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Liquid biopsy—the determination of circulating cells, proteins, DNA or RNA from biofluids through a “less invasive” approach—has emerged as a novel approach in all cancer entities. Circulating non-(protein) coding RNAs including microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and YRNAs can be passively released by tissue or cell damage or actively secreted as cell-free circulating RNAs, bound to lipoproteins or carried by exosomes. In renal cell carcinoma (RCC), a growing body of evidence suggests circulating non-coding RNAs (ncRNAs) such as miRNAs, lncRNAs, and YRNAs as promising and easily accessible blood-based biomarkers for the early diagnosis of RCC as well as for the prediction of prognosis and treatment response. In addition, circulating ncRNAs could also play a role in RCC pathogenesis and progression. This review gives an overview over the current study landscape of circulating ncRNAs and their involvement in RCC pathogenesis as well as their potential utility as future biomarkers in RCC diagnosis and treatment.
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INTRODUCTION

Renal cell carcinoma (RCC) makes up for more than 90% of malignant kidney tumors, which measures up to 338,000 newly diagnosed patients each year worldwide and makes RCC the second most common urogenital malignancy in men and the third most frequent in women (Ferlay et al., 2015; Znaor et al., 2015; Siegel et al., 2019). The most frequent histological subtype is clear cell renal cell carcinoma (ccRCC) accounting for 70–80%, followed by papillary and chromophobe RCC (Rini et al., 2009). Roughly 20–30% of patients are diagnosed with an initially metastatic disease (Janzen et al., 2003), which only allows palliative treatment strategies (Powles et al., 2017). Although patient outcomes in these treatment settings have significantly improved since the introduction of immune checkpoint inhibitor therapy and combinations with antiangiogenetic drugs, most patients eventually experience a progressive disease (Motzer et al., 2015, 2018; Cella et al., 2019; Rini et al., 2019).

To date, there are no screening programs or reliable and economically reasonable biomarkers available for the early diagnosis of RCC that would drastically improve the disease outcomes (Rossi et al., 2018). Moreover, although many easily available blood-based biomarkers for the prognosis and the prediction of treatment outcome have been assessed in different stages of treatment and disease, they have not entered clinical routine yet (Dalpiaz et al., 2017; Farber et al., 2017; Seles et al., 2017). In the recent years, liquid biopsies such as circulating tumor cells (CTCs) or circulating ribonucleic acids, obtained from, for instance, blood or urine samples, are emerging (Ellinger et al., 2016; Li G. et al., 2017; Bergerot et al., 2018; Cimadamore et al., 2019). These liquid biopsies serve as novel and promising tools for the diagnosis, prognosis prediction, and selection of appropriate treatment options in RCC patients (Cimadamore et al., 2019; Smith et al., 2020).

Circulating non-coding RNAs (ncRNAs), including microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), have been repeatedly suggested as well-accessible blood-based biomarkers in numerous cancer entities, including urogenital malignancies such as prostate (Su et al., 2015), bladder (Nandagopal and Sonpavde, 2016), testicular (Dieckmann et al., 2019), and kidney cancer (Ellinger et al., 2016). miRNAs are a class of non-protein coding RNAs that are about 20 nucleotides in length (Schwarzenbacher et al., 2019). They bind to the mRNA of their target proteins at the 3′UTR, which results in limited translation and increased degradation of the mRNA (Bartel, 2004). Thus, miRNAs are regulators of many cell functions including cell growth and proliferation and therefore play a principal role in tumorigenesis and progression of RCC and thus may represent useful biomarkers (Schanza et al., 2017; Barth et al., 2019). On the other hand, lncRNAs are over 200 nucleotides in length and regulate cellular processes by different mechanisms (Novikova et al., 2013). They sponge miRNAs, thereby preventing them from binding to their respective targets, which leads to the preserved expression of these targets. Furthermore, they can act as scaffold and decoy for miRNAs or proteins or can act as guides for proteins to influence gene transcription. lncRNAs were demonstrated to regulate cancer development and progression as either oncogenic or tumor-suppressive factors (Chi et al., 2019), and thus therapeutic concepts utilizing the key role of lncRNAs in cancer have emerged over the last decade (Pan et al., 2018b; Pichler et al., 2020).

In RCC, the utility of circulating ncRNAs as biomarkers has been previously evaluated (Ellinger et al., 2016); nevertheless, in the recent years, further evidence has been added to this emerging field. The present review aims to give an update and overview on the progress of circulating ncRNAs as biomarkers across various treatment settings in RCC and highlights pathogenetic implications (see Tables 1, 2).


TABLE 1. Circulating miRNAs as diagnostic biomarkers in renal cell carcinoma.
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TABLE 2. Circulating miRNAs as prognostic biomarkers in renal cell carcinoma.
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Challenges of Circulating ncRNAs as Biomarkers in Cancer

As of yet, the development and the use of circulating RNA-based biomarkers comes with certain challenges (Zaporozhchenko et al., 2018). In contrast to cell-free DNA, which is mainly set free in the course of cell death, the largest proportion of circulating RNAs is actively secreted by normal and tumor cells and therefore could reflect current cellular processes and states to disease better, although they can be released during apoptosis and other types of cell death as well (Javidi et al., 2014; Zaporozhchenko et al., 2018). In its nature, cell-free RNA molecules are rather unstable in biofluids such as blood and urine, among others, due to the underlying environmental conditions, including pH and the enzymatic activity of ribonucleases (Tzimagiorgis et al., 2011; Bryzgunova and Laktionov, 2015; Koczera et al., 2016; Zaporozhchenko et al., 2018); nevertheless, miRNAs are astonishingly stable under these extreme conditions (Cortez et al., 2011). Interestingly, in cancer, the activity of ribonucleases in the blood may be decreased, granting a higher stability of circulating RNA products (Huang et al., 2014). Circulating RNAs are often encapsulated in microvesicles, such as exosomes or apoptotic bodies, or can be bound to lipoproteins, such as Ago2 or high-density lipoprotein, in order to protect them from degeneration (Figure 1) (Arroyo et al., 2011; Gallo et al., 2012; Wagner et al., 2013; Javidi et al., 2014; Zaporozhchenko et al., 2018).
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FIGURE 1. Principles of circulating non-coding RNA (ncRNA)-based liquid biopsy. Non-coding RNA products such as microRNAs and long non-coding RNAs are either actively secreted or released in the course of cell death. Exosomal ncRNAs can be transferred between different tumor sites and thereby disseminate metastatic potential (e.g., miR-19b-3p) or drug resistance (e.g., lncRNA ARSR). Blood samples may be used for diagnosis or prediction of prognosis and response to cancer therapies (created with Biorender.com).


Exosomes act as an intercellular communication channel, with signals encrypted in the form of the encapsulated DNA, RNA, or protein cargo. The composition of this cargo is highly cell specific and can be a status indicator of cellular homeostasis of the originating cell. Thus, the presence of a specific exosomal cargo signature, specifically miRNA composition, has been previously indicated as having indicative biomarker potential in a number of oncological diseases, including renal carcinoma (Butz et al., 2016; Du et al., 2017). Exosomes participate in intercellular communication and several cellular processes, including the regulation of angiogenesis, apoptosis, and metastasis, and may be utilized as biomarkers or therapeutic targets (Gurunathan et al., 2019; Zhang and Yu, 2019). Exosomes are actively secreted by most cell types through the endosomal sorting complexes required for transport pathway (Colombo et al., 2013), resulting in the fusion of the late endosomal multivesicular body and the cellular membrane (Trajkovic et al., 2008). Moreover, exosomes may transfer miRNAs and lncRNAs between tumor cells, thereby transferring drug resistance and metastatic potential as there is cumulative proof regarding the increased secretion and the differential miRNA signature identified in tumor-derived exosomes when compared to normal cells (Vojtech et al., 2014). While the miRNA sorting mechanisms have not been completely elucidated, recent insight points toward the interaction with a series of RNA binding proteins, such as members of the heterogeneous nuclear ribonucleoprotein family that have been proven to form vesicle-specific miRNA–protein complexes (Villarroya-Beltri et al., 2013). Other proposed mechanisms are based on the activity of the neutral sphingomyelinase 2 and the affinity of miRNAs to membrane raft-like structures containing ceramide as a possible loading mechanism (Groot and Lee, 2020). While it is not yet clear whether the currently proposed miRNA exosomal sorting mechanisms have any clinical relevance, the presence of specific miRNA signatures is indicated to have both mechanistic (Squadrito et al., 2014) and biomarker implications in cancer (Qu et al., 2016; Hosseini et al., 2017; Jiang N. et al., 2019; Wang et al., 2019).

As of yet, when considering cell-free circulating ncRNAs as blood-based biomarkers, differences in the study designs, including the choice of samples (serum versus plasma) and analyzing methods such as quantitative real-time PCR (qRT-PCR), next-generation sequencing, or microarrays, should be taken into account as they can heavily influence experimental outcomes (Lee et al., 2017). For instance, the total concentration of RNA extracted from samples is higher in serum as in plasma, which might be due to differences in processing, leading to the release of RNA when the blood is coagulating (Wang et al., 2012; Lee et al., 2017). Last but not least, differences in normalization of ncRNA measurements to molecules that are consistently expressed in healthy individuals and cancer patients can influence experimental outcomes. In addition, differences in sample collection, storage, and processing may impact the outcome of studies which, once again, impedes the comparability between studies, underlining the necessity of validation studies (Lee et al., 2017).



CIRCULATING miRNAs IN RCC


Circulating miRNAs as Potential Diagnostic Tools

Zhao et al. (2013) first discovered the potential of miR-210 in the diagnosis of RCC. Besides the upregulation of miR-210 in malignant tissues as compared to healthy adjacent parenchyma, they also discovered significantly increased miR-210 levels in serum samples of RCC patients as compared to healthy controls (Zhao et al., 2013). These results were later confirmed by several studies which found increased serum and plasma miR-210 levels in RCC (Iwamoto et al., 2014; Fedorko et al., 2015; Liu T. Y. et al., 2016; Dias et al., 2017; Chen et al., 2018a; Wang X. et al., 2018). Interestingly, the miR-210 serum levels were additionally reported to decline after curative surgery was performed (Fedorko et al., 2015; Wang X. et al., 2018). The serum miR-210 levels could successfully differentiate RCC patients form healthy individuals; however, both sensitivity and specificity are strongly varying and are 81 and 79.4% (Zhao et al., 2013), 67.5 and 70% (Wang X. et al., 2018), and 65 and 83% (Iwamoto et al., 2014) in the different studies, respectively. However, cutoffs for biomarker dichotomization were determined using ROC curve analysis, which makes them difficult to compare. Moreover, no validation cohorts for diagnostic testing were implemented in the studies (Zhao et al., 2013; Iwamoto et al., 2014; Wang X. et al., 2018). Therefore, although there is strong evidence for a potential clinical utility of miR-210 serum levels, future studies need to address these issues. Interestingly enough, serum-derived exosomal miR-210 may offer additional insight for its biomarker potential in comparison to free circulating miR-210 (Wang X. et al., 2018; Zhang et al., 2018). As expected, miR-210 was again upregulated in RCC tissues in a study by Wang X. et al. (2018), which also matched the patient’s serum samples. This indicates that changes of miR-210 expressions in RCC cells are perfectly reflected by miR-210 circulating in the patient’s blood. However, there may be significant enrichment differences between exosomal and free circulating miR-210, as the latter is increased to a comparably lesser degree. This is also reflected in the diagnostic capability of the two approaches as indicated by significantly varying sensitivity and specificity for exosomal (AUC = 0.8779, 82.5, and 80%) and exosome-free (AUC = 0.7888, 67.5, and 70%) miR-210, respectively (Wang X. et al., 2018). Furthermore, the authors demonstrated increased exosomal miR-210 secretion of RCC cell lines under hypoxic experimental conditions (Wang X. et al., 2018), which is in line with another study investigating serum miR-210 levels in RCC (Dias et al., 2017). miR-210 is strongly connected to hypoxia as it is induced by the absence of functional von Hippel–Lindau (VHL) tumor suppressor gene, which is frequently encountered in RCC tumorigenesis (Shen and Kaelin, 2013), and by increasing hypoxia-inducible factor (HIF) activity (Neal et al., 2010; McCormick et al., 2013; Liu L. L. et al., 2017). Reciprocally, miR-210 may also target hypoxia-inducible factor 1α (HIF-1α), indicating a feedback loop, and thereby suppress hypoxia-induced apoptosis (Liu L. L. et al., 2017). miR-210 upregulation under hypoxic conditions results in increased proliferation, genetic instability, angiogenesis, and metastasis and adapts mitochondrial function (Dang and Myers, 2015). An increased release of miR-210 was observed when exposing RCC cell lines to hypoxic conditions in the previously discussed study by Dias et al. (2017), corroborating these results.

Fedorko et al. (2015) also demonstrated the diagnostic potential of serum miR-210; however, in their study, significantly elevated serum levels of miR-378 were better able to differentiate RCC patients from healthy controls with AUCs of 0.74 and 0.82 for miR-210 and miR-378, respectively. Nonetheless, the discriminatory ability of miR-210 and miR-378 combined performed best and discriminated RCC cases with a sensitivity and a specificity of 80 and 78%, respectively (Fedorko et al., 2015). Even so, evidence for the utility of miR-378 in blood-based liquid biopsy is not unambiguous. Although Hauser et al. (2012) could identify serum miR-378 to be significantly higher in a set of ccRCC patients and could discriminate cancer patients form healthy controls, they could not verify their results in the validation cohort. Furthermore, another study that aimed to evaluate a diagnostic panel including five miRNAs reported the miR-378 levels to be reduced in RCC patients as compared to healthy controls (Wang et al., 2015). As opposed to this, Redova et al. (2012) again reported that miR-378 serum levels significantly increased in patients with RCC, which they could further verify in a validation cohort. Apart from miR-378, Redova et al. (2012) also analyzed the diagnostic capability of miR-451 which was found to be significantly decreased in patient serum. This was also verified in a validation cohort. However, interestingly, the combination of miR-451 with the formerly discussed miR-378 could better differentiate the serum samples of healthy individuals from RCC patients with a sensitivity of 81% and a specificity of 83% (Redova et al., 2012). The varying and partly conflicting results regarding serum miR-378 may be due to differences in cohort size as well as baseline characteristics, yet collectively the clinical utility of serum miR-378 in RCC diagnostics at that time is uncertain. In RCC, the pathogenetic role of miR-378 has not been entirely resolved; however, miR-378 may be a regulator of angiogenesis, but this hypothesis is lacking a clear experimental in vitro and in vivo evidence (Li H. C. et al., 2014). In other cancer types, a pro-angiogenetic effect of miR-378 was demonstrated (Lee et al., 2007; Krist et al., 2015), and it could serve as a biomarker for antiangiogenetic therapy in ovarian cancer (Chan et al., 2014). Its role as an oncogenic or tumor-suppressive miRNA seems to vary depending on the cancer type (Zhang et al., 2014; Chen et al., 2016; Li S. et al., 2017; Zeng et al., 2017; Ma et al., 2019), which is frequently observed in other miRNAs (Svoronos et al., 2016).

As already mentioned before, Wang et al. (2015) developed a diagnostic miRNA signature enabling the diagnosis of early ccRCC, which, besides miR-378, also includes miR-193a-3p, miR-362, miR-572, and miR-28-5p. Apart from miR-378 and miR-28-5p, which were significantly decreased, the other miRNAs contained in the diagnostic panel were significantly overexpressed in the serum of ccRCC patients. The panel was able to differentiate patients with ccRCC from non-cancerous controls, especially at the early stages of the disease, accounting for 80% sensitivity and 71% specificity in stage I ccRCC (Wang et al., 2015). However, since corresponding tissue samples were not analyzed in the study, conclusions on the altered expression levels in RCC tissue and their potential reflection in serum miRNA expression and additional involvement in ccRCC pathogenesis cannot be drawn. As for miR-193a-3p, it was shown to target the tumor suppressor phosphatase and tensin homolog (PTEN) and mediate the PI3K/Akt pathway, thereby promoting RCC cell growth and progression (Liu L. et al., 2017; Pan Y. et al., 2018). miR-572 likewise represents an oncomir in RCC pathogenesis by enhancing proliferation and invasion and inhibiting tumor cell apoptosis by suppressing NF2/Hippo signaling (Guan et al., 2018; Pan et al., 2018a). On the other hand, miR-28-5p (Wang et al., 2016) and miR-362 (Zou et al., 2016; Zhu et al., 2020) were suggested as tumor-suppressive miRNAs in RCC, although the miR-362 serum levels were increased in the study by Wang et al. (2015).

