

biomarkers, providing insights into the complex nature of cancer. With technological advancements, CTC-based

approaches can be integrated into regular clinical practice. This can potentially revolutionize cancer diagnosis,

treatment, and patient outcomes.

References

1. Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023,
73, 17–48.

2. Vasan, N.; Baselga, J.; Hyman, D.M. A view on drug resistance in cancer. Nature 2019, 575, 299–
309.

3. Fares, J.; Fares, M.Y.; Khachfe, H.H.; Salhab, H.A.; Fares, Y. Molecular principles of metastasis: A
hallmark of cancer revisited. Signal Transduct. Target. Ther. 2020, 5, 28.

4. Schiffman, J.D.; Fisher, P.G.; Gibbs, P. Early detection of cancer: Past, present, and future. Am.
Soc. Clin. Oncol. Educ. Book 2015, 35, 57–65.

5. Connal, S.; Cameron, J.M.; Sala, A.; Brennan, P.M.; Palmer, D.S.; Palmer, J.D.; Perlow, H.; Baker,
M.J. Liquid biopsies: The future of cancer early detection. J. Transl. Med. 2023, 21, 118.

6. Ried, K.; Eng, P.; Sali, A. Screening for Circulating Tumour Cells Allows Early Detection of Cancer
and Monitoring of Treatment Effectiveness: An Observational Study. Asian Pac. J. Cancer Prev.

[89]

[90]

[19]

[91]

[92]



Advancements in Circulating Tumor Cell Research | Encyclopedia.pub

https://encyclopedia.pub/entry/56519 7/14

2017, 18, 2275–2285.

7. Suvilesh, K.N.; Manjunath, Y.; Pantel, K.; Kaifi, J.T. Preclinical models to study patient-derived
circulating tumor cells and metastasis. Trends Cancer 2023, 9, 355–371.

8. Marcuello, M.; Vymetalkova, V.; Neves, R.P.L.; Duran-Sanchon, S.; Vedeld, H.M.; Tham, E.; van
Dalum, G.; Flugen, G.; Garcia-Barberan, V.; Fijneman, R.J.; et al. Circulating biomarkers for early
detection and clinical management of colorectal cancer. Mol. Aspects Med. 2019, 69, 107–122.

9. Castro-Giner, F.; Aceto, N. Tracking cancer progression: From circulating tumor cells to
metastasis. Genome Med. 2020, 12, 31.

10. Micalizzi, D.S.; Maheswaran, S.; Haber, D.A. A conduit to metastasis: Circulating tumor cell
biology. Genes. Dev. 2017, 31, 1827–1840.

11. Liu, J.; Lian, J.; Chen, Y.; Zhao, X.; Du, C.; Xu, Y.; Hu, H.; Rao, H.; Hong, X. Circulating Tumor
Cells (CTCs): A Unique Model of Cancer Metastases and Non-invasive Biomarkers of Therapeutic
Response. Front. Genet. 2021, 12, 734595.

12. Ju, S.; Chen, C.; Zhang, J.; Xu, L.; Zhang, X.; Li, Z.; Chen, Y.; Zhou, J.; Ji, F.; Wang, L. Detection
of circulating tumor cells: Opportunities and challenges. Biomark. Res. 2022, 10, 58.

13. Asante, D.B.; Mohan, G.; Acheampong, E.; Ziman, M.; Calapre, L.; Meniawy, T.M.; Gray, E.S.;
Beasley, A.B. Genetic analysis of heterogeneous subsets of circulating tumour cells from high
grade serous ovarian carcinoma patients. Sci. Rep. 2023, 13, 2552.

14. Mohamed, B.M.; Ward, M.P.; Bates, M.; Spillane, C.D.; Kelly, T.; Martin, C.; Gallagher, M.;
Heffernan, S.; Norris, L.; Kennedy, J.; et al. Ex vivo expansion of circulating tumour cells (CTCs).
Sci. Rep. 2023, 13, 3704.

15. Menyailo, M.E.; Tretyakova, M.S.; Denisov, E.V. Heterogeneity of Circulating Tumor Cells in
Breast Cancer: Identifying Metastatic Seeds. Int. J. Mol. Sci. 2020, 21, 1696.

