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Brain cancers are among the top causes of death worldwide. Although, the survival rates vary widely depending on the type of the tumor, early diagnosis could generally benefit in better prognosis outcomes of the brain cancer patients. Conventionally, neuroimaging and biopsy are the most widely used approaches in diagnosis, subtyping, and prognosis monitoring of brain cancers, while emerging liquid biopsy assays using peripheral blood or cerebrospinal fluid have demonstrated many favorable characteristics in this task, especially due to their minimally invasive and easiness in sampling nature. Here, we review the recent studies in the liquid biopsy of brain cancers. We discuss the methodologies and performances of various assays on diagnosis, tumor subtyping, relapse prediction as well as prognosis monitoring in brain cancers, which approaches have made a big step toward clinical benefits of brain cancer patients.
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INTRODUCTION

Brain malignancies are big threats to public health worldwide. It is estimated that brain cancer accounts for ~1.3% of newly diagnosed cancer patients and~3.0% of deaths in the United States; in China, researchers estimated that for brain cancer, each year there are more than 100,000 new cases along with 60,000 deaths (Chen et al., 2016; Siegel et al., 2021; Sung et al., 2021). Based on the histological criteria and genotypes, brain cancers could be classified into more than 150 subtypes, including various kinds of primary and secondary/metastatic tumors (Louis et al., 2016). The most common primary brain cancer is known as glioblastoma (GBM); while metastatic tumors account for a much larger proportion in brain cancers, and the tumors could originate from various tissue sources including the lungs, breast, kidney, colon, and skin (Bos et al., 2009; Kircher et al., 2016; Nozawa et al., 2017; Yousefi et al., 2017; Yekeduz et al., 2020). The stage, subtype, as well as somatic mutation landscapes, could dominate the therapeutic strategies for the best benefits of brain cancer patients. In clinical, brain tumors growing in functional areas are usually diagnosed at relatively early stages due to significant symptoms, while the majority of brain tumors are not easy to be diagnosed which leads to the unsatisfactory prognosis of the patients (Lapointe et al., 2018). Hence, early diagnosis and molecular subtyping of tumors are both of high clinical value for better healthcare of brain cancer patients.

Conventional diagnosis and biopsy of brain tumors rely on advanced imaging and histopathological techniques. In imaging, there are three widely used methods: computed tomography (CT), positron emission tomography (PET), and gadolinium-enhanced MRI. Due to the high resolution and sensitivity, MRI is the most popular method for brain cancer detection (Villanueva-Meyer et al., 2017; Wadhwa et al., 2019); CT usually serves as an alternative imaging modality for patients with metallic implants and embedded devices (Maroldi et al., 2005; Pope, 2018); PET uptakes target-specific radiotracers to profile the metabolism and functional changes in the brain, which may occur early than morphological changes (Jones et al., 2012; Suchorska et al., 2014). Compared to traditional tracers in the PET utility, such as 11C-methionine and 18F-fluoro-deoxyglucose, emerging radiolabeled amino acid tracers and their analogs (e.g., 18F-fluoroethyltyrosine, and 18F-fluorodopa) show better performance in detecting glioma extent without additional technical enhancement in PET imaging (Garnett et al., 1983; Suchorska et al., 2014; Verger et al., 2017; Katsanos et al., 2019; Treglia et al., 2019). Currently, to get precise and multi-aspect information, integrated applications of multiple tools are frequently used, such as PET/CT and PET/MRI (Treglia et al., 2014, 2019). However, neuroimaging with improper interpretations may lead to untimely or excessive therapeutic responses (Peca et al., 2009; Neagu et al., 2015; Shankar et al., 2017). Consequently, novel approaches for brain cancer diagnosis have been developed in recent years, and liquid biopsy is one of them.

Liquid biopsy uses body fluids [e.g., peripheral blood, and cerebrospinal fluid (CSF)] as the working material and utilizes various analytes, such as circulating tumor DNA (ctDNA), and proteins. Liquid biopsy is considered minimally invasive and can provide key genetic and epigenetic information of the tumor. Currently, liquid biopsy has been implemented in various clinical scenarios, including non-invasive diagnosis of brain cancer, subtyping the brain tumor, prognosis monitoring and prediction of minimal residue diseases and prognosis, as well as many other applications to improve the treatment benefits of the patients (Peng et al., 2017; Wan et al., 2017).