Another miRNA that was reported to qualify as liquid diagnostic biomarker is miR-144-3p, which is overexpressed in the plasma of RCC patients and could successfully discriminate RCC from both healthy individuals and patients with renal angiomyolipoma. The sensitivity and the specificity were at 87.1 and 83.02% or 75 and 71.7%, respectively (Lou et al., 2017). The miR-144-3p levels in RCC tissue were likewise increased, and the plasma levels drastically dropped after curative surgery was performed (Xiao et al., 2017). miR-144-3p may promote ccRCC progression and induce resistance to the receptor tyrosine kinase inhibitor sunitinib by targeting AT-rich interaction domain 1A (ARID1A), which is the gene of the SWI/SNF subunit in the SWI/SNF chromatin remodeling complex (Xiao et al., 2017; Mathur, 2018). ARID1A influences cell cycle, apoptosis, and p53 targets, thus acting as a tumor suppressor (Mathur, 2018). However, the role of miR-144-3p in RCC pathogenesis may not be clear as another study conversely suggested miR-144-3p both being decreased in RCC tissue and acting as a tumor suppressor by targeting mitogen-activated protein kinase 8 (MAP3K8) (Liu F. et al., 2016).

miR-508-3p and miR-509-5p were both demonstrated to play a role in RCC pathogenesis and additionally altered tissue and plasma expression levels were reported. As for miR-508-3p, the expression levels in tissue, plasma, and serum are consistently decreased as reported by two studies (Zhai et al., 2012; Liu et al., 2019a), and serum miR-508-3p was able to differentiate RCC and non-cancer samples (AUC = 0.8), which even improved when combined with increased serum levels of miR-885-5p (AUC = 0.9) (Liu et al., 2019a). As for miR-509-5p, the evidence is not as clear since its expression was found to be decreased in the plasma of RCC patients, yet the difference was not significant in every available study although the baseline characteristics of the study population were similar (Zhai et al., 2012; Zhang et al., 2013). Nonetheless, both miR-508-3p and miR-509-5p may act as tumor suppressors in RCC by inducing apoptosis and inhibiting cell proliferation and migration in vitro (Zhai et al., 2012; Zhang et al., 2013; Liu et al., 2019a). Zinc finger E-box-binding homeobox 1 and nuclear factor kappa B subunit 1 may represent targets of miR-508-3p as demonstrated in cervical and gastric cancer (Huang et al., 2016; Guo et al., 2018).

Furthermore, Chen et al. (2018a) also investigated several plasmatic miRNAs for their diagnostic potential in RCC, including miR-210, which we already discussed earlier. In their study, besides miR-210, the authors included miR-224 and miR-141 and analyzed various plasmatic combinations of the three miRNAs. Interestingly, the combination of the significantly elevated miR-224 and the decreased miR-141 plasma levels in a miR-224/miR-141 ratio showed the best diagnostic capability (AUC = 0.9898, sensitivity 97.06%, specificity 98.53%), representing a promising potential diagnostic tool in RCC patients (Chen et al., 2018a). However, this was not tested in a validation cohort, and external validation is missing. Considering the varying and partly conflicting results in the analysis of miRNAs in a larger body of evidence, at this point, it should be considered hypothesis-generating until confirmed by future studies.

miR-21, which has been repeatedly shown to be overexpressed in RCC tissue and has been suggested as a prognostic marker in RCC patients (Faragalla et al., 2012; Zaman et al., 2012; Vergho et al., 2014), was also reported to be elevated in patients’ serum samples and positively correlated to tumor stages, indicating a potential role as a blood-based diagnostic biomarker (Cheng et al., 2013; Tusong et al., 2017). Additionally, a decline in miR-21 serum levels after surgery was reported (Tusong et al., 2017). However, Sanders et al. (2012) could not confirm the potential clinical value of miR-21, as, in their analysis, the expression levels were highly similar between controls and urological cancers including RCC. This may be due to differences in the study populations as serum miR-21 could be correlated to tumor stages (Cheng et al., 2013). Interestingly, increased serum levels of miR-21 were observed in other cancer types as well, including prostate, lung, and breast cancer (Zhang H. L. et al., 2011; Liu et al., 2012; Schwarzenbach et al., 2012). Besides miR-21, Cheng et al. (2013) also discovered that miR-34a and miR-224 were overexpressed, and miR-141 expression was significantly decreased in the sera of RCC patients, corroborating previously discussed results of miR-224 and miR-141 (Chen et al., 2018a).

In RCC cells, miR-21 was proposed to act as an oncogenic miRNA and enhance tumor progression and proliferation while inhibiting apoptosis (Zhang A. et al., 2011; Li X. et al., 2014; Petrozza et al., 2015). Additionally, it may target VHL mRNA (Sun et al., 2019; Zang et al., 2019), the loss of which plays a major role in RCC tumorigenesis and promotes normoxic HIF signaling (Shen and Kaelin, 2013).

miR-106a is another candidate for a diagnostic miRNA in ccRCC as it was significantly overexpressed in the serum of 30 ccRCC patients with matched controls and was reduced after curative surgery, which indicates a potential use in post-surgery biomarker monitoring (Tusong et al., 2017). In addition, miR-106a could differentiate ccRCC patients from controls with an AUC of 0.819 and a sensitivity and a specificity of 86.7 and 70%, respectively (Tusong et al., 2017). However, the members of the miR-106 family miR-106a-5p and miR-106a∗ were previously reported to be downregulated in RCC tissue (Ma et al., 2015; Pan et al., 2017), which is in contrast to the findings of increased miR-106a levels in patient serum by Tusong et al. (2017). miR-106a-5p overexpression was shown to inhibit both cell migration and invasion in vitro and reduced metastases in vivo by targeting p21 activated kinase 5 (Pan et al., 2017). Moreover, miR-106a∗ was found to suppress the proliferation of RCC cell lines by inhibiting IRS-2 and thus inhibiting PI3K/Akt signaling (Ma et al., 2015). Therefore, the serum expression of miR-106a should be interpreted with caution unless validation in larger cohorts was performed.

Another miRNA which may qualify as a future marker in the diagnosis of RCC is miR-625-3p. It was reported to be overexpressed in ccRCC tissues yet decreased in the serum of ccRCC patients (Zhao et al., 2019a). A high tissue expression of miR-625-3p was an independent predictor for poor OS (HR = 2.949, 95%CI 1.413–6.152, p = 0.004), whereas serum expression could significantly differentiate ccRCC patients from healthy controls (AUC = 0.792, sensitivity 70.3%, specificity 80%) (Zhao et al., 2019a). However, the inconsistency in miR-625-3p expression in tumor tissue and patient serum demands further validation. In functional investigations in RCC cell lines, miR-625-3p was shown to enhance RCC cell migration and invasion and additionally inhibit apoptosis (Zhao et al., 2019a).

Wulfken et al. (2011) identified miR-1233, which showed significantly higher levels in both RCC tissue and patients’ serum, as a biomarker candidate in RCC diagnostics. The diagnostic utility was verified in a multicenter validation cohort including 84 RCC patients and 93 controls, yet although miR-1233 was able to significantly discriminate RCC patients from healthy individuals, the results in the validation cohort may not support its use in clinical routine (AUC = 0.588, sensitivity 77.4%, specificity 37.6%) (Wulfken et al., 2011). Even so, the combination of miR-1233 with miR-141 could promisingly enhance the diagnostic capability, reaching a sensitivity of 100% and a specificity of 73.3% (Yadav et al., 2017). In addition, Zhang et al. (2018) found that serum exosomal miR-1233 increased in their study including 82 RCC patients and successfully differentiated RCC from non-cancer samples, corroborating previous results. The pathogenetic role of miR-1233 in RCC to date is not well investigated; however, the observed increase of miR-1233 levels upon hypoxia in RCC cell lines indicates its involvement in hypoxic cell signaling (Dias et al., 2017).

Apart from acting as biomarkers, exosomal miRNAs were suggested to promote RCC progression. Wang et al. (2019) reported that exosomal miR-19b-3p that originated from ccRCC cancer stem cells (CSC) in RCC metastases transfers EMT potential to renal cancer cells by being incorporated by the tumor cells. Mechanistically, miR-19b-3p targets the tumor suppressor PTEN and enhances lung metastases (Wang et al., 2019). This was also verified in rodent models, and CD103 overexpression in CSC exosomes was suggested to guide exosomes to their destinations in tumor and lung tissue. Corroborating these results, in a cohort of 209 ccRCC patients, CD103+ exosomes were significantly increased in patients with metastatic disease, indicating a potential use in the diagnosis and the monitoring of metastasized ccRCC (Wang et al., 2019).



Circulating miRNAs as Prognostic Biomarkers in RCC

Dias et al. (2017) aimed to analyze the potential prognostic utility of the already afore-discussed miR-210, miR-221, and miR-1233 in the blood plasma of RCC patients. Interestingly, the increased plasma levels of all investigated miRNAs were significantly associated with poor cancer-specific survival (CSS) and independently predicted for CSS when combined as a single biomarker (HR = 3.02, 95%CI 1.19–7.64, p = 0.014). Moreover, this miRNA panel complements prognostic parameters, such as tumor stage, Fuhrman grade, age, and gender, as it significantly improves their prognostic capacity when combined to an index with already established clinico-pathological parameters (Dias et al., 2017). As for miR-221, this corroborates the findings of Teixeira et al. (2014) who reported miR-221 to be upregulated in the plasma of RCC patients. Moreover, plasma levels were found to be even higher in patients who already had metastatic disease when first diagnosed with RCC. Increased plasmatic miR-221 expression levels represented an independent prognostic marker for OS (Teixeira et al., 2014). In the same study, miR-222, the plasmatic expression of which was also observed to be increased in RCC patients versus healthy controls, did not validate as an independent predictor of overall survival (OS). Interestingly, the addition of plasmatic miR-221 levels to the already established clinico-pathological parameters TNM stage, Fuhrman grade, and age combined could improve their prognostic capability (c-index 0.8, HR = 4.5, 95%CI 1.17–17.34, p = 0.029 versus c-index 0.961, HR = 10.7, 95%CI 1.33–85.65, p = 0.26) (Teixeira et al., 2014). Both miR-221 and miR-222 were found to be significantly overexpressed in RCC tissue vs. healthy renal parenchyma and have already been considered as promoters of RCC proliferation and progression in numerous studies (Lu et al., 2015; Liu et al., 2019b; Zhao et al., 2019b; Lv et al., 2020). Furthermore, both miRNAs were proposed as predictive markers for treatment response to sunitinib therapy and were demonstrated to enhance angiogenesis via targeting the vascular endothelial growth factor receptor 2 (VEGFR2) (Khella et al., 2015; Garcia-Donas et al., 2016). This mechanism was also shown to regulate the response to sunitinib treatment in prostate cancer (Krebs et al., 2020). miR-221 was additionally suggested in the regulation of HIF-1α, which plays a major role in RCC pathogenesis (Penolazzi et al., 2019), and beyond that, it could enhance RCC cell proliferation, migration, and invasion by targeting the tissue inhibitor of metalloproteinases 2 (TIMP2) as found in cell culture models (Lu et al., 2015).

miR-224 was already shown to have a potential diagnostic utility in the previous chapter (Chen et al., 2018a). As for its impact on RCC prognosis, Fujii et al. (2017) analyzed exosomal miR-224 in RCC patients. miR-224 was upregulated in RCC tissue and the high exosomal miR-224 in the blood of 108 RCC patients independently predicted for shorter CSS, progression-free survival (PFS), and OS (CSS: HR = 1.6, 95%CI 1.1–2.5, p = 0.014; PFS: HR = 11, 95%CI 3.3–68.7, p ≤ 0.0001; OS: HR = 9.1, 95%CI 1.8–166.1, p = 0.0043), respectively (Fujii et al., 2017). Functional experiments revealed an oncogenic role of miR-224 in RCC pathogenesis. Exosomes containing miR-224 from a metastatic RCC cell line that were added to a cell line of primary RCC enhanced proliferation and invasion and, moreover, increased the intracellular miR-224 levels in primary cell lines (Fujii et al., 2017). This indicates the importance of exosomal miRNAs in cancer progression (Fujii et al., 2017; Kulkarni et al., 2019). Furthermore, miR-224 was shown to influence RCC progression by directly targeting alpha-2,3-sialyltransferase IV and impacting the PI3K/AKT pathway (Pan Y. et al., 2018).

Another study that investigated the prognostic utility of plasma exosomal miRNAs was conducted by Du et al. (2017). In their study, in a first step, plasma exosomal miRNA expression levels were evaluated in a discovery cohort including 44 patients with metastatic RCC. In a second step, the most promising miRNAs were confirmed in a validation cohort of 65 patients. Eventually, miR-26a-1-3p (HR = 0.43, 95%CI 0.1–0.84, p = 0.025), miR-615-3p (HR = 0.36, 95%CI 0.11–0.54, p = 0.0007), and miRNA let-7i-5p (HR = 0.49, 95%CI 0.21–0.84, p = 0.018) retained their prognostic value in the validation set, and decreased plasma exosomal expression was significantly associated with adverse prognosis (Du et al., 2017). Moreover, Du et al. (2017) compared the prognostic ability of the established Memorial Sloan-Kettering Cancer Center (MSKCC) score, which takes multiple clinico-pathological factors into consideration, versus the MSKCC score with the inclusion of let-7i-5p. In their analysis, the addition of let-7i-5p improved the prognostic capability (AUC = 0.64) as compared to the MSKCC score alone (AUC = 0.58) (HR = 3.43, 95%CI 2.73–24.15, p = 0.0002 for the combination) (Du et al., 2017). The miRNA let-7 family mainly exerts tumor-suppressive functions in cancer, yet several subtypes may also act as oncogenes (Chirshev et al., 2019). However, let7i-5p and its role in RCC pathogenesis have not been evaluated yet. The members of the let7-family let7b and let7c were reported to be decreased in RCC tissue and were able to suppress proliferation and restore chemoresistance to 5-fluorouracile in in vitro experiments (Peng et al., 2015). In contrast, let-7g-5p and let-7i-5p were significantly overexpressed in a study including 94 ccRCC specimens (Gowrishankar et al., 2014). The differing results across the let-7 subtype underline the different biological roles of let-7 subtypes, and further research is therefore necessary to clarify the functional role of exosomal let-7i-3p in RCC. Results in other cancer types suggest a tumor-suppressive role of let-7i as, for instance, they are downregulated in ovarian and bladder cancer and inhibited tumor proliferation and chemoresistance (Yang et al., 2008; Qin et al., 2019). As for miR-615-3p, Wang Q. et al. (2018) found it to be sponged by the lncRNA HOXA transcript at the distal tip (HOTTIP) and to target insulin-like growth factor 2 in RCC. In their study, HOTTIP was shown to be upregulated in RCC tissue, and the overexpression of HOTTIP was reported to promote RCC proliferation, migration, and invasion in vitro, implicating a tumor-suppressive role of miR-615-3p (Wang Q. et al., 2018).

Chanudet et al. (2017) screened for circulating miRNAs in RCC using microRNA arrays in plasma samples of 94 ccRCC patients of all clinical stages and 100 healthy controls. Although they could not recommend single miRNAs or miRNA signatures for the early diagnosis of ccRCC, thereby contradicting previous results, the authors found lower miR-150 expression in the plasma of ccRCC patients to be independently associated with cancer-specific survival (HR = 1.3, 95%CI 1.0–1.8, p = 0.03) (Chanudet et al., 2017). Even though miR-150 has not been functionally investigated in RCC yet, the utility of exosomal serum miR-150 levels in colorectal cancer for prognosis prediction supports the notion of its future clinical utility in RCC (Zhao Y. J. et al., 2019; Zou et al., 2019). However, miR-150 may exert different functions in different cancer types as, for instance, it promotes metastasis in lung cancer, whereas it may behave as a tumor suppressor in colorectal cancer (Li et al., 2016; Chen et al., 2018b).



Circulating miRNAs as Predictive Biomarkers for Therapy Response

Circulating miRNAs might also be involved in acquiring resistance to treatment regimens in RCC. A recent study suggests that miR-35-5p carried in extracellular vesicles participates in the development of resistance to the multi-targeted receptor tyrosine kinase inhibitor sunitinib (He et al., 2020). In the study, sorafenib-sensitive cell lines were exposed to extracellular vesicles of sorafenib-resistant RCC cells, which contained increased levels of miR-31-5p. This resulted in increasing sorafenib resistance in the former treatment-sensitive cell lines, indicating transmitted therapy resistance by miR-31-5p via extracellular vesicles. The role of miR-31-5p in the induction of sorafenib resistance was subsequently demonstrated in further in vitro and in vivo experiments, and functional analysis revealed MutL homolog 1 (MLH1) as a direct target of miR-31-5p. The authors speculate that reduced MLH1 expression and subsequent increased genomic instability may facilitate the development of drug resistance (He et al., 2020). Ultimately, He et al. (2020) found significantly increased levels of miR-31-5p within extracellular vesicles in the serum of RCC patients, who had progressed on sorafenib-based treatment, as compared to serum levels before treatment initiation. This indicates a possible role as a predictive biomarker for the development of sorafenib resistance; however, the authors did not further investigate miR-31-5p levels and the potential impact on clinical endpoints such as PFS or response rates (He et al., 2020). Nevertheless, the role of miR-31-5p in RCC pathogenesis is not without inconsistencies. A previous study suggested that miR-31-5p may act as a tumor suppressor in RCC by inhibiting proliferation, migration, and invasion via targeting cyclin-dependent kinase 1 (Li et al., 2019). Moreover, the expression of miR-31-5p has been reported to be significantly lower in RCC tissue and cell lines (Li et al., 2019).