16. Edd, J.F.; Mishra, A.; Smith, K.C.; Kapur, R.; Maheswaran, S.; Haber, D.A.; Toner, M. Isolation of
circulating tumor cells. iScience 2022, 25, 104696.

17. Wen, Z.; Li, Z.; Yong, P.; Liang, D.; Xie, D.; Chen, H.; Yang, Y.; Wu, S.; Li, C.; Cheng, Z. Detection
and clinical significance of circulating tumor cells in patients with nasopharyngeal carcinoma.
Oncol. Lett. 2019, 18, 2537–2547.

18. Jiang, M.; Jin, S.; Han, J.; Li, T.; Shi, J.; Zhong, Q.; Li, W.; Tang, W.; Huang, Q.; Zong, H.
Detection and clinical significance of circulating tumor cells in colorectal cancer. Biomark. Res.
2021, 9, 85.

19. Schochter, F.; Friedl, T.W.P.; deGregorio, A.; Krause, S.; Huober, J.; Rack, B.; Janni, W. Are
Circulating Tumor Cells (CTCs) Ready for Clinical Use in Breast Cancer? An Overview of
Completed and Ongoing Trials Using CTCs for Clinical Treatment Decisions. Cells 2019, 8, 1412.



Advancements in Circulating Tumor Cell Research | Encyclopedia.pub

https://encyclopedia.pub/entry/56519 8/14

20. Muchlinska, A.; Smentoch, J.; Zaczek, A.J.; Bednarz-Knoll, N. Detection and Characterization of
Circulating Tumor Cells Using Imaging Flow Cytometry-A Perspective Study. Cancers 2022, 14,
4178.

21. Yang, J.; Huang, X.; Gan, C.; Yuan, R.; Xiang, Y. Highly specific and sensitive point-of-care
detection of rare circulating tumor cells in whole blood via a dual recognition strategy. Biosens.
Bioelectron. 2019, 143, 111604.

22. Thiele, J.A.; Pitule, P.; Hicks, J.; Kuhn, P. Single-Cell Analysis of Circulating Tumor Cells. Methods
Mol. Biol. 2019, 1908, 243–264.

23. Chen, J.Y.; Chou, H.H.; Lim, S.C.; Huang, Y.J.; Lai, K.C.; Guo, C.L.; Tung, C.Y.; Su, C.T.; Wang,
J.; Liu, E.; et al. Multiomic characterization and drug testing establish circulating tumor cells as an
ex vivo tool for personalized medicine. iScience 2022, 25, 105081.

24. Guo, Z.; Lin, X.; Hui, Y.; Wang, J.; Zhang, Q.; Kong, F. Circulating Tumor Cell Identification Based
on Deep Learning. Front. Oncol. 2022, 12, 843879.

25. He, B.; Lu, Q.; Lang, J.; Yu, H.; Peng, C.; Bing, P.; Li, S.; Zhou, Q.; Liang, Y.; Tian, G. A New
Method for CTC Images Recognition Based on Machine Learning. Front. Bioeng. Biotechnol.
2020, 8, 897.

26. Lawrence, R.; Watters, M.; Davies, C.R.; Pantel, K.; Lu, Y.J. Circulating tumour cells for early
detection of clinically relevant cancer. Nat. Rev. Clin. Oncol. 2023, 20, 487–500.

27. Ashworth, T.R. A Case of Cancer in Which Cells Similar to Those in the Tumours Were Seen in
the Blood after Death. Med. J. Aust. 1869, 14, 146–147.

28. Massague, J.; Obenauf, A.C. Metastatic colonization by circulating tumour cells. Nature 2016,
529, 298–306.

29. Franses, J.W.; Basar, O.; Kadayifci, A.; Yuksel, O.; Choz, M.; Kulkarni, A.S.; Tai, E.; Vo, K.D.;
Arora, K.S.; Desai, N.; et al. Improved Detection of Circulating Epithelial Cells in Patients with
Intraductal Papillary Mucinous Neoplasms. Oncologist 2018, 23, 1260.

30. Lu, S.H.; Tsai, W.S.; Chang, Y.H.; Chou, T.Y.; Pang, S.T.; Lin, P.H.; Tsai, C.M.; Chang, Y.C.
Identifying cancer origin using circulating tumor cells. Cancer Biol. Ther. 2016, 17, 430–438.