PERIPHERAL BLOOD AND CEREBROSPINAL FLUID

In brain cancer diagnosis, peripheral blood and CSF are the most popular materials (Figure 1 and Table 1; Siravegna et al., 2017b; Fontanilles et al., 2018; Yan et al., 2021). Circulating tumor DNA isolated from peripheral blood is effective for diagnosis and subtyping of brain cancer. For example, the detection of copy number abbreviation and promoter methylation (e.g., MGMT and PTEN) from ctDNA of serum by Methylation specific PCR (MSP) can help with the diagnosis of astrocytomas and oligodendrogliomas of various grades with high specificity (while sensitivity may not be that optimal; Lavon et al., 2010). Similar results are also found by another study on promoter methylation profiles by MSP of MGMT, RASSF1A, p15INK4B, and p14ARF in serum (Majchrzak-Celinska et al., 2013). In fact, hypermethylation of various genes can be easily detected in patients with primary or metastatic central nervous system (CNS) cancer (Majchrzak-Celinska et al., 2013). One optimally verified score matric, the “glioma-epigenetic liquid biopsy score” or GeLB can help with distinguishing glioma patients with 100% sensitivity and 97.78% specificity (Sabedot et al., 2021). Using the 5hmC-Seal technique, scientists identify healthy individuals from patients with WHO II-III gliomas and GBM and not be affected by glioma-related pathological features, such as Isocitrate Dehydrogenase [NADP (+)] 1 (IDH1) mutation (Cai et al., 2021). Similar to IDH1 mutation, 5hmC can be a proper biomarker for distinguishing patients with GBM from gliomas, indicating the potential utility of 5hmC in gliomas screening (Cai et al., 2021). Another biomarker, Telomerase Reverse Transcriptase (TERT), has been validated for diagnosis in gliomas patients, with overall 62.5% sensitivity and 90% specificity (Muralidharan et al., 2021). With the development of next-generation sequencing (NGS), studies show that about half of patients (211 out of 419) with GBM or other primary brain tumors have detectable ctDNA, indicating high potential in clinical utilities (Piccioni et al., 2019). Besides peripheral blood, CSF is another widely used material for liquid biopsy of brain cancers. In fact, various ctDNA characteristics, including promoter methylation and mutation profiles, are highly consistent in the peripheral blood and paired CSF from the same patients as demonstrated in a comparative study (Liu et al., 2010). For instance, Ma et al. (2020) show that mutated EGFR gene can be detected in CSF in 81.8% non-small cell lung cancer patients with leptomeningeal metastases. Another example is that Histone 3 p.K27M (H3K27M) mutation, could be detected in 88% patients with diffuse midline glioma (DMG) from both CSF and plasma and the changes of H3K27M agreed with 83% tumor response to radiotherapy (Panditharatna et al., 2018). The utility of droplet digital PCR (ddPCR) makes H3K27M a powerful biomarker in detecting pediatric DMG and monitoring therapy responses (Panditharatna et al., 2018). A study for gliomas patients by detecting of IDH1, TERT, and H3K27M also showed high detection sensitivity (71%, 20 out of 28) and specificity (Fujioka et al., 2021). Very recently, with the detection of somatic copy number alterations and the analysis of DNA fragmentation patterns, scientists can identify glioma patients using untargeted and low-coverage whole-genome sequencing technique, which makes diagnosis and subtyping cheaper and more time-saving (Mouliere et al., 2018). Notably, a recent study had integrated multiple cfDNA fragmentation patterns to build a machine learning classifier on urine samples, which shows promising accuracy in differentiating glioma patients from negative controls (Mouliere et al., 2021). Besides early diagnosis and subtyping, liquid biopsy assays have also been developed for disease progression monitoring and therapeutic methods assessments of brain cancer patients. For instance, Murtaza et al. (2015) demonstrated the utility of truncal gene mutations of ctDNA in multifocal clonal evolution monitoring of the tumors in a breast cancer patient with brain metastasis. Blood-based genomic sequencing of liquid biopsy in the primary treatment of ALK-positive non-small cell lung cancer patients with CNS metastases indicated the superior efficacy of alectinib than chemotherapy, suggesting the functions of liquid biopsy in evaluating therapeutic effects (Zhu et al., 2020b).

[image: Figure 1]

FIGURE 1. CfDNA from blood and/or CSF as a minimally invasive analyte for liquid biopsy of brain cancer.




TABLE 1. Recent studies in brain cancer diagnosis.
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On the other hand, although, the specificities of most blood-based liquid biopsies are relatively high, the sensitivities vary a lot. Sensitivities of these assays depend on multiple factors, including cancer types, tumor volumes, tumor vessel sizes, immune cell density, and other morphological characteristics. One study shows that ctDNA in plasma carrying tumor-specific mutations could only be detected in only 10% glioma, 50% neuroblastoma, and 60% medulloblastoma patients (Bettegowda et al., 2014). Other studies show that the IDH1R132H mutation detection rate increases with largening tumor volumes in glioma patients (Boisselier et al., 2012), while tumor vessel sizes and perivascular CD68 + macrophage density both affect the concentrations of ctDNA in plasma (Nabavizadeh et al., 2020). Several studies have indicated that the blood–brain barrier may inhibit the release of tumor cells or tumor cell products (e.g., ctDNA) into the bloodstream. For example, BRAF, NRAS, and c-KIT mutations can be detected in the plasma of melanoma patients with extracranial metastasis (64%), but not in patients with intracranial metastasis (Lee et al., 2020). Considering the limitations of peripheral blood, another body fluid, CSF, is much closer to brain tissues physically and may reflect tumor burden more directly (De Mattos-Arruda et al., 2015). Circulating tumor DNA concentration is usually higher in CSF compared to plasma, which means variations or mutations of low frequency are more likely to be detected in the CSF, therefore makes CSF-based liquid biopsy more powerful in the clinic (Russo et al., 2021). For instance, one study shows that in HER2-positive breast cancer patients with brain metastases, gene variations have higher levels in CSF than plasma for post-treatment monitoring (Siravegna et al., 2017a). Among patients with brainstem gliomas, 97.3% of cases with detectable alterations in the primary tumors are identified in CSF and the detection rates of mutated fragments are much higher in CSF (100%) than in plasma (38%; Pan et al., 2019). Other groups also show that ctDNA is more abundant and contains more comprehensive information in CSF than that of plasma in patients with GBM, medulloblastoma, and metastatic brain cancers (De Mattos-Arruda et al., 2015; Escudero et al., 2020; Mouliere et al., 2021). The advantage of CSF may be of particular value in developing liquid biopsy assays for prognosis monitoring and cancer relapse prediction. However, the collection of CSF is not as convenient as peripheral blood and may cause adverse effects to the patients in certain clinical scenarios, therefore, one must take careful considerations (especially the conditions of the patients) before applying CSF-based assays in real clinical settings.