Gamez-Pozo et al. (2012) developed several predictive models of miRNA expression in the peripheral blood for resistance to sunitinib therapy in a prospective observational multicenter study including 38 metastatic RCC patients who received first-line treatment with sunitinib. Blood samples were taken before and 2 weeks after treatment initiation, and micro-array assays and subsequent verification of promising miRNA candidates with qPCR were performed. The authors developed 12 predictive models for each response group, whereas poor response was defined as progression earlier than 6 months and prolonged response was defined as progression later than 18 months after therapy initiation. The expression levels of up to four miRNAs per individual model and 28 miRNAs in total were significantly related with their respective prognostic groups. One model of the poor response group, including miR-192, miR-193-3p, and miR-501-3p, and one model of the prolonged response group, which included miR-miR-410, miR-1181, and miR-424∗, prevailed their predictive ability in the validation with qRT-PCR (Gamez-Pozo et al., 2012). However, due to the relatively small patient sample, further research and validation is required.



CIRCULATING LONG NON-CODING RNAs IN RCC

Although the utility of circulating lncRNAs as biomarkers in cancer and potential pathomechanisms have been reported repeatedly, in RCC data remain limited.

The lncRNA gradually increased during hepatocarcinogenesis (GIHCG) may represent a promising biomarker in RCC (He et al., 2018). GIHCG is overexpressed in RCC tissue as compared to healthy adjacent tissue and is also elevated in the serum of RCC patients, showing a highly significant correlation with tumor tissue expression levels. Moreover, the GIHCG serum levels were able to discriminate RCC patients and healthy individuals with a sensitivity and a specificity of 87 and 84.8%, respectively (AUC = 0.920) (He et al., 2018). In addition, GIHCG retained its diagnostic ability when only early-stage RCC and healthy controls were compared, and RCC tissue expression levels were significantly associated with OS; however, no uni- and multivariate analyses were performed (He et al., 2018). GIHCG was first described in hepatocellular carcinoma, where it was demonstrated to enhance tumor cell proliferation, migration, and metastases both in vitro and in vivo by recruiting the transcription factors EZH2 and DNMT1 to the miR-200b/a/429 promoter, thereby epigenetically silencing miR-200b/a/429 expression (Sui et al., 2016). Since then, GIHCG’s oncogenic role has been reported in various cancers such as ovarian, colorectal, gastric, and cervical cancer (Yao et al., 2018; Jiang X. et al., 2019; Liu G. et al., 2019; Zhang et al., 2019). He et al. (2018) eventually confirmed this role in RCC in knockdown experiments.

Wu et al. (2016) attempted to develop a panel including several lncRNAs as a novel diagnostic marker for RCC. In their study, potential lncRNAs for further investigation were first discovered in RCC tissue, and the serum expression of lncRNA candidates was analyzed in a discovery cohort including 25 patients with ccRCC, pRCC, or chRCC in a second step. Subsequently, promising lncRNAs were evaluated in a validation set of 37 patients and 35 healthy controls. A panel of five lncRNAs, low expressed in tumor (LET), plasmacytoma variant translocation 1 (PVT1), promoter of CDKN1A antisense DNA damage activated RNA (PANDAR), phosphatase and tensin homolog pseudogene 1 (PTENP1), and linc00963, was able to successfully discriminate non-cancer from RCC patients (AUC = 0.823) and retained their diagnostic ability throughout the different clinical TNM stages, also indicating their utility as early markers for RCC (Wu et al., 2016). In an additional small clinical patient set which also included patients with benign renal tumors, the cancer patients showed significantly higher risk indices as compared to controls (Wu et al., 2016). lncRNA LET is considered a tumor suppressor in a variety of cancer types which also accounts for RCC, where LET was shown to enhance apoptosis and impair mitochondrial membrane potential by targeting miR-373-3p, thereby regulating Dickkopf 1 and tissue TIMP2 expression (Weidle et al., 2017; Ye et al., 2019). Moreover, PTENP1, too, acts as a tumor-suppressive factor in RCC by acting as a competing endogenous RNA for miR-21, which would otherwise promote cell proliferation, migration, and invasion by the suppression of PTEN, an important tumor suppressor (Zhang A. et al., 2011; Song et al., 2012; Yu et al., 2014). In contrast, PVT1 (Pan et al., 2018b; Derderian et al., 2019) and PANDAR (Li J. et al., 2017; Han et al., 2019) are well-known oncogenic lncRNAs, and their role in RCC tumorigenesis and negative impact on RCC outcome have been reported (Bao et al., 2017; Xu et al., 2017; Yang et al., 2017; Li et al., 2018). Linc00963 has not been investigated in RCC yet but was indicated to promote cancer progression in a variety of malignancies such as head and neck cancer osteosarcoma and breast cancer (Zhou et al., 2019b; Lee et al., 2020; Wu et al., 2020). However, Wu et al. (2016) found that the expression levels of PVT1 and linc00963 were significantly downregulated in the serum of RCC patients as compared to tissue expression levels.

The lncRNA activated in RCC with sunitinib resistance (ARSR) was first described by Qu et al. (2016), who suggested the involvement of exosomal ARSR in the development of resistance to sunitinib in RCC and discovered its potential pathomechanism. ARSR expression was increased in the RCC tissue of patients who were resistant to sunitinib as well as in resistant RCC cell lines. Moreover, plasma levels were significantly elevated in RCC patients as compared to healthy controls, and detectable ARSR levels dropped after surgical treatment and increased upon tumor recurrence. Higher plasma ARSR levels independently predicted for shorter PFS for sunitinib treatment (HR = 2.9, 95%CI 1.2–7.1, p = 0.017) (Qu et al., 2016). This indicates that the circulating ARSR in RCC patients is a promising biomarker for response to sunitinib (Qu et al., 2016). Interestingly, ARSR has also been associated with drug resistance in osteosarcoma and hepatocellular carcinoma (Li Y. et al., 2017; Shen and Cheng, 2020). Furthermore, Qu et al. (2016) elucidated the underlying mechanism in RCC and demonstrated that ARSR upregulation is indispensable for the development of sunitinib resistance. ARSR was shown to sponge both miR-34 and miR-449, thereby preventing them from binding to their targets AXL and c-MET, thus inhibiting their degradation. As a result, ARSR upregulation results in a likewise increase of AXL and c-MET and further activation of the downstream STAT3, AKT, and ERK signaling pathway (Qu et al., 2016). The involvement of ARSR in STAT3 and AKT regulation was confirmed in liver cancer (Li Y. et al., 2017; Yang et al., 2019). Moreover, in RCC, AKT was found to promote ARSR expression by inhibiting forkhead box protein O1/3a (FOXO1 and FOXO3a), which results in the formation of a positive feedback loop (Qu et al., 2016). Interestingly, the exosomal secretion of ARSR was reported to transfer sunitinib resistance to former sunitinib-sensitive cells both in vitro and in vivo, indicating the exosomal dissemination of sunitinib resistance. In addition, therapeutically targeting ARSR could restore sunitinib sensitivity in vivo (Qu et al., 2016).



CIRCULATING YRNAS IN RCC

YRNAs are small ncRNA molecules that form characteristic stem-loop formations because of their complementary 5′ and 3′ UTRs (Pruijn et al., 1993). Originally, they were reported in rheumatic diseases where they were found to be part of soluble ribonucleoproteins (Hendrick et al., 1981). YRNAs comprise the four subtypes hY1, hY3, hY4, and hY5 and are abundant in both serum and plasma (Dhahbi et al., 2013; Yeri et al., 2017). Recently, they have been suggested as circulating biomarkers in breast as well as head and neck cancer (Dhahbi et al., 2014; Victoria Martinez et al., 2015). In RCC, although Nientiedt et al. (2018) reported significant alterations in the expression levels of hY3 and hY4 in malignant versus healthy tissue, they could not find any differences in serum expression levels. Thus, YRNAs do not bring any additional value as easily available blood-based biomarkers in RCC (Nientiedt et al., 2018).



COMPARISON TO CURRENT STANDARDS

The early diagnosis of RCC still remains difficult due to the lack of broad screening programs and a specific panel of symptoms already noticeable at early-stage disease. Many patients are diagnosed incidentally when they present with symptoms like hematuria, abdominal mass, or flank pain (Vasudev et al., 2020). Since many of these symptoms are non-specific, the majority of patients do not get completely evaluated within the first 6 months after initial presentation (Zhou et al., 2019a), thus reducing the number of patients diagnosed at an early stage. This is a major issue since early diagnosis is crucial for successful therapy and is associated with better patient survival (Tsui et al., 2000; Palsdottir et al., 2012). Hence, finding liquid biomarkers for early-stage disease detection might prove to be beneficial for patients. Due to the minimal invasiveness of liquid biopsies, they could be performed routinely. However, up to now, there is no established biomarker available for clinical use. RCC is reported to present with lower circulating tumor DNA (ctDNA) levels compared to other tumor entities (Smith et al., 2020), excluding it as a feasible diagnostic marker in RCC. Also, CTCs have not been established for clinical use in RCC diagnosis yet due to heterogenous surface marker expression (Bu et al., 2020), which makes an enrichment with the CellSearchTM system, the only FDA-approved CTC capture platform, difficult (Bai et al., 2018). Therefore, circulating ncRNAs might represent useful and easily available biomarkers in the diagnosis and treatment of RCC. As summarized in this review, the analysis of various circulating ncRNAs can distinguish RCC patients from healthy donors. However, systematic screenings and larger-scale studies, which would be necessary for a potential clinical implementation in the diagnosis of early-stage RCC, are missing.

For prognostic purposes, the International Metastatic RCC Database Consortium (IMDC) and MSKCC risk scores are the current standard tools in RCC. Both use a panel of six or five clinical parameters to predict patient outcome, respectively (Tanaka et al., 2016). Even though they are widely validated, there are also reports showing their limitations. Indeed they performed fairly accurate in predicting OS in different cohorts of mRCC patients undergoing first- and second-line targeted therapy (Heng et al., 2009; Ko et al., 2015; Tanaka et al., 2016). Their respective prognoses for around 23% of patients in a treatment-naïve cohort undergoing the first line of targeted therapy do not match, suggesting limited prognostic capacity (Okita et al., 2019). They also do not perform well in predicting OS in patients undergoing cytoreductive nephrectomy (Westerman et al., 2020). Thus, implementation of additional or new biomarkers, to reliably stratify RCC patients in the era of targeted therapies, might be beneficial. It was already shown that the inclusion of an additional miRNA as a marker could improve the prognostic capacity of the MSKCC score (Du et al., 2017). Various ncRNAs, as described in this review, have prognostic capacities for OS (Teixeira et al., 2014) or therapy response (Gamez-Pozo et al., 2012; Li et al., 2019; He et al., 2020). In general, multiple miRNAs or lncRNAs summarized in a distinctive panel or signature appear to bring higher predictive values. Hence, comparisons of ncRNAs alone or in combination with well-established clinical scores, with scores like the MSKCC and IMDC, might be interesting to evaluate to check whether prognosis prediction in various settings can be improved.



CONCLUSION

In order to make circulating ncRNAs feasible biomarkers for diagnosis and prognosis in RCC, comparisons with current, well-established standards are necessary to determine whether they add any value. Therefore, sensitivity, specificity, and accuracy would have to be compared or added to scores like the IMDC or the MSKCC or other promising methods such as genomic profiling.

However, due to missing validations and an ongoing discussion about, for example, optimal sample processing and normalization, circulating ncRNAs are not yet to enter clinical practice in RCC, and further research is needed.
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Extracellular Vesicles (EVs), membrane vesicles released by all cells, are emerging mediators of cell-cell communication. By carrying biomolecules from tissues to biofluids, EVs have attracted attention as non-invasive sources of clinical biomarkers in liquid biopsies. EVs-based liquid biopsies usually require EVs isolation before content analysis, which frequently increases sample volume requirements. We here present a Flow Cytometry (FC) strategy that does not require isolation or concentration of EVs prior to staining. By doing so, it enables population analysis of EVs in samples characterized by challenging small volumes, while reducing overall sample processing time. To illustrate its application, we performed longitudinal non-lethal population analysis of EVs in mouse plasma and in single-animal collections of murine vitreous humor. By quantifying the proportion of vesicular particles in purified and non-purified biological samples, this method also serves as a precious tool to quality control isolates of EVs purified by different protocols. Our FC strategy has an unexplored clinical potential to analyze EVs in biofluids with intrinsically limited volumes and to multiply the number of different analytes in EVs that can be studied from a single collection of biofluid.
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INTRODUCTION

Extracellular vesicles (EVs), membrane vesicles released by all cells, are emerging players in cell-cell communication. In addition to differences in size and biogenesis mechanism, EVs are highly heterogeneous in molecular composition and biological properties (Groot Kormelink et al., 2016; Kowal et al., 2016; Willms et al., 2016, 2018). Their cargo includes proteins, lipids and nucleic acids, which can be transported both locally and to distant cellular targets through the peripheral circulation. As shown by us (Peinado et al., 2012; Costa-Silva et al., 2015; Hoshino et al., 2015; Rodrigues et al., 2019) and others (Kalluri, 2016), EVs can act as messengers and carriers of biomolecules in physiological and pathological scenarios (Maia et al., 2018; Stahl and Raposo, 2019).

Extracellular vesicles have been described in all body fluids (Kalluri and LeBleu, 2020), including blood (Caby et al., 2005), urine (Pisitkun et al., 2004), saliva (Ogawa et al., 2011), and vitreous humor (Ragusa et al., 2015). They serve as non-invasive sources of liquid biopsies for clinical biomarkers and allow longitudinal sampling to follow disease progression. However, high heterogeneity, which include differences in both quantity and quality of EVs, usually represent a challenge to the identification of specific EVs biomarkers in human samples. To contour some of these limitations, pre-clinical models are frequently employed, as they permit a higher degree of control over the experimental setup and sampling, and facilitate basic research related to EV composition, biogenesis and biological functions. Murine models in particular display a smaller degree of variability than clinical samples, which facilitates the discovery of biomarker candidates. However, sample volume requirements may complicate or even hamper the study of EVs in small volumes of individual collections mouse biofluids. This is mainly due to the general requirement for isolation of EVs before analysis, which inherently increases the sample volume consumption and potentially limits the number of EVs that can be harvested, thus restricting downstream analysis.

Several EV isolation methodologies are available, including separation of vesicles of similar size (e.g., by ultrafiltration, size exclusion chromatography, nanowire-based traps and deterministic lateral displacement systems), similar mass and/or density (e.g., by gradient-coupled ultracentrifugation and acoustic separation systems). It is worth noting that most of these techniques display high sample volume requirements, which can be difficult to achieve depending on the experimental context. To circumvent the volume issue, some technologies, like microfluidic lab-on-a-chip, have been developed. However, their full implementation still needs to overcome several hurdles (e.g., manual sample preparation and many non-automated chips) (Boriachek et al., 2018). Currently, there are no available methods to purify only EVs expressing endosomal features, nor consensus on markers that could be used to differentiate smaller endosomal-derived (i.e., exosomes) from larger membrane shedding-derived (i.e., Microvesicles) vesicles. Even molecules considered as markers of small endosomal EVs, such as HSP70, CD63 and CD9, have been reported to be present both in small and large EVs (Kowal et al., 2016). In the specific case of CD63, previous reports described EV isolates from several cell lines as lacking this molecule (Zhang et al., 2018). Thus, although the majority of our vesicles display exosomes features, including size (Table 1), we decided to identify them as EVs throughout the manuscript to avoid potential misidentification of our sample, following the latest MISEV’s recommendations (Thery et al., 2018). Importantly, the aim of this work is not to focus our study in endosomal EVs, but instead to present a new method that can help the study of EVs populations in general.


TABLE 1. Comparison of size range, sample volume and processing times between distinct isolation methods of EVs.

[image: Table 1]Once purified, pooled EVs can be studied for their protein (e.g., by western blotting and mass spectrometry), lipid (e.g., by mass spectrometry) and nucleic acid (e.g., by PCR, DNA and RNA sequencing) content (Contreras-Naranjo et al., 2017; Shen et al., 2017; Guo et al., 2018). Nevertheless, these methods lack information on subpopulations and molecular heterogeneity of EVs at a single-vesicle level. Technologies based on immunoaffinity-capture surfaces and beads, such as ELISA and conventional flow cytometry, have enabled the analysis of populations of EVs expressing specific antigens (Kowal et al., 2016; Guo et al., 2018). However, by capturing heterogeneous groups of EVs containing a common molecule of interest or due to resolution limitations, these methods do not allow for single-vesicle analysis of small EVs (Arenaccio and Federico, 2017; Shah et al., 2018; Zhang et al., 2018).