31. Tsai, W.S.; You, J.F.; Hung, H.Y.; Hsieh, P.S.; Hsieh, B.; Lenz, H.J.; Idos, G.; Friedland, S.; Yi-Jiun
Pan, J.; Shao, H.J.; et al. Novel Circulating Tumor Cell Assay for Detection of Colorectal
Adenomas and Cancer. Clin. Transl. Gastroenterol. 2019, 10, e00088.

32. Ilie, M.; Hofman, V.; Long-Mira, E.; Selva, E.; Vignaud, J.M.; Padovani, B.; Mouroux, J.;
Marquette, C.H.; Hofman, P. “Sentinel” circulating tumor cells allow early diagnosis of lung cancer
in patients with chronic obstructive pulmonary disease. PLoS ONE 2014, 9, e111597.



Advancements in Circulating Tumor Cell Research | Encyclopedia.pub

https://encyclopedia.pub/entry/56519 9/14

33. Xu, L.; Mao, X.; Grey, A.; Scandura, G.; Guo, T.; Burke, E.; Marzec, J.; Abdu, S.; Stankiewicz, E.;
Davies, C.R.; et al. Noninvasive Detection of Clinically Significant Prostate Cancer Using
Circulating Tumor Cells. J. Urol. 2020, 203, 73–82.

34. Matikas, A.; Kotsakis, A.; Apostolaki, S.; Politaki, H.; Perraki, M.; Kalbakis, K.; Nikolaou, M.;
Economopoulou, P.; Hatzidaki, D.; Georgoulias, V. Detection of circulating tumour cells before and
following adjuvant chemotherapy and long-term prognosis of early breast cancer. Br. J. Cancer
2022, 126, 1563–1569.

35. Geng, N.; Chen, S.; Liu, J.; Cao, W.; Zhang, D.; Feng, C. Circulating tumor cells in blood as a
prognostic biomarker in tongue squamous cell carcinoma. Oral Surg. Oral Med. Oral Pathol. Oral
Radiol. 2022, 134, 213–219.

36. Guan, Y.; Xu, F.; Tian, J.; Gao, K.; Wan, Z.; Wang, Y.; Gao, M.; Wang, Z.; Chong, T. The
prognostic value of circulating tumour cells (CTCs) and CTC white blood cell clusters in patients
with renal cell carcinoma. BMC Cancer 2021, 21, 826.

37. Murlidhar, V.; Reddy, R.M.; Fouladdel, S.; Zhao, L.; Ishikawa, M.K.; Grabauskiene, S.; Zhang, Z.;
Lin, J.; Chang, A.C.; Carrott, P.; et al. Poor Prognosis Indicated by Venous Circulating Tumor Cell
Clusters in Early-Stage Lung Cancers. Cancer Res. 2017, 77, 5194–5206.

38. Qi, L.N.; Xiang, B.D.; Wu, F.X.; Ye, J.Z.; Zhong, J.H.; Wang, Y.Y.; Chen, Y.Y.; Chen, Z.S.; Ma, L.;
Chen, J.; et al. Circulating Tumor Cells Undergoing EMT Provide a Metric for Diagnosis and
Prognosis of Patients with Hepatocellular Carcinoma. Cancer Res. 2018, 78, 4731–4744.

39. Guan, Y.; Xu, F.; Tian, J.; Chen, H.; Yang, C.; Huang, S.; Gao, K.; Wan, Z.; Li, M.; He, M.; et al.
Pathology of circulating tumor cells and the available capture tools (Review). Oncol. Rep. 2020,
43, 1355–1364.

40. Cristofanilli, M.; Pierga, J.Y.; Reuben, J.; Rademaker, A.; Davis, A.A.; Peeters, D.J.; Fehm, T.;
Nole, F.; Gisbert-Criado, R.; Mavroudis, D.; et al. The clinical use of circulating tumor cells (CTCs)
enumeration for staging of metastatic breast cancer (MBC): International expert consensus paper.
Crit. Rev. Oncol. Hematol. 2019, 134, 39–45.