ADVANCES AND CHALLENGES OF LIQUID BIOPSY APPROACHES

Although, remarkable progress has been achieved in various aspects of modern medicine, early diagnosis, and effective treatment of brain tumors are still challenging. Conventional diagnostic methods, neuroimaging, and histopathological inspections are expensive, complex, and could only provide limited information for therapeutic benefits. In contrast, liquid biopsy assays utilizing plasma or CSF can provide patient-specific genetic information of the tumors. However, the detection rates and specificity of liquid biopsy assays show high fluctuations and may not be able to meet clinical requirements (Shankar et al., 2017; Fontanilles et al., 2018; Saenz-Antonanzas et al., 2019). To this end, advances in biotechnologies, such as ddPCR and Massive Parallel Sequencing, may promise a feasible path toward higher sensitivity and efficiency of liquid biopsy assays (Oellerich et al., 2017; Postel et al., 2017). ddPCR and other microfluidic-based technologies allow the detection of extremely rare events, such as identifying 0.1% tumor-derived fragments carrying somatic mutations from a large amount of background DNA (Xu et al., 2019), therefore, they are suitable for screening of hotspot mutations, or mutations associated with specific drugs. A new standard of liquid biopsy in pediatric DMG using ddPCR has been established, with nearly 100% specificity and sensitivity for H3.3K27M detection in CSF and plasma (Li et al., 2021). On the other hand, as a minimally invasive method, liquid biopsy can be performed regularly for monitoring of the disease process, treatment effect as well as prediction of relapse.

At the same time, other challenges are hindering the utility of liquid biopsy in routine clinical practice. Due to the blood–brain barrier, the concentration of tumor-derived cfDNA in plasma is usually very low in brain cancer patients, which makes some plasma-based liquid biopsy assays almost impossible to apply in a certain proportion of patients (Martinez-Ricarte et al., 2018). To this end, recent studies reported that focused ultrasound treatment could serve as a safe and effective technique to increase the release of biomarkers for assisting the successful implementation of liquid biopsies (Zhu et al., 2020a). For CSF-based assays, the routine extraction approach, lumbar puncture, sometimes brings adverse side effects to the patients and could not be performed frequently (Seoane et al., 2019). Lastly, most of the current studies are based on relatively small patient cohorts, hence, comprehensive validation studies or clinical trials using large-scale patient cohorts is essential for determining the appropriate assays for various clinical settings.



DISCUSSION

Overall, liquid biopsy using peripheral blood and CSF for brain tumors is an effective and minimal-invasive approach for brain cancer diagnosis in the clinic. As an effective and minimal-invasive approach, liquid biopsy using peripheral blood and/or CSF is useful for cancer diagnosis in an informative way, which is especially valuable under certain clinical scenarios, such as recent pandemic, COVID-19 (Pisapia et al., 2021). Widely used ddPCR, NGS, and methylated DNA immunoprecipitation in liquid biopsy promote the detection of mutations, copy number variations, and aberrant methylation and also help with the subtyping of brain tumors. With the help of neuroimaging and biopsy, we can use liquid biopsy to profile and monitor the tumor progression at different stages in both genetics and morphology and then choose better treatment plans. Meanwhile, currently liquid biopsy also has some disadvantages, especially limited sensitivity in blood-based assays. Cerebrospinal fluid-based assays show higher sensitivity and specificity, but it requires lumbar puncturing, which leads to the limited utility of CSF. Nevertheless, based on the promising results in the current studies, we believe that with further performance improvements and large-scale validations, liquid biopsy will certainly shine on brain cancer diagnosis and therapeutics in the near future.



AUTHOR CONTRIBUTIONS

KS and XJ designed research. YA, FF, XJ, and KS wrote the paper. All authors contributed to the article and approved the submitted version.



FUNDING

This work is supported by Guangdong Basic and Applied Basic Research Foundation (2019A1515110173), BGI-research (BGIRSZ2020007), and Shenzhen Bay Laboratory.



ACKNOWLEDGMENTS

We would like to thank Qi Wang, Shenzhen Bay Laboratory for her technical assistance.