By tackling some of these issues, Flow Cytometry (FC) has emerged as a promising tool for thorough single-EV studies. Recently, several groups described novel strategies to stain purified EVs for FC (Morales-Kastresana et al., 2017), reported on the detection of EVs immune-captured by conventional FC (Campos-Silva et al., 2019), optimized imaging FC for analysis of EV samples (Gorgens et al., 2019) and developed new methodologies for the detection and sorting of EVs (Morales-Kastresana et al., 2019). However, existing protocols require EVs’ isolation (Nolte-’t Hoen et al., 2012; van der Vlist et al., 2012; Pospichalova et al., 2015; Groot Kormelink et al., 2016; Morales-Kastresana et al., 2017), volume concentration (Choi et al., 2019) or immunocapture of subsets of EVs (Gorgens et al., 2019) prior to staining. All these factors increase the processing time, limit the analysis of EVs to sub-populations containing biomolecules of interest and/or prevent sample analysis of small volumes and/or low numbers of EVs.

We here present a modified FC strategy that does not require isolation of EVs or concentration prior to staining, enabling the analysis of single EVs in both purified and non-purified biological samples. Determining the optimal strategy for isolating EVs for an endpoint analysis is often a critical step. Here we show the application of our FC strategy to assess the purity of isolates of EVs prepared by different protocols, thus addressing a current concern for standardization and quality control in the field of EVs (Théry et al., 2019). We also show the application of our strategy to the analysis of non-purified populations of EVs in microvolumes of individual longitudinal non-lethal collections of mouse plasma biofluids. We also demonstrate the application of our strategy to study EVs in individual mouse vitreous humor samples.



METHODS


General Setup

The Flow Cytometry (FC) strategy presented in this manuscript is here briefly summarized and depicted in Graphical Abstract. Our general setup, starts with the NTA characterization of the biological samples. After that, the same number of particles is stained with antibody and CFSE. In order to remove of unbound CFSE and antibody, Size Exclusion Chromatography (SEC) columns are used and EVs-enriched fractions are pooled and analyzed with the Flow Cytometer Apogee A60-Micro-Plus (Apogee Flow Systems, United Kingdom).



Cells

The C57Bl/6 murine PAN02 cell line (also identified as Panc 02, originally induced by 3-MCA, Corbett et al., 1984) was purchased from the DTP, DCTD Tumor Repository, NIH, and cultured in RPMI 1640 (Corning 15363561, NY, United States). The medium was supplemented with 10% Fetal Bovine Serum (FBS, Biowest S181BH-500, Nuaillé, France) and 1% penicillin–streptomycin (Gibco 15-140-122, United States), and maintained in a humid incubator with 5% CO2 at 37°C. For conditioning, cells were cultured in DMEM, High Glucose, with Glutamine, No Phenol Red (Gibco 31-053-028, United States) supplemented with 1% penicillin–streptomycin and 10% EV-depleted FBS. FBS was depleted of bovine EVs by ultracentrifugation at 100,000 g for 140 min. For the preparation of conditioned medium, 1 × 106 PAN02 cells were seeded per 150 mm culture dish containing 20 mL of medium, and the conditioned medium was collected after 72 h of culture.



Tumor Induction, and Plasma and Vitreous Humor Collection

All mouse work was performed in accordance with national animal experimentation guidelines (DGAV), animal protocol 0421/000/000/2018. Adult C57Bl/6 female mice (5–8 weeks old) were used for all experimental procedures. Mice were anesthetized using isoflurane 1.5–3%. Mouse vitreous humor was collected from naïve mice using 29G syringes (BD 324892, New Jersey, United States) inserted at a 45° angle into the vitreous cavity 2 mm posterior to the limbus. The volume of vitreous humor collected per mouse was in average 5 μL, where 5 μL of vitreous humor was diluted in 20 μL of 5,000 U-I-/mL heparin.

For tumor induction, a suspension of 1.5 × 106 PAN02 tumor cells, resuspended in 30 μL Matrigel (Corning 354230, NY, United States), was injected intrahepatically with 29G syringes in a total of 19 animals. The experiments had a length of 14 days. Blood was collected on the day prior (Day 0), and 7 and 14 days after intrahepatic injection of PAN02 tumors. On Day 0 and Day 7 the blood was collected by submandibular bleeding via blood collection lancets, and on Day 14 it was collected by retro-orbital bleeding via heparinized glass capillary tubes. The volume of plasma collected per mouse was in average 20 μL, which were diluted in 50 μL of 5,000 U-I-/mL heparin.



EVs’ Flow Cytometry

The A60-Micro-Plus machine (Apogee Flow Systems, United Kingdom) is equipped with three spatially separated lasers (488 nm – Position C, 405 nm – Position A and 638 nm – Position B), 7 fluorescence color detectors (525/50, LWP590, 530/30, 574/26, 590/40, 695/40, 676/36) and 3 light scatter detectors (SALS, MALS, and LALS). More details are available in Table 2.


TABLE 2. Apogee A60 configuration and laser power.

[image: Table 2]As internal controls across assays, before each FC experiment we used two commercially available mixes of beads (Apogee 1493 and Apogee 1517, Apogee Flow Systems, United Kingdom). Silica and Polystyrene beads were used as reference particles for the EV detection. Using the previous described settings (Table 2), it is possible to detect particles that scatter light similarly to 100 nm silica (SiO2) beads (Figures 1Ai,ii). In this ApogeeMix, SiO2 beads have a refractive index (η) (η = 1.42–1.43) close to that of EVs (η∼1.39) (Chandler et al., 2011; van der Pol et al., 2012).
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FIGURE 1. EVs’ Flow Cytometry parameters. (A) Flow cytometry analysis of a mix of polystyrene (PS) and silica (Si) beads. Depicted in the flow cytometric plots are: 110 nm PS, 180 nm Si, 240 nm Si, 300 nm Si (i) and 83 nm PS and 100 nm Si beads (ii) (B), analysis of events/μL in relation to sample dilution factor. The utilized working range is indicated (n = 5 – representative plot). (C) Representative plots of CFSE-labeled serum-free and 10% EV-depleted FBS medium; the indicated counts (CFSE+) correspond to the events within the CFSE+ gate.


To identify event coincidence and swarming regime (Libregts et al., 2018) in the experimental settings, serial dilutions of purified EVs were performed. The working range was set in the linear region within the operational range indicated by the Apogee A60-Micro-Plus manufacturer (maximum of 3,000 events/second) (Figure 1B). Before loading, samples were diluted in filtered PBS to bring their concentration within the working range of the equipment (maximum of 3,000 events/second). All samples were run at a flow rate of 1.5 μL/min using a 405 nm – LALS threshold of 70. For the control samples, equivalent running times is the stopping criteria utilized (e.g., 200 s). Thus, in these cases control samples are captured for equivalent amounts of time in order to fairly compare the number of positive counts between the different conditions. For the population analysis experiments, the stopping criteria utilized is the number of events acquired, so samples are acquired until a minimum of 250,000 events is reached. The 405 nm – LALS PMT was monitored and always maintained below 0.35. This number is an indicator of noise, since it displays the amount of background current, which is a function of the amount of background light reaching the photomultiplier.

For the control experiments (Figure 1C and Supplementary Figures S1A,D, S4), equivalent running times was the stopping criteria utilized. Thus, in these cases control samples were captured for equivalent amounts of time in order to fairly compare the number of positive counts between the different conditions. For the population analysis experiments depicted, the stopping criteria utilized was the number of events acquired, so samples were acquired until a minimum of 250,000 events was reached. In all experimental settings, the data was not pre-gated based on the scatter signals. The acquired data was exported and analyzed with FlowJo software v10.4.2 (FlowJo LLC, United States). All flow cytometry files are available at “flowrepository.org” under the Repository ID FR-FCM-Z2EH. The link for access to the files is:

flowrepository.org/id/RvFrS5PMa2qxxbQeAKuwxsgluJLyTs fcivorJMOOPQ0rMi6fCvkTxsQmIMXgv54S



Validation of the EVs Staining Protocol

As a simple approach to normalize the input for our staining protocol, all samples were analyzed for particle concentration and size distribution by the NS300 Nanoparticle Tracking Analysis (NTA) system with red laser (638 nm) (NanoSight – Malvern Panalytical, United Kingdom). Samples were pre-diluted in filtered PBS to achieve a concentration within the range for optimal NTA analysis. Video acquisitions were performed using a camera level of 16 and a threshold between 5 and 7. Five to nine videos of 30 s were captured per sample. Analysis of particle concentration per mL and size distribution were performed with the NTA software v3.4.

For staining, 2 × 109 particles of non-purified (NP) sample or purified EVs were mixed with 40 μL of filtered PBS containing 0.4 μg of anti-CD9 conjugated to phycoerythin (PE) (Thermo Fisher Scientific LABC 12-0091-81, Massachusetts, United States) and incubated for 1 h at 37° C. Samples were incubated with Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE – Thermo Fisher Scientific LTI C34554, MA, United States) in a final concentration of 25.6 μM for 90 min at 37°C. The staining with CFSE was done after the addition of the antibody to ensure that the dye would not interfere with the antibody staining. For removal of unbound CFSE and antibody, Size Exclusion Chromatography (SEC) columns (iZON qEV original columns SP1, United Kingdom) were used. Samples containing unstained or stained EVs, and appropriate controls, were diluted up to 500 μL with filtered PBS and processed by qEV following manufacturer’s instructions. EVs-enriched fractions #7, #8, and #9 (500 μL each) were then pooled and retrieved for analysis with the Flow Cytometer Apogee A60-Micro-Plus (Apogee Flow Systems, United Kingdom).

The FC strategy here presented relies on the staining of vesicular particles with CFSE, as previously described (Pospichalova et al., 2015; Morales-Kastresana et al., 2017; Mastoridis et al., 2018). A subset of the experiments shown here was performed with conditioned medium, in which cells were grown in medium containing EVs-depleted FBS. To control for the presence of serum-derived vesicles in our samples, serum-free medium and medium containing 10% of EVs-depleted FBS were stained with CFSE and analyzed using our standard settings, with flow cytometry data being acquired for similar periods of time. CFSE+ events count in medium containing 10% of EVs-depleted FBS were as low as those found in serum-free medium, about 3% of the number of events acquired in EV samples from conditioned medium (Figure 1C).

For all subsequent analyses, quadrant thresholds were established with unstained and single-stained EVs. Vesicle-free controls containing CFSE, anti-CD9, and both CFSE and anti-CD9 are also shown. Control samples were captured using equal time periods, similar to the acquisition times of corresponding samples containing EVs (Supplementary Figure S1A). Increments in the concentration of CFSE didn’t increase the proportion of CFSE+ EVs (Supplementary Figure S1B), suggesting that our experimental conditions for CFSE staining are optimal. To ensure that Anti-CD9 staining was performed in optimal experimental conditions, incremental concentrations of Anti-CD9 were tested (Supplementary Figure S1C). The working amount of Anti-CD9 was set at 0.4 μg per staining reaction. To certify that the observed CFSE+ events were indeed vesicles, purified EVs were pre-incubated with 2% NP-40 for 1 h at room temperature and analyzed using our FC strategy. A reduction of 90% of CFSE+ events was found upon detergent treatment, confirming that most of the observed CFSE+ events were indeed EVs (Supplementary Figure S1D).



NP-40 Treatment

Extracellular vesicles were lysed by incubation with 2% NP-40 (Thermo Fisher Scientific 85124, MA, United States) for 1 h at room temperature, and then stained with CFSE and analyzed by our FC strategy, as described above.



Calculation of MESF Values

Assessment of standardized unit molecules of equivalent soluble fluorochrome (MESF) values allows for cross comparisons between different instruments and laboratories (Schwartz et al., 2004; Wang and Hoffman, 2017). In this work, MESF for PE and FITC were then used to determine the fluorescence intensity of anti-CD9 and CFSE staining, respectively. The MESF were calculated for PE and CFSE using SPEROTM Rainbow Beads Calibration Particles (Spherotech RCP-05-5, United States) according to instructions provided by the manufacturer. The MESF values were measured, with the same acquisition settings applied for all the assays and using a set of Rainbow Beads containing 4 bead populations with known equivalents of FITC molecules and 4 bead populations with known equivalents of PE molecules (Figure 2A). After data collection, the Median Fluorescence intensity (MFI) of these peaks was converted to Relative Channel Number (#CH) using the formula [Relative Channel# (#CH) = (R/4)log10(MFI), where R is the resolution]. Then, the #CH values of the Rainbow beads were plotted against log MESF values and a linear regression was performed (Figures 2B,C). The MESF values for unknown samples was calculated using the equation corresponding to this linear regression. Therefore, this regression allowed for the calculation of MESF values of our experimental controls. In our experimental setting the gates for CFSE+ and CD9+ were defined such that the CFSE– and CD9– populations displayed approximately 517 and 371 MESF, respectively. The CFSE+ population was approximately 10501 MESF whereas the PE+ population (CD9) was approximately 1441 MESF (Figure 2D).
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FIGURE 2. Assessment of MESF values. (A) Histograms of the RCP-05-5 beads in the FITC and PE channel. (B) The FITC and PE Median Fluorescence Intensity (MFI) of each peak was measured and converted to Relative Channel Number (#CH), and the MESF values calculated (using template provided by manufacturer). (C) Calibration graphs and linear regression where the MFI is plotted in the x-axis and log MESF is plotted in the y-axis. (D) Calculation of FITC and PE MESF values for EVs samples stained with CFSE or Anti-CD9.




Purification and Characterization of EVs

Mouse blood (3.5 mL) and supernatant fraction of conditioned medium (80 mL) were centrifuged at 500 g for 10 min. The collected supernatant was then centrifuged at 3,000 g for 20 min (these samples are from now on referred to as “non-purified” – NP – samples), followed by another centrifugation at 12,000 g for 20 min. After these initial steps, purification of EVs was performed in plasma by UC-I (bellow) and in conditioned medium according to one of the following protocols (Figure 3A):
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FIGURE 3. Comparison of isolation methods of EVs. (A) Flow chart for sample processing by ultracentrifugation (UC), ExoQuick and for analysis of non-purified (NP) samples. (B) Proportion of CFSE+ EVs in non-purified conditioned medium (NP) vs. conditioned medium purified by ExoQuick® or four distinct protocols of ultracentrifugation (UC-I-IV), as indicated in the Figure 3A. ****P < 0.0001 by ANOVA, with Tukey’s post-test. (C) Proportion of CD9+ events within CFSE+ EVs in NP, and medium purified by ExoQuick and ultracentrifugation (UC-I-IV). ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05 by ANOVA, with Tukey’s post-test. All data are represented as mean ±SEM.



-(Exoquick) ExoQuick® commercial kit (System Biosciences EXOTC10A-1, Palo Alto, CA, United States), following manufacturer’s instructions;

-(UC-I) 100,000 g for 140 min, followed by pellet resuspension in 14.5 mL of filtered Phosphate-Buffered Saline (PBS, Corning 15313581, NY, United States). This sample was pipetted on top of a 4 mL sucrose cushion (D2O containing 1.2 g of protease-free sucrose and 96 mg of Tris base adjusted to pH 7.4), and centrifuged at 100,000 g for 70 min. The fraction of interest (4 mL) was aspirated with a 18G needle and taken to a final volume of 20 mL with filtered PBS. The sample was then centrifuged at 100,000 g for 18 h. The EV-containing pellet was resuspended in filtered PBS;

-(UC-II) 100,000 g for 140 min. Pellet was washed with filtered PBS and centrifuged at 100,000 g for 18 h. The EV-containing pellet was resuspended in filtered PBS;

-(UC-III) 100,000 g for 70 min, followed by resuspension of the EV-containing pellet in filtered PBS;

-(UC-IV) 100,000 g for 70 min. Pellet was washed with PBS and again centrifuged at 100,000 g for another 70 min. The EV-containing pellet was resuspended in filtered PBS.



For the non-purified samples (NP) of conditioned medium (100 μL), mouse plasma (20 μL in 50 μL of 5,000 U-I-/mL heparin) and vitreous humor (5 μL diluted in 20 μL of 5,000 U-I-/mL heparin), a first centrifugation was performed at 500 g for 10 min. The supernatant was collected and a second centrifugation step was performed at 3,000 g for 20 min. The supernatant after this second centrifugation corresponds to the non-purified sample.

All solutions used (PBS and sucrose cushion) were sterile (0.22 μm membrane-filtered). The ultracentrifugation (UC) steps were performed in refrigerated conditions (4°C) with rotors 50.4Ti or 70Ti (Beckman-Coulter, California, United States).