41. Magbanua, M.J.M.; Savenkov, O.; Asmus, E.J.; Ballman, K.V.; Scott, J.H.; Park, J.W.; Dickler, M.;
Partridge, A.; Carey, L.A.; Winer, E.P.; et al. Clinical Significance of Circulating Tumor Cells in
Hormone Receptor-positive Metastatic Breast Cancer Patients who Received Letrozole with or
without Bevacizumab. Clin. Cancer Res. 2020, 26, 4911–4920.

42. Wang, P.-P.; Liu, S.-H.; Chen, C.-T.; Lv, L.; Li, D.; Liu, Q.-Y.; Liu, G.-L.; Wu, Y. Circulating tumor
cells as a new predictive and prognostic factor in patients with small cell lung cancer. J. Cancer
2020, 11, 2113.

43. Beasley, A.B.; Isaacs, T.W.; Vermeulen, T.; Freeman, J.; DeSousa, J.L.; Bhikoo, R.; Hennessy, D.;
Reid, A.; Chen, F.K.; Bentel, J.; et al. Analysis of Circulating Tumour Cells in Early-Stage Uveal



Advancements in Circulating Tumor Cell Research | Encyclopedia.pub

https://encyclopedia.pub/entry/56519 10/14

Melanoma: Evaluation of Tumour Marker Expression to Increase Capture. Cancers 2021, 13,
5990.

44. Beasley, A.; Isaacs, T.; Khattak, M.A.; Freeman, J.B.; Allcock, R.; Chen, F.K.; Pereira, M.R.; Yau,
K.; Bentel, J.; Vermeulen, T.; et al. Clinical Application of Circulating Tumor Cells and Circulating
Tumor DNA in Uveal Melanoma. JCO Precis. Oncol. 2018, 2, 1–12.

45. Vasantharajan, S.S.; Eccles, M.R.; Rodger, E.J.; Pattison, S.; McCall, J.L.; Gray, E.S.; Calapre, L.;
Chatterjee, A. The Epigenetic landscape of Circulating tumour cells. Biochim. Biophys. Acta Rev.
Cancer 2021, 1875, 188514.

46. Freed, I.M.; Kasi, A.; Fateru, O.; Hu, M.; Gonzalez, P.; Weatherington, N.; Pathak, H.; Hyter, S.;
Sun, W.; Al-Rajabi, R.; et al. Circulating Tumor Cell Subpopulations Predict Treatment Outcome in
Pancreatic Ductal Adenocarcinoma (PDAC) Patients. Cells 2023, 12, 2266.

47. Cappelletti, V.; Verzoni, E.; Ratta, R.; Vismara, M.; Silvestri, M.; Montone, R.; Miodini, P.; Reduzzi,
C.; Claps, M.; Sepe, P.; et al. Analysis of Single Circulating Tumor Cells in Renal Cell Carcinoma
Reveals Phenotypic Heterogeneity and Genomic Alterations Related to Progression. Int. J. Mol.
Sci. 2020, 21, 1475.

48. Stewart, C.A.; Gay, C.M.; Xi, Y.; Sivajothi, S.; Sivakamasundari, V.; Fujimoto, J.; Bolisetty, M.;
Hartsfield, P.M.; Balasubramaniyan, V.; Chalishazar, M.D.; et al. Single-cell analyses reveal
increased intratumoral heterogeneity after the onset of therapy resistance in small-cell lung
cancer. Nat. Cancer 2020, 1, 423–436.

49. Hanssen, A.; Wagner, J.; Gorges, T.M.; Taenzer, A.; Uzunoglu, F.G.; Driemel, C.; Stoecklein, N.H.;
Knoefel, W.T.; Angenendt, S.; Hauch, S.; et al. Characterization of different CTC subpopulations
in non-small cell lung cancer. Sci. Rep. 2016, 6, 28010.

50. Salu, P.; Reindl, K.M. Advancements in Preclinical Models of Pancreatic Cancer. Pancreas 2024,
53, e205–e220.

51. Seyfried, T.N.; Huysentruyt, L.C. On the origin of cancer metastasis. Crit. Rev. Oncog. 2013, 18,
43–73.

52. Dillekas, H.; Rogers, M.S.; Straume, O. Are 90% of deaths from cancer caused by metastases?
Cancer Med. 2019, 8, 5574–5576.