REFERENCES

 Bettegowda, C., Sausen, M., Leary, R. J., Kinde, I., Wang, Y., Agrawal, N., et al. (2014). Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 6:224ra224. doi: 10.1126/scitranslmed.3007094 

 Boisselier, B., Gallego Perez-Larraya, J., Rossetto, M., Labussiere, M., Ciccarino, P., Marie, Y., et al. (2012). Detection of IDH1 mutation in the plasma of patients with glioma. Neurology 79, 1693–1698. doi: 10.1212/WNL.0b013e31826e9b0a 

 Bos, P. D., Zhang, X. H., Nadal, C., Shu, W., Gomis, R. R., Nguyen, D. X., et al. (2009). Genes that mediate breast cancer metastasis to the brain. Nature 459, 1005–1009. doi: 10.1038/nature08021 

 Cai, J., Zeng, C., Hua, W., Qi, Z., Song, Y., Lu, X., et al. (2021). An integrative analysis of genome-wide 5-hydroxymethylcytosines in circulating cell-free DNA detects noninvasive diagnostic markers for gliomas. Neurooncol Adv 3:vdab049. doi: 10.1093/noajnl/vdab049 

 Chen, W., Zheng, R., Baade, P. D., Zhang, S., Zeng, H., Bray, F., et al. (2016). Cancer statistics in China, 2015. CA Cancer J. Clin. 66, 115–132. doi: 10.3322/caac.21338 

 De Mattos-Arruda, L., Mayor, R., Ng, C. K. Y., Weigelt, B., Martinez-Ricarte, F., Torrejon, D., et al. (2015). Cerebrospinal fluid-derived circulating tumour DNA better represents the genomic alterations of brain tumours than plasma. Nat. Commun. 6:8839. doi: 10.1038/ncomms9839 

 Duan, H., Hu, J. L., Chen, Z. H., Li, J. H., He, Z. Q., Wang, Z. N., et al. (2020). Assessment of circulating tumor DNA in cerebrospinal fluid by whole exome sequencing to detect genomic alterations of glioblastoma. Chin. Med. J. 133, 1415–1421. doi: 10.1097/CM9.0000000000000843 

 Escudero, L., Llort, A., Arias, A., Diaz-Navarro, A., Martinez-Ricarte, F., Rubio-Perez, C., et al. (2020). Circulating tumour DNA from the cerebrospinal fluid allows the characterisation and monitoring of medulloblastoma. Nat. Commun. 11:5376. doi: 10.1038/s41467-020-19175-0 

 Fontanilles, M., Duran-Pena, A., and Idbaih, A. (2018). Liquid biopsy in primary brain tumors: looking for stardust! Curr. Neurol. Neurosci. Rep. 18:13. doi: 10.1007/s11910-018-0820-z 

 Fujioka, Y., Hata, N., Akagi, Y., Kuga, D., Hatae, R., Sangatsuda, Y., et al. (2021). Molecular diagnosis of diffuse glioma using a chip-based digital PCR system to analyze IDH, TERT, and H3 mutations in the cerebrospinal fluid. J. Neuro-Oncol. 152, 47–54. doi: 10.1007/s11060-020-03682-7 

 Garcia-Murillas, I., Chopra, N., Comino-Mendez, I., Beaney, M., Tovey, H., Cutts, R. J., et al. (2019). Assessment of molecular relapse detection in early-stage breast cancer. JAMA Oncol. 5, 1473–1478. doi: 10.1001/jamaoncol.2019.1838 

 Garnett, E. S., Firnau, G., and Nahmias, C. (1983). Dopamine visualized in the basal ganglia of living man. Nature 305, 137–138. doi: 10.1038/305137a0 

 Huang, R., Xu, X., Li, D., Chen, K., Zhan, Q., Ge, M., et al. (2019). Digital PCR-based detection of EGFR mutations in paired plasma and CSF samples of lung adenocarcinoma patients with central nervous system metastases. Target. Oncol. 14, 343–350. doi: 10.1007/s11523-019-00645-5 

 Jones, T., and Rabiner, E. A., Company, P.E.T.R.A (2012). The development, past achievements, and future directions of brain PET. J. Cereb. Blood Flow Metab. 32, 1426–1454. doi: 10.1038/jcbfm.2012.20 

 Katsanos, A. H., Alexiou, G. A., Fotopoulos, A. D., Jabbour, P., Kyritsis, A. P., and Sioka, C. (2019). Performance of 18F-FDG, 11C-methionine, and 18F-FET PET for glioma grading: a meta-analysis. Clin. Nucl. Med. 44, 864–869. doi: 10.1097/RLU.0000000000002654 

 Kircher, D. A., Silvis, M. R., Cho, J. H., and Holmen, S. L. (2016). Melanoma brain metastasis: mechanisms, models, and medicine. Int. J. Mol. Sci. 17:1468. doi: 10.3390/ijms17091468 

 Lapointe, S., Perry, A., and Butowski, N. A. (2018). Primary brain tumours in adults. Lancet 392, 432–446. doi: 10.1016/S0140-6736(18)30990-5 

 Lavon, I., Refael, M., Zelikovitch, B., Shalom, E., and Siegal, T. (2010). Serum DNA can define tumor-specific genetic and epigenetic markers in gliomas of various grades. Neuro-Oncology 12, 173–180. doi: 10.1093/neuonc/nop041 