Statistical Analysis

Error bars in graphical data represent means ± SEM. Statistical significance was determined using either a two-tailed Student’s t-test or an ANOVA test. A P-value under 0.05 was considered statistically significant. Statistical analyses were performed using the GraphPad Prism software (GraphPad Version 7, CA, United States). No statistical method was used to predetermine sample size. The experiments were not randomized, and the investigators were not blinded to allocation during experiments and outcome assessment.



RESULTS


Quantification of Populations of EVs in Conditioned Medium

As remarkably noted by the MISEV2018 guidelines, in a growing field as the EV research, methodologies’ standardization is of the utmost importance (Thery et al., 2018). Since there is no single optimal separation method, it’s critical for EV studies to choose the best suitable strategy for isolating EVs. Therefore, this decision still poses as a significant challenge in the field, where various EV isolation techniques are available.

In the light of these facts, our FC strategy was first employed in the quality and efficiency assessments of different EV isolation protocols. In order to perform such comparison, the proportion of vesicular (CFSE+) and non-vesicular (CFSE–) particles in samples prepared by different protocols was analyzed.

The quantification of vesicles in conditioned medium (NP) from native tumor cells by our FC strategy showed that ∼40% of particles were CFSE+ (Figure 3B and Supplementary Figure S2A). On the other hand, samples purified by sucrose cushion-coupled differential ultracentrifugation (UC-I), considered a high-specificity method, contained ∼85% of CFSE+ vesicles. Different EVs isolation protocols by ultracentrifugation may utilize different combinations of washing and density flotation steps. Therefore, the impact of these variations in the proportion of CFSE+ vesicles in the final isolate was tested (Figure 3B). With the exception of samples ultracentrifuged overnight without a prior density flotation step (UC-II), in which the proportion of vesicular structures was ∼70%, all other ultracentrifugation-derived preparations contained ∼85% of vesicular structures. As in ultracentrifugation-based methods, ExoQuick® generated samples containing ∼80% of vesicular structures (Figure 3B). These findings indicate in the samples purified by the selected methods the majority of particles present were CFSE+ EVs.

The impact of isolation methods in populations of EVs was also tested. Based on previous reports indicating expression of CD9 in EVs of endosomal origin (Willms et al., 2016), CFSE+ populations containing this tetraspanin were measured. Although displaying a slight reduction in UC-I, the proportion of CD9+ in CFSE+ vesicles was comparable between non-purified samples (NP) and those obtained after isolation by ultracentrifugation. On the other hand, samples processed by ExoQuick® contained lower levels of CD9+ within CFSE+ vesicles (Figures 3C and Supplementary Figure S2B). This suggests that isolation protocols indeed have an impact on the quality of the sample analyzed, since they may select for subpopulations of EVs.



Quantification of Populations of EVs in Plasma

In several studies of EVs as liquid biopsies, the sample volume demanded is difficult to achieve due to the nature of the experimental conditions. Therefore, a methodology that relies on non-purified biological samples may enable novel experimental approaches. Taking that into account, our FC strategy was next used to quantify EVs in purified and non-purified plasma.

The proportion of CFSE+ vesicles in purified and non-purified plasma was measured. While ∼90% of particles in purified plasma samples (UC-I) were CFSE+ vesicles, this percentage decreased to approximately 20% in non-purified plasma (NP) (Figures 4A,B). Next, the population distribution of CD9 in EVs from mouse plasma was analyzed. Between 15–32% of CFSE+ plasma EVs were CD9+. Importantly, this level was comparable between samples that had been purified by UC-I and in native plasma samples (Figures 4C,D).
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FIGURE 4. Characterization of EVs in plasma. (A) Plots are representative of CFSE+labeled particles from non-purified (NP) plasma, or from plasma purified by ultracentrifugation (UC-I). (B) Proportion of CFSE+ EVs in non-purified plasma (NP) vs. plasma purified by sucrose cushion-coupled ultracentrifugation (UC - I). ****P < 0.0001 differences vs. NP by two-tailed t-test. Data are represented as mean ± SEM. (C) Representative plots of particles labeled with CFSE and anti-CD9 from NP and UC-I plasma; the lower panels indicate the CD9+ and CD9– events within CFSE+ particles. (D) Correlation analysis of CD9+ events within CFSE+ EVs in samples before (NP) and after purification (UC-I).




Longitudinal Population Studies of EVs in Microvolumes of Plasma

After confirming that the results between samples of purified and non-purified plasma were comparable (Figure 4D), our FC strategy was employed in a longitudinal sampling scheme. This longitudinal experimental design was chosen due to its similarity to the ones desired for studies of EVs as liquid biopsies, e.g., to follow disease progression or treatment efficacy.

The applicability of our FC strategy to longitudinal measurements of populations of EVs was tested in microvolumes of non-purified mouse plasma. The presence of tumor cells is expected to modify the plasmatic levels of EVs during the course of the disease. Therefore, plasma from tumor-bearing mice was collected at different time points (Bebelman et al., 2018). Specifically, blood was collected from each mouse prior to intrahepatic injection of PAN02 pancreatic cancer cells (Day 0), and one (Day 7) and 2 weeks (Day 14) post-injection, as depicted in Figure 5A. In this longitudinal analysis of plasma from 10 animals, the proportion of CFSE+ events significantly increased in eight of the experimental subjects between days 0–7, in five between days 7–14 and in nine between days 0–14 (Figure 5B and Supplementary Figure S3A). When analyzed in relation to the total concentration of particles present in each time point measured by Nanosight (Figure 5C), the concentration of CFSE+ events per μL increased in 6 animals between days 0–7 and days 7–14, and in all animals between days 0–14 (Figure 5D).
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FIGURE 5. Longitudinal analysis of EVs in plasma. (A) Experimental setup. (B) Proportion of CFSE+ EVs in non-purified plasma of mice prior (Day 0), and 7 and 14 days after intrahepatic injection of PAN02 tumors. (C) Concentration of total particles per microliter of plasma, by NanoSight. (D) Concentration of CFSE+ EVs per microliter of plasma. (E) Proportion of CD9+ events within CFSE+ EVs. (F) Concentration of CD9+ CFSE+ EVs per microliter of plasma. **P < 0.01, *P < 0.05, differences vs. Day 0 by ANOVA, with Kruskal–Wallis post-test. All data are represented as mean ±SEM.


CD9+ populations were measured using the experimental settings already described. The proportion of CD9+ within CFSE+ events increased in 8 animals between days 0–7, in 7 animals between days 7–14 and in 9 animals between days 0–14 (Figure 5E and Supplementary Figure S3B). Similarly, when analyzing this data in relation to the concentration of particles present in plasma (Figure 5C), an increase of CFSE+CD9+ events per μL in 6 animals between days 0–7 and in 9 animals between days 7–14 and 0–14 (Figure 5F) was observed.



Quantification of Populations of EVs in Vitreous Humor

To further illustrate the application of our FC strategy in performing population analysis of EVs in microvolumes of samples, this workflow was used to study EVs in non-purified vitreous humor, of which 2–2.5 μL per mouse/per eye was collected. Approximately 68% of particles were CFSE+ vesicles (Figures 6A,B). However, the levels of CD9+ events in vitreous humor (<0.1% – Figure 6B) were as low as those found in control PBS containing CFSE and anti-CD9 during equivalent sample running times, which is in accordance with the literature (Murthy et al., 2014; Skeie et al., 2015; Zhao et al., 2018) as discussed below (Supplementary Figure S4).
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FIGURE 6. Analysis of EVs in vitreous humor. (A) Representative plots of unstained and stained EVs from non-purified vitreous humor from naïve mice in single-animal collections, as indicated. (B) Proportion of CFSE+ events, CFSE+CD9+ events and CD9+ events within CFSE+ EVs. All data are represented as mean ±SEM.




DISCUSSION


Measurement of CFSE+ Events as a Strategy to Assess Sample Purity

The lack of consensus regarding methods for purification of EVs remains a challenge, especially when reproducibility between different isolation modalities is desired. This limits EV use in clinical applications and is further complicated by the insufficient means to measure sample purity, notably in complex biological samples containing a mixture of vesicular and non-vesicular particles, such as plasma. Multiple strategies, such as measurement of protein:particle ratio (Webber and Clayton, 2013; Maiolo et al., 2015) and albumin (Baranyai et al., 2015; Veremeyko et al., 2018), have been proposed as quality control parameters for the preparation of EVs, particularly when low specificity isolation methods are employed (Théry et al., 2019). However, because they fail to provide population information, it is still unclear whether these metrics can accurately reflect the purity of preparations of EVs.

CFSE has to date been frequently used as a strategy to label EVs for FC applications (Pospichalova et al., 2015; Morales-Kastresana et al., 2017; Mastoridis et al., 2018; Morales-Kastresana et al., 2019). The suitability of different dyes to efficiently stain and identify EVs has already been addressed by the Jennifer Jones group (Morales-Kastresana et al., 2017). In a work published in 2017, the Jones’ group tested several dyes, including CFSE and PHK26. While PKH26 was shown to produce 100–400 nm micelles or aggregates both in the presence of EVs or alone in solution, CFSE alone did not form such aggregates. Thus, taking this into account, in our work EVs were labeled with CFSE. The data here presented supports the vesicular labeling with CFSE as a means for determining quality control of purification protocols of EVs. As shown, the majority of particles present in samples purified by high-specificity methods were CFSE+. The employment of ExoQuick® or ultracentrifugation for enrichment of EVs prior to SEC reduced the proportion of CFSE– particles. In addition, lysis of EVs with the detergent NP-40 resulted in a reduction of 90% of CFSE+ events. Together, these results support the usefulness of CFSE as a tool to identify vesicular particles in biofluids, and thus the suitability of our FC strategy for quality control and quantitative comparison of isolates of EVs prepared by different protocols.

This same approach was employed to validate the depletion of EVs from the FBS used in our in vitro studies. Previous reports suggest that traces of bovine EVs may persist in the FBS supernatant after depletion steps (Shelke et al., 2014), which could interfere in the analysis of EVs from conditioned medium. However, comparison of serum-free medium and medium containing 10% of EVs-depleted FBS showed an equally reduced proportion of CFSE+ events. This indicates that residual FBS-derived EVs was not high enough to impact our analysis. Nonetheless, future studies using our strategy for analysis of EVs in conditioned medium will need to account for background events on a case-by-case basis, especially when using low cell numbers, short conditioning time and/or cells producing low levels of EVs.

Results presented by others indicate that CFSE staining could not label 100% of EVs (van der Vlist et al., 2012; Pospichalova et al., 2015; de Rond et al., 2018). Thus, we reasoned that some of the CFSE– events observed in our experiments could correspond to non-stained EVs. However, unlike the results presented here, in these previous studies CFSE staining was performed in cells before (van der Vlist et al., 2012) or during medium conditioning (Pospichalova et al., 2015), and CFSE concentrations were 1.6–16 times lower (van der Vlist et al., 2012; Pospichalova et al., 2015; de Rond et al., 2018) than those we used. In addition, only ∼15% of the events in samples purified by differential ultracentrifugation coupled with sucrose cushion (UC-I) were CFSE-, and treatment of EVs with the detergent NP-40 caused a reduction of 90% of CFSE+ events, indicating that this dye labels the majority of EVs in our experimental settings. While this may still suggest that CFSE is not capable of staining all EVs present in the sample, it is still unclear to which extent even high-purity isolation methods may provide 100% pure preparations of EVs. Although undesirable, protein aggregation may be present in antibody preparations. This is mainly due to solution conditions, such as ionic strength, pH, temperature, pressure and excipients (Manning et al., 1995), and intrinsic properties of antibodies, such as primary sequence, tertiary structure, non-symmetrical hydrophobicity and charge distributions (Liu et al., 2005; Roberts, 2007; Nishi et al., 2010). Therefore, the potential contribution of unbound antibody aggregates to CFSE– Antibody+ events was tested. Most CFSE–CD9+ events didn’t correspond to unbound antibodies, and were reduced by EVs purification (Supplementary Figure S5). These results suggest that the CFSE– events observed in the CD9+ population analysis correspond to non-vesicular particles of specific molecular composition with similar size as compared to EVs. Future studies, including detailed morphology and composition analysis, will be necessary to further define these CFSE– non-vesicular particles.



Comparison of Purification Methods of EVs by FC

In spite of being considered a high-recovery and low-specificity method (Théry et al., 2019), isolation based on precipitation polymers such as ExoQuick® resulted in a high proportion of CFSE+ EVs. This agrees with studies suggesting that EVs prepared by ultracentrifugation or precipitation polymers are comparable (Helwa et al., 2017; Prendergast et al., 2018). In samples prepared by ExoQuick®, however, we found that the proportion of CD9+ CFSE+ events was reduced when compared to NP and other isolation methods. This suggests that, despite providing a high yield of EVs, ExoQuick® may insert EV population bias. Also of concern, precipitating agents have previously been linked to potential loss of biological activity (Paolini et al., 2016) and structure (Gamez-Valero et al., 2016) of EVs. Thus, our data adds yet another parameter that should be carefully considered before selecting ExoQuick® as a method of choice for the isolation of EVs.

SEC is the technique of choice for many groups interested in studying the composition and biological activity of vesicles, as it allows simple, fast and affordable isolation of EVs. As SEC is a key component of our FC strategy, the proportion of CFSE+ particles in our preparations was measured to access the isolation efficacy of EVs by SEC. In our experimental settings, this preparation is referred to as NP (non-purified), since SEC is used after staining, and not before as a traditional isolation method. Although considered a low recovery, high specificity method (Théry et al., 2019), conditioned medium processed by SEC contained less than 40% of CFSE+ vesicular particles. This was also the case for more complex samples, such as plasma and vitreous humor, in which the percentage of CFSE+ particles after SEC processing were, respectively, ∼20% and ∼68%. These findings agree with recent studies using comparative transmission electron microscopy, in which SEC-derived preparations displayed a lower proportion of structures resembling EVs when compared to samples derived from differential ultracentrifugation (Takov et al., 2019).

Differential ultracentrifugation is one of the most commonly used EV purification methods. To improve EV purity, most researchers combine ultracentrifugation with additional techniques following the primary step, such as the use of washing steps with saline as well as the use of density gradients (Thery et al., 2018). We found that the proportion of CFSE+ events and CD9+ events within the CFSE+ gate did not differ in the absence (UC-III) or presence (UC-II and UC-IV) of washing steps with PBS or when a sucrose cushion step was used (UC-I). Our results suggest that these additional steps have no major impact in sample purity. However, a more detailed characterization of the potential impact of these washing and/or separation steps in the selection of populations of EVs with specific composition (protein, sugar, lipid, and nucleic acids) will be necessary in future studies.

Our FC strategy allows for faster processing times and also substantially decreases the sample volume requirements compared to conventional EVs isolation protocols (Table 1). Thus, we consider ours to be a consistent approach to be applied to control the quality of preparations of EVs.

While we used CFSE as a general EV marker, our experimental setup was performed having CD9 not only as an illustration of the capabilities of the method, but also as an analyte of interest. Our side-by-side comparison of CFSE+CD9+ events in samples submitted (UC-I) or not (NP) to isolation by ultracentrifugation showed that both strategies are comparable when analyzing CD9+ EVs populations (Figures 4C,D). However, although this equivalence was true for CD9+ EVs, we cannot discard the possibility that other populations of EVs behave differently, specially while probably there is no validated universal EV marker that can be used as an experimental control. Every method, including differential ultracentrifugation, potentially inserts population isolation bias to EVs (as illustrated in Figure 3C). Such isolation bias, if existent, has yet to be studied and understood. Be it for future studies in the field of population of EVs, or be it for studies involving other vesicular molecules, we believe and strongly suggest that side-by-side validation of non-purified versus purified samples (as in Figures 4C,D) should be performed as a pre-validation of our approach. Thus, for every EV molecule of interest, the approach presented in our work that relies on the use of NP samples in different contexts should first be validated by a comparison study similar to the one presented in Figures 4C,D.



Longitudinal Study of EVs in Plasma by FC

Longitudinal composition analyses can provide precious temporal information on the dynamics of EVs in physiological and pathological settings (Eitan et al., 2017; Menon et al., 2018; Wu et al., 2018). However, these studies are often difficult in microvolumes of samples, mainly due to the limited number of EVs that can be harvested in these experimental conditions (Théry et al., 2019). This constraint frequently leads to insufficient recovery of EVs (Clayton et al., 2018), unless small volume samples are pooled from multiple individuals or collections. Moreover, in studies involving small animals, the requirement for lethal bleeding in order to collect enough plasma for the effective isolation of EVs complicates the performance of longitudinal studies and increases the demand for animals, leading to higher costs, higher sample processing complexity and potential bioethical issues. By not requiring isolation of EVs prior to staining, our FC strategy allows for the analysis of both intra- and inter-individual heterogeneity in the population of interest throughout an experiment. In our studies, the proportion of CFSE+ EVs and of CD9+ events within CFSE+ EVs increased in the plasma of mice bearing liver metastatic pancreatic cancer lesions. Based on these results, we are currently studying the potential use of these readouts for follow-up studies of pancreatic cancer patients in the metastatic phase.