53. Suhail, Y.; Cain, M.P.; Vanaja, K.; Kurywchak, P.A.; Levchenko, A.; Kalluri, R.; Kshitiz. Systems
Biology of Cancer Metastasis. Cell Syst. 2019, 9, 109–127.

54. Parsons, S.; Maldonado, E.B.; Prasad, V. Comparison of Drugs Used for Adjuvant and Metastatic
Therapy of Colon, Breast, and Non-Small Cell Lung Cancers. JAMA Netw. Open 2020, 3,
e202488.

55. Ganesh, K.; Massague, J. Targeting metastatic cancer. Nat. Med. 2021, 27, 34–44.



Advancements in Circulating Tumor Cell Research | Encyclopedia.pub

https://encyclopedia.pub/entry/56519 11/14

56. Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. Emerging Biological Principles of Metastasis.
Cell 2017, 168, 670–691.

57. Massague, J.; Ganesh, K. Metastasis-Initiating Cells and Ecosystems. Cancer Discov. 2021, 11,
971–994.

58. Zhan, Q.; Liu, B.; Situ, X.; Luo, Y.; Fu, T.; Wang, Y.; Xie, Z.; Ren, L.; Zhu, Y.; He, W.; et al. New
insights into the correlations between circulating tumor cells and target organ metastasis. Signal
Transduct. Target. Ther. 2023, 8, 465.

59. Qayyumi, B.; Bharde, A.; Aland, G.; D’Souza, A.; Jayant, S.; Singh, N.; Tripathi, S.; Badave, R.;
Kale, N.; Singh, B.; et al. Circulating tumor cells as a predictor for poor prognostic factors and
overall survival in treatment naive oral squamous cell carcinoma patients. Oral Surg. Oral Med.
Oral Pathol. Oral Radiol. 2022, 134, 73–83.

60. Kuo, C.W.; Chueh, D.Y.; Chen, P. Real-time in vivo imaging of subpopulations of circulating tumor
cells using antibody conjugated quantum dots. J. Nanobiotechnol. 2019, 17, 26.

61. Gkountela, S.; Castro-Giner, F.; Szczerba, B.M.; Vetter, M.; Landin, J.; Scherrer, R.; Krol, I.;
Scheidmann, M.C.; Beisel, C.; Stirnimann, C.U.; et al. Circulating Tumor Cell Clustering Shapes
DNA Methylation to Enable Metastasis Seeding. Cell 2019, 176, 98–112 e114.

62. Aceto, N.; Bardia, A.; Miyamoto, D.T.; Donaldson, M.C.; Wittner, B.S.; Spencer, J.A.; Yu, M.; Pely,
A.; Engstrom, A.; Zhu, H.; et al. Circulating tumor cell clusters are oligoclonal precursors of breast
cancer metastasis. Cell 2014, 158, 1110–1122.

63. Jansson, S.; Bendahl, P.O.; Larsson, A.M.; Aaltonen, K.E.; Ryden, L. Prognostic impact of
circulating tumor cell apoptosis and clusters in serial blood samples from patients with metastatic
breast cancer in a prospective observational cohort. BMC Cancer 2016, 16, 433.

64. Yu, M. Metastasis Stemming from Circulating Tumor Cell Clusters. Trends Cell Biol. 2019, 29,
275–276.

65. Wang, X.; Sun, Q.; Liu, Q.; Wang, C.; Yao, R.; Wang, Y. CTC immune escape mediated by PD-L1.
Med. Hypotheses 2016, 93, 138–139.

66. Liu, Q.; Liao, Q.; Zhao, Y. Myeloid-derived suppressor cells (MDSC) facilitate distant metastasis of
malignancies by shielding circulating tumor cells (CTC) from immune surveillance. Med.
Hypotheses 2016, 87, 34–39.

67. Pereira-Veiga, T.; Schneegans, S.; Pantel, K.; Wikman, H. Circulating tumor cell-blood cell
crosstalk: Biology and clinical relevance. Cell Rep. 2022, 40, 111298.