 Lee, J. H., Menzies, A. M., Carlino, M. S., Mcevoy, A. C., Sandhu, S., Weppler, A. M., et al. (2020). Longitudinal monitoring of ctDNA in patients with melanoma and brain metastases treated with immune checkpoint inhibitors. Clin. Cancer Res. 26, 4064–4071. doi: 10.1158/1078-0432.CCR-19-3926 

 Li, D., Bonner, E. R., Wierzbicki, K., Panditharatna, E., Huang, T., Lulla, R., et al. (2021). Standardization of the liquid biopsy for pediatric diffuse midline glioma using ddPCR. Sci. Rep. 11:5098. doi: 10.1038/s41598-021-84513-1 

 Liu, B. L., Cheng, J. X., Zhang, W., Zhang, X., Wang, R., Lin, H., et al. (2010). Quantitative detection of multiple gene promoter hypermethylation in tumor tissue, serum, and cerebrospinal fluid predicts prognosis of malignant gliomas. Neuro-Oncology 12, 540–548. doi: 10.1093/neuonc/nop064 

 Louis, D. N., Perry, A., Reifenberger, G., Von Deimling, A., Figarella-Branger, D., Cavenee, W. K., et al. (2016). The 2016 World Health Organization classification of tumors of the central nervous system: a summary. Acta Neuropathol. 131, 803–820. doi: 10.1007/s00401-016-1545-1 

 Ma, C., Yang, X., Xing, W., Yu, H., Si, T., and Guo, Z. (2020). Detection of circulating tumor DNA from non-small cell lung cancer brain metastasis in cerebrospinal fluid samples. Thorac Cancer 11, 588–593. doi: 10.1111/1759-7714.13300 

 Majchrzak-Celinska, A., Paluszczak, J., Kleszcz, R., Magiera, M., Barciszewska, A. M., Nowak, S., et al. (2013). Detection of MGMT, RASSF1A, p15INK4B, and p14ARF promoter methylation in circulating tumor-derived DNA of central nervous system cancer patients. J. Appl. Genet. 54, 335–344. doi: 10.1007/s13353-013-0149-x 

 Maroldi, R., Ambrosi, C., and Farina, D. (2005). Metastatic disease of the brain: extra-axial metastases (skull, dura, leptomeningeal) and tumour spread. Eur. Radiol. 15, 617–626. doi: 10.1007/s00330-004-2617-5 

 Martinez-Ricarte, F., Mayor, R., Martinez-Saez, E., Rubio-Perez, C., Pineda, E., Cordero, E., et al. (2018). Molecular diagnosis of diffuse gliomas through sequencing of cell-free circulating tumor DNA from cerebrospinal fluid. Clin. Cancer Res. 24, 2812–2819. doi: 10.1158/1078-0432.CCR-17-3800 

 Mouliere, F., Mair, R., Chandrananda, D., Marass, F., Smith, C. G., Su, J., et al. (2018). Detection of cell-free DNA fragmentation and copy number alterations in cerebrospinal fluid from glioma patients. EMBO Mol. Med. 10:e9323. doi: 10.15252/emmm.201809323 

 Mouliere, F., Smith, C. G., Heider, K., Su, J., van Der Pol, Y., Thompson, M., et al. (2021). Fragmentation patterns and personalized sequencing of cell-free DNA in urine and plasma of glioma patients. EMBO Mol. Med. 13:e12881. doi: 10.15252/emmm.202012881 

 Muralidharan, K., Yekula, A., Small, J. L., Rosh, Z. S., Kang, K. M., Wang, L., et al. (2021). TERT promoter mutation analysis for blood-based diagnosis and monitoring of gliomas. Clin. Cancer Res. 27, 169–178. doi: 10.1158/1078-0432.CCR-20-3083 

 Murtaza, M., Dawson, S. J., Pogrebniak, K., Rueda, O. M., Provenzano, E., Grant, J., et al. (2015). Multifocal clonal evolution characterized using circulating tumour DNA in a case of metastatic breast cancer. Nat. Commun. 6:8760. doi: 10.1038/ncomms9760 

 Nabavizadeh, S. A., Ware, J. B., Guiry, S., Nasrallah, M. P., Mays, J. J., Till, J. E., et al. (2020). Imaging and histopathologic correlates of plasma cell-free DNA concentration and circulating tumor DNA in adult patients with newly diagnosed glioblastoma. Neurooncol Adv 2:vdaa016. doi: 10.1093/noajnl/vdaa016 

 Nakano, Y., Watanabe, Y., Honda-Kitahara, M., Yamagishi, Y., Niizuma, H., Niihori, T., et al. (2020). Utility of a bridged nucleic acid clamp for liquid biopsy: detecting BRAF V600E in the cerebrospinal fluid of a patient with brain tumor. Pediatr. Blood Cancer 67:e28651. doi: 10.1002/pbc.28651 

 Neagu, M. R., Huang, R. Y., Reardon, D. A., and Wen, P. Y. (2015). How treatment monitoring is influencing treatment decisions in glioblastomas. Curr. Treat. Options Neurol. 17:343. doi: 10.1007/s11940-015-0343-8 

 Nozawa, H., Ishihara, S., Kawai, K., Sasaki, K., Murono, K., Otani, K., et al. (2017). Brain metastasis from colorectal cancer: predictors and treatment outcomes. Oncology 93, 309–314. doi: 10.1159/000478661 