Study of EVs in Vitreous Humor by FC

The vitreous humor is a small-volume biofluid that contains low protein content, ranging from 120 to 500 ng/μL (Chowdhury et al., 2010), which is frequently considered to arise from filtration of plasma through fenestrated capillaries of the ciliary body stroma via the iris root (Freddo et al., 1990). Besides the quantitative differences in protein content, a comparison of vitreous humor and plasma proteome revealed that only 58% of the vitreous humor proteins have also been identified in human plasma (Chowdhury et al., 2010). Consistent with this, our analysis revealed that vitreous fluid contains three times more CFSE+ vesicular structures when compared to plasma. Furthermore, it contained insignificant levels of CD9+ events, comparable to those found in control solutions with only CFSE and anti-CD9. These results are consistent with the previously reported absence of CD9 in EVs from vitreous humor (Murthy et al., 2014; Skeie et al., 2015; Zhao et al., 2018). However, it is still unknown whether the absence of CD9+ vesicles is a result of the filtration that occurs during the production of vitreous humor, uptake and degradation of this vesicle population by ocular cells, higher prevalence of non-endosomal EVs and/or other mechanisms. Although it is unclear to which extend ocular cells contribute to the collection of EVs found in vitreous humor, our FC strategy can be potentially used to study these vesicles both in pre-clinical and clinical settings as potential biomarkers and biological mediators of eye diseases.



CONCLUSION

By allowing for the analysis of conditioned medium volumes as small as 100 μL, our FC strategy can be potentially used to characterize the heterogeneity of EVs and the differential packaging of biomolecules during the biogenesis of EVs in highly controlled small-scale in vitro systems. This approach also makes it possible to study populations of EVs from as little as ∼1 μL of plasma or vitreous humor. By doing so, our strategy represents a precious tool to identify novel physiological and pathological cell-to-cell communication systemic networks involving EVs in in vivo models.

In regard to the use of EVs as liquid biopsies, clinical relevance relies on experimental data that is comparable/translatable to human practice. Although in vitro assays are very helpful, murine models are especially relevant in this context, since they capture the complexity of human processes and often are the most advanced pre-clinical models to study the biological significance of EVs in a multicellular organism, unravel novel EV biomarkers and analyze disease stages that would be inaccessible or nonviable in direct human studies. However, in this ever-growing pre-clinical field some hurdles must be overcome. Namely, the lack of EVs isolation analytical reproducibility, which limits its clinical applicability; and the sample volume requirements, which limits the application of EVs as liquid biopsies, especially with the potential for longitudinal sampling to follow disease progression. In native clinical samples, our FC strategy has an unexplored capability to be applied in the study of populations of EVs, multiplying the number of possible different analysis from a single biofluid collection. It also has a great potential to enable the study of populations of EVs in samples with intrinsically limited volumes, such as lacrimal, vitreous humor and synovial fluids, facilitating the use of these biofluids as liquid biopsies on clinical settings.
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Supplementary Figure 1 | Internal controls and detergent lysis of EVs. (A) Representative plots of buffer containing CFSE only, anti-CD9 only, and CFSE and anti-CD9 (upper panels), and of unstained EVs, EVs stained with CFSE, EVs stained with anti-CD9, and EVs double stained with CFSE and anti-CD9 (lower panels); the indicated counts correspond to the events within the upper right quadrant (CFSE+CD9+). (B) Titration of CFSE staining. (C) Titration of Anti-CD9 staining. (D) Detergent lysis of EVs. The plots are representative of unstained and non-lysed EVs (EVs), CFSE-stained non-lysed EVs (EVs+CFSE), unstained EVs lysed with NP-40 (EVs+NP-40) and CFSE-stained EVs lysed with NP-40 (EVs+NP-40+CFSE); the counts of CFSE+ particles are indicated. The graph indicates the reduction in the percentage of CFSE+ EVs after lysis with NP-40. All data are represented as mean ± SEM.

Supplementary Figure 2 | Different purification methods of conditioned medium samples. (A) Representative plots of CFSE-labeled particles from non-purified conditioned medium (NP), and from conditioned medium purified by ExoQuick or by distinct ultracentrifugation protocols (UC-I-IV). (B) Representative plots of particles labeled with CFSE and anti-CD9 from NP, and from conditioned medium purified by ExoQuick or by ultracentrifugation (UC-I-IV). The lower panels indicate the CD9 status within CFSE+ EVs.

Supplementary Figure 3 | Longitudinal analysis of plasma EVs. (A) Representative plots of CFSE+labeled EVs from non-purified plasma of mice prior (Day 0), and at 7 and 14 days after intrahepatic injection of PAN02 cells. (B) Representative plots of particles from NP plasma double labeled with CFSE and anti-CD9; the lower panels indicate the CD9+ and CD9– particles within CFSE+ EVs.

Supplementary Figure 4 | CD9+ events in vitreous humor. Representative plots of PBS and vitreous humor double labeled with CFSE and anti-CD9. Samples were captured during 250 s. The indicated counts (CFSE+CD9+) correspond to the events within the upper right quadrant.

Supplementary Figure 5 | Analysis of false-positive CD9+ events in conditioned medium. (A) Calibration curve of false-positive events. Buffer containing anti-CD9, in the same concentration used in the staining reaction and pre-cleared by SEC, was analyzed by Flow Cytometry for increasing acquisition times. (B) Estimate percentage of false-positive events by unbound anti-CD9 within CFSE–CD9+ in each purification context. (C) Proportion of CFSE+ (black) and CFSE– (white) events within CD9+ events in NP samples and samples purified by ExoQuick and ultracentrifugation (UC-I-IV). ****P < 0.0001 by ANOVA, with Tukey’s post-test. All data are represented as mean ±SEM.



REFERENCES

Arenaccio, C., and Federico, M. (2017). The Multifaceted Functions of Exosomes in Health and Disease: An Overview. Adv. Exp. Med. Biol. 998, 3–19. doi: 10.1007/978-981-10-4397-0_1

Baranyai, T., Herczeg, K., Onódi, Z., Voszka, I., Módos, K., Marton, N., et al. (2015). Isolation of Exosomes from Blood Plasma: Qualitative and Quantitative Comparison of Ultracentrifugation and Size Exclusion Chromatography Methods. PLoS One 10:e0145686. doi: 10.1371/journal.pone.0145686

Bebelman, M. P., Smit, M. J., Pegtel, D. M., and Baglio, S. R. (2018). Biogenesis and function of extracellular vesicles in cancer. Pharmacol. Ther. 188, 1–11. doi: 10.1016/j.pharmthera.2018.02.013

Boriachek, K., Islam, M. N., Möller, A., Salomon, C., Nguyen, N. T., Hossain, M. S. A., et al. (2018). Biological Functions and Current Advances in Isolation and Detection Strategies for Exosome Nanovesicles. Small 14:1702153 doi: 10.1002/smll.201702153

Caby, M. P., Lankar, D., Vincendeau-Scherrer, C., Raposo, G., and Bonnerot, C. (2005). Exosomal-like vesicles are present in human blood plasma. Int. Immunol. 17, 879–887.

Campos-Silva, C., Suárez, H., Jara-Acevedo, R., Linares-Espinós, E., Martinez-Piñeiro, L., Yáñez-Mó, M., et al. (2019). High sensitivity detection of extracellular vesicles immune-captured from urine by conventional flow cytometry. Sci. Rep. 9:2042. doi: 10.1038/s41598-019-38516-38518

Chandler, W. L., Yeung, W., and Tait, J. F. (2011). A new microparticle size calibration standard for use in measuring smaller microparticles using a new flow cytometer. J. Thromb. Haemost. 9, 1216–1224. doi: 10.1111/j.1538-7836.2011.04283.x

Choi, D., Montermini, L., Jeong, H., Sharma, S., Meehan, B., Rak, J., et al. (2019). Mapping Subpopulations of Cancer Cell-Derived Extracellular Vesicles and Particles by Nano-Flow Cytometry. ACS Nano. 13, 10499–10511. doi: 10.1021/acsnano.9b04480

Chowdhury, U. R., Madden, B. J., Charlesworth, M. C., and Fautsch, M. P. (2010). Proteome analysis of human aqueous humor. Invest. Ophthalmol. Vis. Sci 51, 4921–4931. doi: 10.1167/iovs.10-5531

Clayton, A., Buschmann, D., Byrd, J. B., Carter, D. R. F., Cheng, L., Compton, C., et al. (2018). Summary of the ISEV workshop on extracellular vesicles as disease biomarkers, held in Birmingham, UK, during December 2017. J. Extracel. Vesic. 7:1473707. doi: 10.1080/20013078.2018.1473707

Contreras-Naranjo, J. C., Wu, H. J., and Ugaz, V. M. (2017). Microfluidics for exosome isolation and analysis: enabling liquid biopsy for personalized medicine. Lab. Chip. 17, 3558–3577. doi: 10.1039/c7lc00592j

Corbett, T. H., Roberts, B. J., Leopold, W. R., Peckham, J. C., Wilkoff, L. J., and Griswold, D. P. Jr. et al., (1984). Induction and chemotherapeutic response of two transplantable ductal adenocarcinomas of the pancreas in C57BL/6 mice. Cancer Res. 44, 717–726.

Costa-Silva, B., Aiello, N. M., Ocean, A. J., Singh, S., Zhang, H., Thakur, B. K., et al. (2015). Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver. Nat. Cell Biol. 17, 816–826. doi: 10.1038/ncb3169

de Rond, L., van der Pol, E., Hau, C. M., Varga, Z., Sturk, A., van Leeuwen, T. G., et al. (2018). Comparison of Generic Fluorescent Markers for Detection of Extracellular Vesicles by Flow Cytometry. Clin. Chem. 64, 680–689. doi: 10.1373/clinchem.2017.278978

Eitan, E., Green, J., Bodogai, M., Mode, N. A., Bæk, R., Jørgensen, M. M., et al. (2017). Age-Related Changes in Plasma Extracellular Vesicle Characteristics and Internalization by Leukocytes. Sci. Rep. 7:1342. doi: 10.1038/s41598-017-01386-z

Freddo, T. F., Bartels, S. P., Barsotti, M. F., and Kamm, R. D. (1990). The source of proteins in the aqueous humor of the normal rabbit. Invest. Ophthalmol. Vis. Sci. 31, 125–137.

Gamez-Valero, A., Monguió-Tortajada, M., Carreras-Planella, L., Franquesa, Ml, Beyer, K., Borràs, F. E., et al. (2016). Size-Exclusion Chromatography-based isolation minimally alters Extracellular Vesicles’ characteristics compared to precipitating agents. Sci. Rep. 6:33641. doi: 10.1038/srep33641

Gorgens, A., Bremer, M., Ferrer-Tur, R., Murke, F., Tertel, T., Horn, P. A., et al. (2019). Optimisation of imaging flow cytometry for the analysis of single extracellular vesicles by using fluorescence-tagged vesicles as biological reference material. J. Extracell. Vesicl. 8:1587567. doi: 10.1080/20013078.2019.1587567

Groot Kormelink, T., Arkesteijn, G. J., Nauwelaers, F. A., van den Engh, G., Nolte-’t Hoen, E. N., Wauben, M. H., et al. (2016). Prerequisites for the analysis and sorting of extracellular vesicle subpopulations by high-resolution flow cytometry. Cytometry A 89, 135–147. doi: 10.1002/cyto.a.22644

Guo, S. C., Tao, S. C., and Dawn, H. (2018). Microfluidics-based on-a-chip systems for isolating and analysing extracellular vesicles. J. Extracell. Vesicl. 7:1508271. doi: 10.1080/20013078.2018.1508271

Helwa, I., Cai, J., Drewry, M. D., Zimmerman, A., Dinkins, M. B., Khaled, M. L., et al. (2017). A Comparative Study of Serum Exosome Isolation Using Differential Ultracentrifugation and Three Commercial Reagents. PLoS One 12:e0170628. doi: 10.1371/journal.pone.0170628

Hoshino, A., Costa-Silva, B., Shen, T. L., Rodrigues, G., Hashimoto, A., Tesic Mark, M., et al. (2015). Tumour exosome integrins determine organotropic metastasis. Nature 527, 329–335. doi: 10.1038/nature15756

Kalluri, R. (2016). The biology and function of exosomes in cancer. J. Clin. Invest. 126, 1208–1215. doi: 10.1172/JCI81135

Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical applications of exosomes. Science 367:eaau6977 doi: 10.1126/science.aau6977

Kowal, J., Arras, G., Colombo, M., Jouve, M., Morath, J. P., Primdal-Bengtson, B., et al. (2016). Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes. Proc. Natl. Acad. Sci. U.S.A 113, E968–E977. doi: 10.1073/pnas.1521230113

Libregts, S., Arkesteijn, G. J. A., Nemeth, A., Nolte-’t Hoen, E. N. M., and Wauben, M. H. M. (2018). Flow cytometric analysis of extracellular vesicle subsets in plasma: impact of swarm by particles of non-interest. J. Thromb. Haemost. 16, 1423–1436. doi: 10.1111/jth.14154

Liu, J., Nguyen, M. D., Andya, J. D., and Shire, S. J. (2005). Reversible self-association increases the viscosity of a concentrated monoclonal antibody in aqueous solution. J. Pharm. Sci. 94, 1928–1940. doi: 10.1002/jps.20347

Maia, J., Batista, S., Couto, N., Gregório, A. C., Bodo, C., Elzanowska, J., et al. (2020). Population Analysis of Extracellular Vesicles in Microvolumes of Biofluids. bioRxiv doi: 10.1101/2020.01.10.895037

Maia, J., Caja, S., Strano Moraes, M. C., Couto, N., and Costa-Silva, B. (2018). Exosome-Based Cell-Cell Communication in the Tumor Microenvironment. Front. Cell Dev. Biol. 6:18. doi: 10.3389/fcell.2018.00018

Maiolo, D., Paolini, L., Di Noto, G., Zendrini, A., Berti, D., Bergese, P., et al. (2015). Colorimetric nanoplasmonic assay to determine purity and titrate extracellular vesicles. Anal. Chem. 87, 4168–4176. doi: 10.1021/ac504861d

Manning, M. C., Matsuura, J. E., Kendrick, B. S., Meyer, J. D., Dormish, J. J., Vrkljan, M., et al. (1995). Approaches for increasing the solution stability of proteins. Biotechnol. Bioeng. 48, 506–512. doi: 10.1002/bit.260480513

Mastoridis, S., Bertolino, G. M., Whitehouse, G., Dazzi, F., Sanchez-Fueyo, A., Martinez-Llordella, M., et al. (2018). Multiparametric Analysis of Circulating Exosomes and Other Small Extracellular Vesicles by Advanced Imaging Flow Cytometry. Front. Immunol. 9:1583. doi: 10.3389/fimmu.2018.01583

Menon, R., Debnath, C., Lai, A., Guanzon, D., Bhatnagar, S., Kshetrapal, P. K., et al. (2018). Circulating exosomal miRNA profile during term and preterm birth pregnancies - a longitudinal study. Endocrinology 160(2), 249–275 doi: 10.1210/en.2018-2836

Morales-Kastresana, A., Musich, T. A., Welsh, J. A., Telford, W., Demberg, T., Wood, J. C. S., et al. (2019). High-fidelity detection and sorting of nanoscale vesicles in viral disease and cancer. J. Extracell. Vesicl. 8:1597603. doi: 10.1080/20013078.2019.1597603

Morales-Kastresana, A., Telford, B., Musich, T. A., McKinnon, K., Clayborne, C., Braig, Z., et al. (2017). Labeling Extracellular Vesicles for Nanoscale Flow Cytometry. Sci. Rep. 7:1878. doi: 10.1038/s41598-017-01731-1732

Murthy, K. R., Goel, R., Subbannayya, Y., Jacob, H. K., Murthy, P. R., Manda, S. S., et al. (2014). Proteomic analysis of human vitreous humor. Clin. Proteom. 11:29. doi: 10.1186/1559-0275-11-29

Nishi, H., Miyajima, M., Nakagami, H., Noda, M., Uchiyama, S., Fukui, K., et al. (2010). Phase separation of an IgG1 antibody solution under a low ionic strength condition. Pharm. Res. 27, 1348–1360. doi: 10.1007/s11095-010-0125-127

Nolte-’t Hoen, E. N., van der Vlist, E. J., Aalberts, M., Mertens, H. C., Bosch, B. J., Bartelink, W., et al. (2012). Quantitative and qualitative flow cytometric analysis of nanosized cell-derived membrane vesicles. Nanomedicine 8, 712–720. doi: 10.1016/j.nano.2011.09.006

Ogawa, Y., Miura, Y., Harazono, A., Kanai-Azuma, M., Akimoto, Y., Kawakami, H., et al. (2011). Proteomic analysis of two types of exosomes in human whole saliva. Biol. Pharm. Bull. 34, 13–23. doi: 10.1248/bpb.34.13