68. Szczerba, B.M.; Castro-Giner, F.; Vetter, M.; Krol, I.; Gkountela, S.; Landin, J.; Scheidmann, M.C.;
Donato, C.; Scherrer, R.; Singer, J.; et al. Neutrophils escort circulating tumour cells to enable cell
cycle progression. Nature 2019, 566, 553–557.



Advancements in Circulating Tumor Cell Research | Encyclopedia.pub

https://encyclopedia.pub/entry/56519 12/14

69. Zhang, W.; Xu, F.; Yao, J.; Mao, C.; Zhu, M.; Qian, M.; Hu, J.; Zhong, H.; Zhou, J.; Shi, X.; et al.
Single-cell metabolic fingerprints discover a cluster of circulating tumor cells with distinct
metastatic potential. Nat. Commun. 2023, 14, 2485.

70. Jiang, Z.; He, J.; Zhang, B.; Wang, L.; Long, C.; Zhao, B.; Yang, Y.; Du, L.; Luo, W.; Hu, J.; et al. A
Potential “Anti-Warburg Effect” in Circulating Tumor Cell-mediated Metastatic Progression? Aging
Dis. 2024.

71. Bergers, G.; Fendt, S.M. The metabolism of cancer cells during metastasis. Nat. Rev. Cancer
2021, 21, 162–180.

72. Jie, X.X.; Zhang, X.Y.; Xu, C.J. Epithelial-to-mesenchymal transition, circulating tumor cells and
cancer metastasis: Mechanisms and clinical applications. Oncotarget 2017, 8, 81558–81571.

73. Nagel, A.; Markiewicz, A.; Szade, J.; Majewska, H.; Skokowski, J.; Seroczynska, B.; Welnicka-
Jaskiewicz, M.; Zaczek, A. Expression of stem cell and mesenchymal markers in circulating tumor
cells is associated with poor prognosis of early breast cancer patients. Ann. Oncol. 2017, 28,
vii32.

74. Werner, S.; Stenzl, A.; Pantel, K.; Todenhofer, T. Expression of Epithelial Mesenchymal Transition
and Cancer Stem Cell Markers in Circulating Tumor Cells. Adv. Exp. Med. Biol. 2017, 994, 205–
228.

75. Hirahata, T.; Ul Quraish, R.; Quraish, A.U.; Ul Quraish, S.; Naz, M.; Razzaq, M.A. Liquid Biopsy: A
Distinctive Approach to the Diagnosis and Prognosis of Cancer. Cancer Inform. 2022, 21,
11769351221076062.

76. Hodgkinson, C.L.; Morrow, C.J.; Li, Y.; Metcalf, R.L.; Rothwell, D.G.; Trapani, F.; Polanski, R.;
Burt, D.J.; Simpson, K.L.; Morris, K.; et al. Tumorigenicity and genetic profiling of circulating tumor
cells in small-cell lung cancer. Nat. Med. 2014, 20, 897–903.

77. Tada, H.; Takahashi, H.; Kawabata-Iwakawa, R.; Nagata, Y.; Uchida, M.; Shino, M.; Ida, S.; Mito,
I.; Matsuyama, T.; Chikamatsu, K. Molecular phenotypes of circulating tumor cells and efficacy of
nivolumab treatment in patients with head and neck squamous cell carcinoma. Sci. Rep. 2020,
10, 21573.

78. Li, Z.; Xu, K.; Tartarone, A.; Santarpia, M.; Zhu, Y.; Jiang, G. Circulating tumor cells can predict
the prognosis of patients with non-small cell lung cancer after resection: A retrospective study.
Transl. Lung Cancer Res. 2021, 10, 995–1006.

79. Mu, H.; Zuo, D.; Chen, J.; Liu, Z.; Wang, Z.; Yang, L.; Shi, Q.; Hua, Y. Detection and surveillance
of circulating tumor cells in osteosarcoma for predicting therapy response and prognosis. Cancer
Biol. Med. 2022, 19, 1397–1409.

80. Neophytou, C.M.; Kyriakou, T.C.; Papageorgis, P. Mechanisms of Metastatic Tumor Dormancy
and Implications for Cancer Therapy. Int. J. Mol. Sci. 2019, 20, 6158.