 Oellerich, M., Schutz, E., Beck, J., Kanzow, P., Plowman, P. N., Weiss, G. J., et al. (2017). Using circulating cell-free DNA to monitor personalized cancer therapy. Crit. Rev. Clin. Lab. Sci. 54, 205–218. doi: 10.1080/10408363.2017.1299683 

 Pan, C., Diplas, B. H., Chen, X., Wu, Y., Xiao, X., Jiang, L., et al. (2019). Molecular profiling of tumors of the brainstem by sequencing of CSF-derived circulating tumor DNA. Acta Neuropathol. 137, 297–306. doi: 10.1007/s00401-018-1936-6 

 Panditharatna, E., Kilburn, L. B., Aboian, M. S., Kambhampati, M., Gordish-Dressman, H., Magge, S. N., et al. (2018). Clinically relevant and minimally invasive tumor surveillance of pediatric diffuse midline gliomas using patient-derived liquid biopsy. Clin. Cancer Res. 24, 5850–5859. doi: 10.1158/1078-0432.CCR-18-1345 

 Peca, C., Pacelli, R., Elefante, A., Del Basso De Caro, M. L., Vergara, P., Mariniello, G., et al. (2009). Early clinical and neuroradiological worsening after radiotherapy and concomitant temozolomide in patients with glioblastoma: tumour progression or radionecrosis? Clin. Neurol. Neurosurg. 111, 331–334. doi: 10.1016/j.clineuro.2008.11.003 

 Peng, M., Chen, C., Hulbert, A., Brock, M. V., and Yu, F. (2017). Non-blood circulating tumor DNA detection in cancer. Oncotarget 8, 69162–69173. doi: 10.18632/oncotarget.19942 

 Piccioni, D. E., Achrol, A. S., Kiedrowski, L. A., Banks, K. C., Boucher, N., Barkhoudarian, G., et al. (2019). Analysis of cell-free circulating tumor DNA in 419 patients with glioblastoma and other primary brain tumors. CNS Oncol 8:CNS34. doi: 10.2217/cns-2018-0015 

 Pisapia, P., Pepe, F., Gristina, V., La Mantia, M., Francomano, V., Russo, G., et al. (2021). A narrative review on the implementation of liquid biopsy as a diagnostic tool in thoracic tumors during the COVID-19 pandemic. Fortschr. Med. doi: 10.21037/med-21-9

 Pope, W. B. (2018). Brain metastases: neuroimaging. Handb. Clin. Neurol. 149, 89–112. doi: 10.1016/B978-0-12-811161-1.00007-4 

 Postel, M., Roosen, A., Laurent-Puig, P., Taly, V., and Wang-Renault, S.-F. (2017). Droplet-based digital PCR and next generation sequencing for monitoring circulating tumor DNA: a cancer diagnostic perspective. Expert. Rev. Mol. Diagn. 18, 7–17. doi: 10.1080/14737159.2018.1400384 

 Russo, A., Incorvaia, L., Del Re, M., Malapelle, U., Capoluongo, E., Gristina, V., et al. (2021). The molecular profiling of solid tumors by liquid biopsy: a position paper of the AIOM-SIAPEC-IAP-SIBioC-SIC-SIF Italian scientific societies. ESMO Open 6:100164. doi: 10.1016/j.esmoop.2021.100164 

 Sabedot, T., Malta, T., Snyder, J., Nelson, K., Wells, M., Decarvalho, A., et al. (2021). A serum-based DNA methylation assay provides accurate detection of glioma. Neuro-Oncology 9:noab023. doi: 10.1093/neuonc/noab023 

 Saenz-Antonanzas, A., Auzmendi-Iriarte, J., Carrasco-Garcia, E., Moreno-Cugnon, L., Ruiz, I., Villanua, J., et al. (2019). Liquid biopsy in glioblastoma: opportunities, applications and challenges. Cancers (Basel) 11:950. doi: 10.3390/cancers11070950 

 Seoane, J., De Mattos-Arruda, L., Le Rhun, E., Bardelli, A., and Weller, M. (2019). Cerebrospinal fluid cell-free tumour DNA as a liquid biopsy for primary brain tumours and central nervous system metastases. Ann. Oncol. 30, 211–218. doi: 10.1093/annonc/mdy544 

 Shankar, G. M., Balaj, L., Stott, S. L., Nahed, B., and Carter, B. S. (2017). Liquid biopsy for brain tumors. Expert. Rev. Mol. Diagn. 17, 943–947. doi: 10.1080/14737159.2017.1374854 

 Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2021). Cancer statistics, 2021. CA Cancer J. Clin. 71, 7–33. doi: 10.3322/caac.21654 

 Siravegna, G., Geuna, E., Mussolin, B., Crisafulli, G., Bartolini, A., Galizia, D., et al. (2017a). Genotyping tumour DNA in cerebrospinal fluid and plasma of a HER2-positive breast cancer patient with brain metastases. ESMO Open 2:e000253. doi: 10.1136/esmoopen-2017-000253 