Paolini, L., Zendrini, A., Di Noto, G., Busatto, S., Lottini, E., Radeghieri, A., et al. (2016). Residual matrix from different separation techniques impacts exosome biological activity. Sci. Rep. 6:23550. doi: 10.1038/srep23550

Peinado, H., Aleèkoviæ, M., Lavotshkin, S., Matei, I., Costa-Silva, B., Moreno-Bueno, G., et al. (2012). Melanoma exosomes educate bone marrow progenitor cells toward a pro-metastatic phenotype through MET. Nat. Med. 18, 883–891. doi: 10.1038/nm.2753

Pisitkun, T., Shen, R. F., and Knepper, M. A. (2004). Identification and proteomic profiling of exosomes in human urine. Proc. Natl. Acad. Sci. U.S.A 101, 13368–13373. doi: 10.1073/pnas.0403453101

Pospichalova, V., Svoboda, J., Dave, Z., Kotrbova, A., Kaiser, K., Klemova, D., et al. (2015). Simplified protocol for flow cytometry analysis of fluorescently labeled exosomes and microvesicles using dedicated flow cytometer. J. Extracell. Vesicl. 4:25530. doi: 10.3402/jev.v4.25530

Prendergast, E. N., de Souza Fonseca, M. A., Dezem, F. S., Lester, J., Karlan, B. Y., Noushmehr, H., et al. (2018). Optimizing exosomal RNA isolation for RNA-Seq analyses of archival sera specimens. PLoS One 13:e0196913. doi: 10.1371/journal.pone.0196913

Ragusa, M., Barbagallo, C., Statello, L., Caltabiano, R., Russo, A., Puzzo, L., et al. (2015). miRNA profiling in vitreous humor, vitreal exosomes and serum from uveal melanoma patients: Pathological and diagnostic implications. Cancer Biol. Ther. 16, 1387–1396. doi: 10.1080/15384047.2015.1046021

Roberts, C. J. (2007). Non-native protein aggregation kinetics. Biotechnol. Bioeng. 98, 927–938. doi: 10.1002/bit.21627

Rodrigues, G., Hoshino, A., Kenific, C. M., Matei, I. R., Steiner, L., Freitas, D., et al. (2019). Tumour exosomal CEMIP protein promotes cancer cell colonization in brain metastasis. Nat. Cell Biol. 21(11), 1403–1412. doi: 10.1038/s41556-019-0404-404

Schwartz, A., Gaigalas, A. K., Wang, L., Marti, G. E., Vogt, R. F., Fernandez-Repollet, E., et al. (2004). Formalization of the MESF unit of fluorescence intensity. Cytomet. B Clin. Cytom. 57, 1–6. doi: 10.1002/cyto.b.10066

Shah, R., Patel, T., and Freedman, J. E. (2018). Circulating Extracellular Vesicles in Human Disease. N. Engl. J. Med. 379, 958–966. doi: 10.1056/NEJMra1704286

Shelke, G. V., Lasser, C., Gho, Y. S., and Lotvall, J. (2014). Importance of exosome depletion protocols to eliminate functional and RNA-containing extracellular vesicles from fetal bovine serum. J. Extracell. Vesicl. 3:10.3402/jev.v3.24783. doi: 10.3402/jev.v3.24783

Shen, Y., Guo, D., Weng, L., Wang, S., Ma, Z., Yang, Y., et al. (2017). Tumor-derived exosomes educate dendritic cells to promote tumor metastasis via HSP72/HSP105-TLR2/TLR4 pathway. OncoImmunology 6:e1362527 doi: 10.1080/2162402x.2017.1362527

Skeie, J. M., Roybal, C. N., and Mahajan, V. B. (2015). Proteomic insight into the molecular function of the vitreous. PLoS One 10:e0127567. doi: 10.1371/journal.pone.0127567

Stahl, P. D., and Raposo, G. (2019). Extracellular Vesicles: Exosomes and Microvesicles, Integrators of Homeostasis. Physiology 34, 169–177. doi: 10.1152/physiol.00045.2018

Takov, K., Yellon, D. M., and Davidson, S. M. (2019). Comparison of small extracellular vesicles isolated from plasma by ultracentrifugation or size-exclusion chromatography: yield, purity and functional potential. J. Extracell. Vesicl. 8:1560809. doi: 10.1080/20013078.2018.1560809

Thery, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., Andriantsitohaina, R., et al. (2018). Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicl. 7:1535750.

Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., Andriantsitohaina, R., et al. (2019). Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicl. 8:1535750. doi: 10.1080/20013078.2018.1535750

van der Pol, E., van Gemert, M. J., Sturk, A., Nieuwland, R., and van Leeuwen, T. G. (2012). Single vs. swarm detection of microparticles and exosomes by flow cytometry. J. Thromb. Haemost. 10, 919–930. doi: 10.1111/j.1538-7836.2012.04683.x

van der Vlist, E. J., Nolte-’t Hoen, E. N., Stoorvogel, W., Arkesteijn, G. J., and Wauben, M. H. (2012). Fluorescent labeling of nano-sized vesicles released by cells and subsequent quantitative and qualitative analysis by high-resolution flow cytometry. Nat. Protoc. 7, 1311–1326. doi: 10.1038/nprot.2012.065

Veremeyko, T., Yung, A. W. Y., Anthony, D. C., Strekalova, T., and Ponomarev, E. D. (2018). Early Growth Response Gene-2 Is Essential for M1 and M2 Macrophage Activation and Plasticity by Modulation of the Transcription Factor CEBPbeta. Front. Immunol. 9:2515. doi: 10.3389/fimmu.2018.02515

Wang, L., and Hoffman, R. A. (2017). Standardization, Calibration, and Control in Flow Cytometry. Curr. Protoc. Cytom. 79:1.3.1-1.3.27. doi: 10.1002/cpcy.14

Webber, J., and Clayton, A. (2013). How pure are your vesicles? J. Extracell. Vesicl. 2:10.3402/jev.v2i0.19861. doi: 10.3402/jev.v2i0.19861

Willms, E., Cabanas, C., Mager, I., Wood, M. J. A., and Vader, P. (2018). Extracellular Vesicle Heterogeneity: Subpopulations, Isolation Techniques, and Diverse Functions in Cancer Progression. Front. Immunol. 9:738. doi: 10.3389/fimmu.2018.00738

Willms, E., Johansson, H. J., Mäger, I., Lee, Y., Blomberg, K. E. M., Sadik, M., et al. (2016). Cells release subpopulations of exosomes with distinct molecular and biological properties. Sci. Rep. 6:22519. doi: 10.1038/srep22519

Wu, X., Zhu, L., and Ma, P. C. (2018). Next-Generation Novel Noninvasive Cancer Molecular Diagnostics Platforms Beyond Tissues. Am. Soc. Clin. Oncol. Educ. Book 38, 964–977. doi: 10.1200/EDBK_199767

Zhang, H., Freitas, D., Kim, H. S., Fabijanic, K., Li, Z., Chen, H., et al. (2018). Identification of distinct nanoparticles and subsets of extracellular vesicles by asymmetric flow field-flow fractionation. Nat. Cell Biol. 20, 332–343. doi: 10.1038/s41556-018-0040-44

Zhao, Y., Weber, S. R., Lease, J., Russo, M., Siedlecki, C. A., Xu, L. C., et al. (2018). Liquid Biopsy of Vitreous Reveals an Abundant Vesicle Population Consistent With the Size and Morphology of Exosomes. Transl. Vis. Sci. Technol. 7:6. doi: 10.1167/tvst.7.3.6

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.

Copyright © 2020 Maia, Batista, Couto, Gregório, Bodo, Elzanowska, Strano Moraes and Costa-Silva. 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.



ORIGINAL RESEARCH

published: 06 November 2020

doi: 10.3389/fonc.2020.601085

[image: image2]


Short-Term Circulating Tumor Cell Dynamics in Mouse Xenograft Models and Implications for Liquid Biopsy


Amber L. Williams 1, Jessica E. Fitzgerald 1, Fernando Ivich 1, Eduardo D. Sontag 1,2,3 and Mark Niedre 1*


1 Department of Bioengineering, Northeastern University, Boston, MA, United States, 2 Department of Electrical and Computer Engineering, Northeastern University, Boston, MA, United States, 3 Laboratory of Systems Pharmacology, Harvard Medical School, Boston, MA, United States




Edited by: 
Catherine Alix-Panabieres, Centre Hospitalier Universitaire de Montpellier, France

Reviewed by: 
Talib Hassan Ali, Thi Qar University, Iraq

Francesca Benedetti, University of Maryland, United States

*Correspondence: 
Mark Niedre
 m.niedre@neu.edu

Specialty section: 
 This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology


Received: 31 August 2020

Accepted: 14 October 2020

Published: 06 November 2020

Citation:
Williams AL, Fitzgerald JE, Ivich F, Sontag ED and Niedre M (2020) Short-Term Circulating Tumor Cell Dynamics in Mouse Xenograft Models and Implications for Liquid Biopsy. Front. Oncol. 10:601085. doi: 10.3389/fonc.2020.601085




Motivation

Circulating tumor cells (CTCs) are widely studied using liquid biopsy methods that analyze fractionally-small peripheral blood (PB) samples. However, little is known about natural fluctuations in CTC numbers that may occur over short timescales in vivo, and how these may affect detection and enumeration of rare CTCs from small blood samples.



Methods

We recently developed an optical instrument called “diffuse in vivo flow cytometry” (DiFC) that uniquely allows continuous, non-invasive counting of rare, green fluorescent protein expressing CTCs in large blood vessels in mice. Here, we used DiFC to study short-term changes in CTC numbers in multiple myeloma and Lewis lung carcinoma xenograft models. We analyzed CTC detections in over 100 h of DiFC data, and considered intervals corresponding to approximately 1%, 5%, 10%, and 20% of the PB volume. In addition, we analyzed changes in CTC numbers over 24 h (diurnal) periods.



Results

For rare CTCs (fewer than 1 CTC per ml of blood), the use of short DiFC intervals (corresponding to small PB samples) frequently resulted in no detections. For more abundant CTCs, CTC numbers frequently varied by an order of magnitude or more over the time-scales considered. This variance in CTC detections far exceeded that expected by Poisson statistics or by instrument variability. Rather, the data were consistent with significant changes in mean numbers of CTCs on the timescales of minutes and hours.



Conclusions

The observed temporal changes can be explained by known properties of CTCs, namely, the continuous shedding of CTCs from tumors and the short half-life of CTCs in blood. It follows that the number of cells in a blood sample are strongly impacted by the timing of the draw. The issue is likely to be compounded for multicellular CTC clusters or specific CTC subtypes, which are even more rare than single CTCs. However, we show that enumeration can in principle be improved by averaging multiple samples, analysis of larger volumes, or development of methods for enumeration of CTCs directly in vivo.
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Introduction

Circulating tumor cells (CTCs) are of great interest in cancer research because of their importance in hematogenous metastasis. CTCs shed from the primary tumor into the peripheral blood (PB), and a small fraction may form metastases. It is these metastases that are extremely difficult to control clinically and eventually result in the majority of cancer-related deaths (1, 2). Nearly all CTC clinical and pre-clinical research involves “liquid biopsy”, wherein CTCs are isolated from fractionally small PB samples (3, 4). CTCs are extremely rare, and fewer than 1 CTC per ml of PB is associated with reduced overall survival for major cancers such as breast (5), colorectal (6), and prostate (7). Although there have been a number of large clinical studies in the last decade, the clinical value of CTC enumeration by liquid biopsy remains as yet unclear (8–10). One major challenge is CTC heterogeneity, which has driven major efforts toward development next-generation liquid biopsy methods that permit genotypic and phenotypic characterization of single CTCs (11, 12).

A less-studied problem is that of temporal heterogeneity of CTCs and PB sampling, by which we mean the short-term fluctuations in CTC numbers in PB that may be largely invisible to liquid biopsy. Liquid biopsy implicitly assumes that the number of CTCs in a blood sample is representative of the entire PB volume (PBV). Previous work has shown that this assumption may be statistically dubious in light of the rarity of CTCs and the fractionally small volume of samples (13, 14). With respect to the latter, in CellSearch (for example), 7.5-ml PB samples are analyzed which corresponds to about 0.015% of the ~5 L human PBV (6). Other experimental microfluidic platforms analyze similarly small samples in the range of 2–10 ml (0.004%–0.02% PBV) (15–17). With respect to pre-clinical mouse studies PB collection is limited to 200 μl every two weeks for non-terminal experiments (without fluid replacement). This is equivalent to about 10% of the ~1.5- to 2-ml mouse PBV (18, 19).

The small number of previously-published theoretical treatments of this problem also assumes that CTC detection (sampling) statistics should follow a Poisson distribution (13, 20, 21). This further implicitly assumes that CTCs are well-mixed in blood, and that the average number of CTCs in circulation does not change significantly over the minutes or hours surrounding the blood draw. However, there is relatively little experimental pre-clinical or clinical data to support these assumptions (7, 20, 22, 23). The relative infrequency and small PBV of blood draws are major challenges. In small animal models, the rarity of CTCs in mouse models also means that the entire PBV often must be drawn and analyzed. Such terminal experiments preclude serial study in the same mouse. In summary, little is currently known about short-term fluctuations in CTC numbers in vivo.

“In vivo flow cytometry” (IVFC) is a general term for optical instrumentation designed to detect and enumerate circulating cells directly in vivo, most often using either fluorescence or photoacoustic contrast (19, 24). We recently developed “diffuse in vivo flow cytometry” (DiFC) specifically for enumeration of rare green fluorescent protein (GFP)-expressing CTCs in mouse models of metastasis (25–29). DIFC uses diffuse light to non-invasively and continuously interrogate PB flowing in large, deeply-seated vessels. We recently used DiFC to monitor CTC dissemination in multiple myeloma (MM) and Lewis lung carcinoma (LLC) (27, 29) mouse xenograft models. We showed that DiFC permitted longitudinal study of CTCs and CTC multi-cellular clusters (CTCCs) in individual mice at burdens below 1 CTC per ml of PB.

In our previous work, we used DiFC to study only the time-averaged (mean) number of CTCs in circulation on a given day, but did not consider the short-term dynamics of CTC detections over timescales of minutes or hours. These short-term variations are measured by DiFC and therefore potentially provide unique insights into temporal dynamics of CTCs in vivo. In this work, we analyzed more than 100 h of DiFC data taken in mice, and considered sample intervals equivalent to approximately 1%, 5%, 10%, and 20% of the PBV. We analyzed how CTC numbers fluctuated over the timescales of minutes and hours. As we show, CTC numbers were far from steady state, and exhibited variability far exceeding that expected by Poisson statistics or DiFC operator variability. As we show, this suggests that CTCs are not well-mixed in PB in general, and that the mean number of CTCs may change significantly over relatively short timescales. This can be explained by the short half-life of CTCs in circulation coupled with intermittent shedding behavior of CTCs. It also follows that the number of cells in a blood sample and the subsequent CTC enumeration accuracy may be strongly impacted by the timing of the draw. This data is also generally consistent with the small number of previously published preclinical and clinical studies on this issue. However, our analysis also shows that accuracy may be markedly improved by analysis of larger blood volumes, averaging of multiple blood samples, or continuous in vivo monitoring.



Materials and Methods


DiFC Instrument and Signal Processing

The DiFC instrument (Figure 1A) and data processing algorithms were described in detail previously (26, 27, 29). Briefly, two specially designed fiber-optic probes (Figure 1B) are placed in-line along a major blood vessel (in this case, the ventral caudal bundle in the tail) as shown in Figure 1C. The probes have integrated lenses and filters that allow efficient fluorescent light collection and rejection of non-specific tissue autofluorescence. GFP-expressing CTCs are detected by laser-induced fluorescence as they pass through the DiFC field of view (Figure 1D, also see Supplementary Materials and Methods 1.1). DiFC therefore permits detection of moving CTCs in large blood vessels 1-2 mm deep in tissue. Analysis of peak amplitude, width, and order of detection between the two channels allows us to discriminate arterial from venous flow directions (26).




Figure 1 | DiFC allows non-invasive in vivo enumeration of rare circulating tumor cells (CTCs) in mice without drawing blood samples. (A) The DiFC instrument was described in detail previously (27, 29). The specially designed DiFC probes use two specially designed (B) optical fiber bundles that are placed on the (C) skin surface over the ventral side of the tail of a mouse. (D) When GFP-expressing CTCs pass through the DiFC field of view, the GFP is excited and the resulting fluorescent emission is detected by the probes. (E) The emission is identified as a CTC detection in time, which is visualized as a vertical black line on a raster plot. (F–H) A representative data set collected from an s.c. LLC-tumor bearing mouse. (F) Photographs of LLC tumor growth. (G) DiFC raster of CTC detections during tumor growth. (H) The tumor volume (blue squares) and mean rate of CTC detections (pink circles) over time. (I–K) Example MM-DXM mouse data. (I) Bioluminescence (BLI) images during MM growth. (J) DiFC raster plots of MM CTC detections. (K) BLI signal (blue squares) and mean rate of CTC detections (pink circles) over time. Panels (A, B) reproduced with permission from Patil et al. (27).