Advancements in Circulating Tumor Cell Research | Encyclopedia.pub

https://encyclopedia.pub/entry/56519 13/14

81. Leone, K.; Poggiana, C.; Zamarchi, R. The Interplay between Circulating Tumor Cells and the
Immune System: From Immune Escape to Cancer Immunotherapy. Diagnostics 2018, 8, 59.

82. Yadav, A.S.; Pandey, P.R.; Butti, R.; Radharani, N.N.V.; Roy, S.; Bhalara, S.R.; Gorain, M.; Kundu,
G.C.; Kumar, D. The Biology and Therapeutic Implications of Tumor Dormancy and Reactivation.
Front. Oncol. 2018, 8, 72.

83. Pradhan, S.; Sperduto, J.L.; Farino, C.J.; Slater, J.H. Engineered In Vitro Models of Tumor
Dormancy and Reactivation. J. Biol. Eng. 2018, 12, 37.

84. Dudgeon, C.; Harris, C.R.; Chen, Y.; Ghaddar, B.; Sharma, A.; Shah, M.M.; Roberts, A.I.;
Casabianca, A.; Collisson, E.A.; Balachandran, V.P. A novel model of pancreatic cancer dormancy
reveals mechanistic insights and a dormancy gene signature with human relevance. BioRxiv
2020.

85. Dagogo-Jack, I.; Shaw, A.T. Tumour heterogeneity and resistance to cancer therapies. Nat. Rev.
Clin. Oncol. 2018, 15, 81–94.

86. Aboulkheyr Es, H.; Montazeri, L.; Aref, A.R.; Vosough, M.; Baharvand, H. Personalized Cancer
Medicine: An Organoid Approach. Trends Biotechnol. 2018, 36, 358–371.

87. Tyner, J.W.; Tognon, C.E.; Bottomly, D.; Wilmot, B.; Kurtz, S.E.; Savage, S.L.; Long, N.; Schultz,
A.R.; Traer, E.; Abel, M.; et al. Functional genomic landscape of acute myeloid leukaemia. Nature
2018, 562, 526–531.

88. Dai, W.; Zheng, H.; Cheung, A.K.; Tang, C.S.; Ko, J.M.; Wong, B.W.; Leong, M.M.; Sham, P.C.;
Cheung, F.; Kwong, D.L.; et al. Whole-exome sequencing identifies MST1R as a genetic
susceptibility gene in nasopharyngeal carcinoma. Proc. Natl. Acad. Sci. USA 2016, 113, 3317–
3322.

89. Chang, Y.; Wang, Y.; Li, B.; Lu, X.; Wang, R.; Li, H.; Yan, B.; Gu, A.; Wang, W.; Huang, A.; et al.
Whole-Exome Sequencing on Circulating Tumor Cells Explores Platinum-Drug Resistance
Mutations in Advanced Non-small Cell Lung Cancer. Front. Genet. 2021, 12, 722078.

90. Rupp, B.; Ball, H.; Wuchu, F.; Nagrath, D.; Nagrath, S. Circulating tumor cells in precision
medicine: Challenges and opportunities. Trends Pharmacol. Sci. 2022, 43, 378–391.

91. Bidard, F.C.; Jacot, W.; Kiavue, N.; Dureau, S.; Kadi, A.; Brain, E.; Bachelot, T.; Bourgeois, H.;
Goncalves, A.; Ladoire, S.; et al. Efficacy of Circulating Tumor Cell Count-Driven vs Clinician-
Driven First-line Therapy Choice in Hormone Receptor-Positive, ERBB2-Negative Metastatic
Breast Cancer: The STIC CTC Randomized Clinical Trial. JAMA Oncol. 2021, 7, 34–41.

92. Gerratana, L.; Pierga, J.Y.; Reuben, J.M.; Davis, A.A.; Wehbe, F.H.; Dirix, L.; Fehm, T.; Nole, F.;
Gisbert-Criado, R.; Mavroudis, D.; et al. Modeling the Prognostic Impact of Circulating Tumor
Cells Enumeration in Metastatic Breast Cancer for Clinical Trial Design Simulation. Oncologist
2022, 27, e561–e570.



Advancements in Circulating Tumor Cell Research | Encyclopedia.pub

https://encyclopedia.pub/entry/56519 14/14

Retrieved from https://encyclopedia.pub/entry/history/show/127228