 Siravegna, G., Marsoni, S., Siena, S., and Bardelli, A. (2017b). Integrating liquid biopsies into the management of cancer. Nat. Rev. Clin. Oncol. 14, 531–548. doi: 10.1038/nrclinonc.2017.14 

 Suchorska, B., Tonn, J. C., and Jansen, N. L. (2014). PET imaging for brain tumor diagnostics. Curr. Opin. Neurol. 27, 683–688. doi: 10.1097/WCO.0000000000000143 

 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71, 209–249. doi: 10.3322/caac.21660 

 Treglia, G., Muoio, B., Trevisi, G., Mattoli, M. V., Albano, D., Bertagna, F., et al. (2019). Diagnostic performance and prognostic value of PET/CT with different tracers for brain tumors: a systematic review of published meta-analyses. Int. J. Mol. Sci. 20:4669. doi: 10.3390/ijms20194669 

 Treglia, G., Sadeghi, R., Del Sole, A., and Giovanella, L. (2014). Diagnostic performance of PET/CT with tracers other than F-18-FDG in oncology: an evidence-based review. Clin. Transl. Oncol. 16, 770–775. doi: 10.1007/s12094-014-1168-8 

 Verger, A., Filss, C. P., Lohmann, P., Stoffels, G., Sabel, M., Wittsack, H. J., et al. (2017). Comparison of (18)F-FET PET and perfusion-weighted MRI for glioma grading: a hybrid PET/MR study. Eur. J. Nucl. Med. Mol. Imaging 44, 2257–2265. doi: 10.1007/s00259-017-3812-3 

 Villanueva-Meyer, J. E., Mabray, M. C., and Cha, S. (2017). Current clinical brain tumor imaging. Neurosurgery 81, 397–415. doi: 10.1093/neuros/nyx103 

 Wadhwa, A., Bhardwaj, A., and Singh Verma, V. (2019). A review on brain tumor segmentation of MRI images. Magn. Reson. Imaging 61, 247–259. doi: 10.1016/j.mri.2019.05.043 

 Wan, J. C. M., Massie, C., Garcia-Corbacho, J., Mouliere, F., Brenton, J. D., Caldas, C., et al. (2017). Liquid biopsies come of age: towards implementation of circulating tumour DNA. Nat. Rev. Cancer 17, 223–238. doi: 10.1038/nrc.2017.7 

 Xu, Z., Qiao, Y., and Tu, J. (2019). Microfluidic technologies for cfDNA isolation and analysis. Micromachines 10:672. doi: 10.3390/mi10100672 

 Yan, Y. Y., Guo, Q. R., Wang, F. H., Adhikari, R., Zhu, Z. Y., Zhang, H. Y., et al. (2021). Cell-free DNA: Hope and potential application in cancer. Front. Cell Dev. Biol. 9:639233. doi: 10.3389/fcell.2021.639233 

 Yekeduz, E., Arzu Yasar, H., Utkan, G., and Urun, Y. (2020). A systematic review: role of systemic therapy on treatment and prevention of brain metastasis in renal cell carcinoma. J. Oncol. Pharm. Pract. 26, 972–981. doi: 10.1177/1078155220905648 

 Yousefi, M., Bahrami, T., Salmaninejad, A., Nosrati, R., Ghaffari, P., and Ghaffari, S. H. (2017). Lung cancer-associated brain metastasis: molecular mechanisms and therapeutic options. Cell. Oncol. 40, 419–441. doi: 10.1007/s13402-017-0345-5 

 Zhu, Y., Jia, R., Shao, Y. W., Zhu, L., Ou, Q., Yu, M., et al. (2020b). Durable complete response to Alectinib in a lung adenocarcinoma patient With brain metastases and low-abundance EML4-ALK variant in liquid biopsy: a case report. Front. Oncol. 10:1259. doi: 10.3389/fonc.2020.01259 

 Zhu, L., Nazeri, A., Pacia, C. P., Yue, Y., and Chen, H. (2020a). Focused ultrasound for safe and effective release of brain tumor biomarkers into the peripheral circulation. PLoS One 15:e0234182. doi: 10.1371/journal.pone.0234182 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 An, Fan, Jiang and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Recent Advances in Liquid Biopsy of Brain Cancers



		Introduction



		Peripheral Blood and Cerebrospinal Fluid



		Advances and Challenges of Liquid Biopsy Approaches



		Discussion



		Author Contributions



		Funding



		Acknowledgments



		References



















OPS/images/fgene-12-720270-g001.jpg
CSF

‘sample
Molecular profiling
00000000
00000000
Mutation _—
Diagnosis
0000000

0000000 JO0O0CTOOI00X
f Amplification
a Prognosis
_— %% P —
o — T > —
o000

Deletion
CIONA Treatment selection

000000000

BoSadxtx

Aberrant methylation

Therapy response





OPS/images/fgene-12-720270-t001.jpg
Source

Biood

Biood

Blood

Biood
Biood
Blood

Blood

Biood

Blood

Biood

Blood

Blood

Blood

Cerebrospinal fluid (CSF)
oSF

oSF

CSF

Blood and CSF

Blood and CSF

Blood and CSF
Blood and CSF

Biood and CSF

Blood and CSF

Biood and CSF

Blood and CSF

Blood and CSF
Blood and CSF

Related diseases

Gioblastoma (GBM)
GBM
GBM

GBM
GBM and other primary brain tumors
GBM, astrocytoma, gliosarcoma,
meningiomas and metastatic CNS
cancer

Metastatic CNS cancer (breast
cancer)

Metastatic NS cancer (breast
cancer)

Metastatic CNS cancer (ung cancer)

Metastatic CNS cancer (melanoma)
Gliomas

Gliomas

Gliomas, GBM

GBM

Primary brain tumors (PBTs)
Gliomas

GBM

GBM

Metastatic CNS cancer (breast
cancer)

Metastatic GNS cancer (ung cancer)
GBM, Medulo and metastatic CNS
cancer

Brainstem giomas

Medulo

Metastatic CNS cancer (lung cancer)
Difuse midine gioma (OMG)

oMG
Giiomas

Biomarkers

MGMT

IDH!, EGFR, TP53, PTEN

IDH1

Genomic variants
ERBB2, MET, EGFR
MGMT, RASSF1A, p15INK4B, and p14ARF

ERBB2

Mutiple genes

ARID1A, STATS TP53 BRCAT CTNNB1 EML4-
ALK

BRAF, NRAS and ¢ KIT

“Telomerase reverse transcriptase (TERT)
DNA methylation

shmG

RIG2H, HOF3A

BRAF VG00E

EGFR, PTEN

IDH1, TERT, and H3K27M

MGMT, p16iNKda, TMPS, THBST
TPS3, PIK3CA, ERBB2 and cMYC

EGFR
IDH!, TP53, PTEN, EGFR, FGFR2, ERBB2

H3F3A, TPS3, ATRX, POGFRA, FAT1,
HIST1H3B, PPMID, IDH1, NF1, PIK3CA and.
ACVRY

‘TP53,TNNB1KMT2D MYC,PROMS, PTEN,SUFU

EGFR, KIT, PIK3CA, TP53, SMAD4, ATM,
SMARCB1, PTEN, FLT3, GNAS, STK11, MET,
CTNNBI1, APC, FBXW7, ERBBA, and KOR
HaK27M

H3.3K27M

TERT, IDH1, TP53, PTEN and other mutated
genes

Information provided and
findings

Promoter methytation
Mutations
Mutations

Genoic variants
Mutations, ampifications
Promoter methyation

Mutations

Mutations

Mutation

Mutations
Mutations,

Methyition

Methyiation

Mutations

Mutations

‘Somatic copy number alterations
Mutations

Promoter hypermethylation
Mutations, ampifications

Mutations
Mutations

Mutations

Mutations, amplification, insertion,
deletion, gain
Mutations

Mutations
Mutations

Mutations and fragmentation
patterns

Approaches

PCR, Methylation specific
PCR (MSP)
Next-generation
sequencing (NGS)
Droplet digital PCR
(ddPCR)

NGS

NGS

MsP

ddPCR

WES

NGS

ddPCR

ddPCR

NGS

NGS

WES

BNA-PCR dlamping

NGS

ddPCR

MeDIP and real-time PCR
ddPCR, WES

ddPCR
ddPCR

NGS

WES

NGS

ddPCR

ddPCR
NGS

Clinical applicability

‘Therapy response.

Molecular profing/diagnosis

Diagnosis

Diagnosis
Molecular profing
Diagnosis

Diagnosis
Diagnosisftherapy response

Molecuiar profing/diagnosis/
therapy response
Diagnosis/therapy response
Diagnosis
Diagnosis/therapy response
Dagnosis

Diagnosis

Diagnosis

Diagnosis

Molecuiar profiing/diagnosis
Diagnosis
Diagnosis/prognosis

Diagnosis
Diagnosis/prognosis

Diagnosis

Diagnosis/prognosis/reatment
selection/therapy response
Diagnosis

Diagnosis/therapy respanse
Diagnosis
Diagnosis

References.

Lavon etal, 2010

Bettegowda et al, 2014

Boisselier et al, 2012

Nabavizadeh et al., 2020
Piccion et al, 2019
Majchrzak-Celinska et al.
2013

Garcia-Murllas et al, 2019

Murtaza et al, 2015

Zhuetal, 20200

Lee etal., 2020
Muralidharan et al, 2021
Sabedot et al, 2021
Caietal, 2021

Duan etal, 2020
Nakano et al., 2020
Mouiere et a., 2018
Fujoka et al, 2021

L etal, 2010
Siravegna et al, 2017a

Huang etal, 2019
De Mattos-Aruda et al
2015

Panetal, 2019

Escudero et al, 2020

Maetal, 2020

Panditharatna et al., 2018

Lietal, 2021
Mouiere

BNA, bridged nucleic acid; CNS, central nervous system; DMG, diffuse midline glioma; ddPCR, droplet digital PCR; GBM: glioblastoma; MeDIR. methylated DNA immunoprecipitation; Medlullo, medulloblastoma; MSF methyation
specific PCR: NGS, next-generation sequencing: and WES, whole exome sequencing.





OPS/images/cover.jpg
, frontiers
in Genetics

Recent Advances in Liquid Biopsy of
Brain Cancers









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers

in Genetics