Detections of CTCs during a DiFC scan may be visualized using temporal raster plots, where each vertical black line represents a detection of a CTC (Figure 1E). Example DiFC data sets from our previous studies in an LLC sub-cutaneous (s.c.) flank tumor model (Figures 1F–H) and an MM disseminated xenograft model (Figures 1I–K) are shown (27, 29). As we discuss in more detail below, these two models provide complementary cases for analysis of CTC dynamics, namely, i) very rare CTCs disseminating from a single solid tumor (LLC) and, ii) more abundant CTCs disseminating from tumor distributed throughout the skeleton (MM).

We conservatively estimated that DiFC samples approximately 50 μl of PB per minute (27). As such, DiFC allows sampling of the complete ~1.5–2 ml mouse PBV (potentially more than once) with single CTC sensitivity in a single, 30- to 60-min scan. Central to our analysis here is the assumption that the CTC count in a specific DiFC time interval is equivalent to the number of CTCs that would be counted in a blood sample of corresponding volume drawn from the same blood vessel at that time. For example, assuming that a mouse has 2 ml of PB, a 24 s DiFC scan interval is equivalent to approximately 20 μl of blood, or about 1% of the PBV. We note this percentage is approximate and is intended to give a physical interpretation of DiFC scan intervals to the reader. Moreover, the percentage itself is not used in any calculations so that if the true PBV were slightly higher or lower than 2 ml it would have no impact on results presented here. Mice used in each model were also approximately the same weight (~25 g), so that this percentage would likewise be approximately consistent between mice. In this work, we considered all 24 s, 2 min, 4 min and 8 min DiFC scan intervals, equivalent to 20, 100, 200, and 400 μl, or approximately 1%, 5%, 10%, and 20% of the mouse PBV.



DiFC Data Sets

In this work, we analyzed five data sets as follows:


Lewis Lung Carcinoma (LLC) Metastasis Model

We re-analyzed previously reported DiFC data measured in s.c. Lewis lung carcinoma tumor bearing mice (29). In that study, we considered only the mean CTC numbers on each day but not short-term fluctuations as we do here. Briefly, 106 LLC cells expressing GFP (LL/2.GFP.Luc) cells were injected s.c. in the rear flank of 42 nude mice and allowed to grow for up to 3 weeks. DiFC was performed for 40- to 50-min, at least once per week. CTCs were observed in circulation as early as 5 days after inoculation, and there was a general increase in CTC detection rate with increasing primary tumor volume (Figures 1F–H). However, significant inter-mouse heterogeneity was observed in terms of both CTC numbers and lung metastasis formation. We used DiFC scans from this study where at least one CTC was detected (N = 102 DiFC scans). CTC detection rates ranged from 0.019 to 1.05 CTCs per min, which is equivalent to 0.38 to 21.1 CTCs per ml of PB based on the DiFC sampling rate. We subsequently refer to these data as the “LLC dataset” below. A subset of 18 representative raster plots from this data set is shown in Supplementary Figure 1.



Multiple Myeloma (MM) Disseminated Xenograft Model (DXM)

We re-analyzed our previously reported DiFC data from an MM disseminated xenograft mouse model (DXM) (27). Briefly, 5 × 106 GFP-expressing MM.1S.GFP.Luc cells were injected intravenously (i.v.) via the tail vein of 10 SCID mice. After injection MM cells rapidly homed to the bone marrow niche, wherein they steadily proliferated and eventually re-entered circulation by the third week. DiFC was performed for 35 min twice weekly for up to 5 weeks. CTCs were relatively abundant (compared to the LLC model) and increased monotonically with bulk MM growth over time. Example data for an MM-DXM mouse is shown in Figures 1I–K. In the analysis here, we used data sets from this study where DiFC detection rates exceeded 0.5 CTCs per minute only (N = 18), and ranged from 0.6 to 19.6 CTCs per minute, which is equivalent to 12 to 392 CTCs per ml of PB. We refer to this as the “MM 35-min dataset” below. The complete set of DiFC raster plots are shown in Supplementary Figure 2.



Twenty-Four-Hour DiFC Measurements in MM-DXM Mice

We also performed new experiments in MM-DXM mice. All mice were handled in accordance with Northeastern University’s Institutional Animal Care and Use Committee (IACUC) policies on animal care. Animal experiments were carried out under Northeastern University IACUC protocol #15-0728R. All experiments and methods were performed with an approval from and in accordance with relevant guidelines and regulations of Northeastern University IACUC.

We performed i.v. injection of 5 × 106 MM.1S.GFP.Luc cells in six, 8-week-old male severe combined immunodeficient SCID/Bg mice (Charles River) as in the MM-DXM model above (27). We performed cycles of four, 50-min DiFC scans over a 24-h period, beginning 4 weeks after inoculation. Institutional mouse housing followed a 7 am–to–7 pm light, and 7 pm–to–7 am dark cycle. To minimize possible bias in the start time for each cycle, the first DiFC scan was performed at either 7 am (N = 7 data sets) or 7 pm (N = 7 data sets). DiFC scans were performed by one of three human operators, and the first operator was also randomized. CTC detection rates for these data ranged from 0 to 42 CTCs per minute, equivalent to 0 to 840 CTCs per ml of blood. We refer to these as the “MM 24-h dataset” below. The complete set of 24-h DiFC measurements is shown in Supplementary Figure 3.

Since 24-h measurements required three human operators performing four alignments (physical repositioning) of the DiFC probe on the mouse tail in 24-h periods, we also measured the inherent inter- and intra-operator variability in DiFC measurements (for details see Supplementary Materials and Methods 1.2). These data are referred to as “1-operator-with-reposition dataset” (N = 7 data sets) and “2-operators-with-reposition dataset” (N = 6 data sets) below.



Limb-Mimicking Optical Phantom With Fluorescent Microspheres

We also used a limb-mimicking optical flow phantom model as we have previously (27). We used Dragon Green fluorescence level 5 (DG5) reference microspheres (Cat. DG06M, Bangs Laboratories, Inc., Fishers, IN) suspended in PBS at concentrations of 200 or 400 microspheres per ml pumped through the phantom at linear flow speeds of 15, 30, or 60 mm/s. We performed DiFC at the six concentration-speed combinations in triplicate for 35 min in each case (N = 18). Microsphere suspensions were first sonicated to prevent aggregation and clumping and then mixed well to produce as homogenous a suspension as possible. In principle, this should yield DiFC detections that follow Poisson distributions. More details on these experiments are provided in Supplementary Materials and Methods 1.3.



Simulated DiFC Data

We also simulated Poisson-distributed sequences of DiFC data in silico. We generated 54, 35-min data sets using custom written code in Matlab (The Mathworks Inc., Natick, MA) with mean rates of detection in the same range as those measured in MM DXM mice. To compare MM mouse data to processes that are not described by a single Poisson, we also generated 35-min Poisson simulations where the mean CTC detection rate increased by a factor of two halfway through the scan, i.e., Poisson detections with mean rate λ1 in the first 17.5 min and λ2 = 2λ1 in the second 17.5 min. We generated 54 such data sets. We also simulated DiFC data sets of the sum of two concurrent (simultaneous or merged) 35-min, Poisson-distributed sequences of mean λ1 and λ2 = 2λ1. More details are provided in Supplementary Materials and Methods 1.4.





Results


For Rare CTCs Small Samples Frequently Resulted in No CTC Detections

We re-analyzed previously reported DiFC data from an LLC s.c. flank metastasis model (29). In this model, CTCs were rare throughout tumor growth. Specifically, in 102 DiFC scans, CTC count rates corresponded to approximately 0.38 to 21.1 CTCs per ml of PB. Representative DiFC raster plots illustrating the range of the data set are shown in Figures 2A–C. Eighteen additional example data sets are also shown in Supplementary Figure 1.




Figure 2 | For rare CTCs, small blood samples frequently resulted in no DiFC detections. (A–C) Representative DiFC raster plots of LLC-CTC detections for average count rates of (A) 0.4, (B) 2.3, and (C) 14 CTCs per ml PB. Colored horizontal lines show the relative length of approximately 1% (24 s), 5% (2 min), 10% (4 min), and 20% (8 min) intervals (blood sample size). Distributions of CTC counts in detections intervals are shown for (D–F) 1% PBV, (G–I) 5%, (J–L) 10%, and (M–O) 20% PBV DiFC scan intervals. The fraction of intervals where 1 or more CTCs were detected for (P) 1%, (Q) 5%, (R) 10%, and (S) 20% PBV scan intervals.



We considered the number of CTCs detected in 24-s, 2-min, 4-min, and-8 min intervals during the DiFC scans. As above, these intervals were equivalent to approximately 20, 100, 200, and 400 μl of PB, or about 1%, 5%, 10%, and 20% of the mouse PBV. Histograms of the number of CTC detections (for the data shown in Figures 2A–C) are shown for 24 s (Figures 2D–F), 2 min (Figures 2G–I), 4 min (Figures 2J–L), and 8 min (Figures 2M–O) intervals, respectively. These data show that the probability that at least one CTC was detected in a small temporal sample was in general very low. For example, considering a 1% PBV sample size and 0.4 CTCs per mL, no CTCs were detected in 99% of equivalent blood samples (intervals) over the entire scan. Even for relatively high CTC burdens (14 CTCs per ml; Figure 2C), 1% PBV sample sizes yielded zero CTC detections 79% of the time (Figure 2F). As would be expected, this probability improved significantly when larger time intervals (equivalent blood samples) were considered. For example, for a CTC burden of 14 CTCs per ml and an equivalent 20% PBV sample (Figure 2O), at least one CTC was detected 100% of the time.

Visualizing the data another way, the fraction of intervals for which at least 1 CTC was detected for all DiFC scans in the LLC dataset are shown in Figures 2P–S. In combination, these data underscore the fact that analysis of fractionally small blood samples (1%–5% PBV) frequently resulted in detection of no CTCs, even though CTCs were present in the blood in all cases. Hence these data provide direct experimental validation of the notion that “more blood is better” for detection of CTCs (14). Analysis of larger blood samples would further improve this: for example, analysis of 30% of the PBV would usually (> 50% of possible PBV samples) result in detection of at least 1 CTC in half of the LLC data sets here.



CTC Counts in Small Samples Were Generally Quantitively Inaccurate

We also considered CTC enumeration accuracy from fractionally small blood samples. To study this, we used DiFC data measured in MM xenograft mice (“MM 35-min dataset”), (27) where CTCs were more abundant than in the LLC tumor model above. A representative 35-min DiFC raster plot from an MM xenograft mouse, measured 31 days after engraftment of MM cells is shown in Figure 3A. (The full set of 18 DiFC scans from this data set is shown in Supplementary Figure 2.) The number of CTCs counted in sliding ~1%, 5%, 10%, and 20% PBV intervals are shown in Figures 3B–E, respectively. We also calculated the mean number of CTCs over the entire DiFC scan (black horizontal line in each case). By inspection, CTC counts varied significantly during the scan, with periods of relatively high and low detection rates.




Figure 3 | Significant temporal fluctuation in CTC numbers were observed over the timescale of minutes. (A) Representative DiFC raster plot measured from a MM DXM bearing mouse. Colored horizontal lines show the length of each time interval (blood sample size). The number of CTCs counted in sliding (B) 1%, (C) 5%, (D) 10%, and (E) 20% equivalent PBV intervals are shown. Black horizontal lines identify the scan mean number of CTCs per interval. (F–I) The corresponding distributions of CTC counts for each equivalent PBV are shown. Black dashed lines indicate the distributions that would be expected from Poisson statistics. Black vertical lines show the mean number of CTCs. Gray shading denotes the range of DFSM < 25% (light gray) and < 50% (dark gray).



These data illustrate the large range of CTC detection rates measured over 35-min scans. For example, considering a 5% PBV interval (which is typical volume for a mouse blood collection experiment), equivalent detection rates ranged from 0 to 38 CTCs per sample. In other words, if PB was collected from this blood vessel, 100-μl samples drawn at different times (separated by just a few minutes) would have yielded order-of-magnitude or more differences in CTC numbers.

The histograms of these data (i.e., the number of CTC detections for all possible 1%, 5%, 10%, and 20% PBV intervals) are shown in Figures 3F–I, along with the mean number of CTCs detected over the full scan (vertical black lines). We compared the measured distributions to Poisson distributions which, as noted above, are frequently assumed for liquid biopsy of PB (13, 20, 21). These are indicated by the black dotted curves in Figures 3F–I. By inspection, the DiFC-measured distribution of count rates did not appear to follow the Poisson distribution, particularly for larger (2–8 min) equivalent blood samples. The implications of this observation are discussed in more detail below.

We also computed the “deviation from the scan mean” (DFSM) for each observation (blood sample):



where Ci is the number of CTCs in the ith equivalent sample and λ is the mean number of CTC detections over the full scan for each sample size. The cumulative fraction of blood samples within 0-100% DFSM for the data in Figures 3F–I are shown in Figure 4A. The cumulative fraction of samples for Poisson distributions of the same mean are also shown (dotted lines, same colors), again suggesting that experimental data diverged substantially from the Poisson behavior.




Figure 4 | CTC counts in small equivalent blood samples were generally quantitatively inaccurate. (A) Analysis of a representative DiFC data set measured in an MM xenograft mouse, showing the impact of the sample size on the percentage deviation of CTC counts in an interval from the scan mean (DFSM; see text for details). The fraction of observations within a given DFSM is shown in each case. Dotted lines indicate the expected distribution based on Poisson statistics. (B) A second example data set that more closely followed the expected Poisson behavior. (C) The fraction of equivalent blood samples with CTC counts within 25% of the scan mean (DFSM < 25%) for all 18 DiFC scans in the MM 35-min dataset. (D) The fraction of samples within 50% of scan mean (DFSM < 50%). Horizontal bars indicate the median, and first and third quartile for each blood sample size.



For example, these data can be interpreted as, “39% of randomly selected 5% PBV blood samples would yield a CTC count within 25% of the scan mean, whereas Poisson statistics predict that this number should be 69%”. It should also be noted that the large disagreement between expected Poisson behavior and measured behavior occurred in about half of the data sets. A representative plot from another DiFC scan where closer agreement was observed is shown in Figure 4B.

We next considered the fraction of intervals where the DFSM was equal to or less than 25% and 50% for all sample sizes in the complete “MM 35-min dataset”. These data are summarized in Figures 4C, D. Our use of 25% and 50% DFSM thresholds were selected since they are illustrative of sufficiently large error to affect prognostic classification—for example, in determining whether a sample has 4 or 5 CTCs (breast and prostate cancer) or 2 or 3 CTCs (colorectal cancer) (6–8).

Taken together, these data show that quantitative estimation of CTC numbers from single samples in mice is extremely challenging. For example, for 5% PBV samples, the median probability for all scans of randomly obtaining a CTC count within 25% of the scan mean was only 41.9% (Figure 4C). Likewise, the probability of obtaining a CTC count within 50% of the mean was 72.1% (Figure 4D). All else being equal, use of larger blood sample volumes yielded higher probability of obtaining accurate count than smaller samples (14).



There Were Significant Variations in CTC Detection Rates in 24-h Periods

We also studied the 24-h variability in CTC detection rates in MM xenograft mice by performing four, 50-min DiFC scans over 24-h periods (“MM 24-h dataset”). Half of the data sets began at 7PM, and half began at 7 am to rule out the possibility that the start time could affect the measurements. In addition, the starting DiFC human operator (one of 3) was randomized. Two representative DiFC data sets from 24-h sessions are shown in Figures 5A–C. CTC detection rates in moving 2 min (5% PBV) intervals are shown in Figures 5A, B. The 50-min average of each DiFC scan is also shown (dotted horizontal lines), as well as the average over the 24-h period (solid horizontal lines). The mean count rates over the four DiFC scans for both mice are summarized for clarity in Figure 5C. As shown, the average measured detection rates changed by more than an order of magnitude depending on the time of day. The complete set of 14, 24-h DiFC scan sets from this data set are shown in Supplementary Figure 3.




Figure 5 | Large fluctuations in CTC numbers were observed over 24-h cycles. (A, B) Example DiFC measurements taken over 24 h in two MM-bearing mice. The number of CTCs counted in 2 min (5% PBV) sliding intervals is shown. The solid horizontal lines in each figure show the 24-h mean number of CTCs per 2 min interval, and the dashed horizontal lines show the local mean of the 50-min DiFC scan. Dark hours are shaded gray. (C) The mean DiFC count rates over the 24-h period are shown. (D) Ratios of maximum-to-minimum DiFC count rates are shown for MM 24-h, MM 35-min (no repositioning), 1-operator-with-reposition, and 2-operators-with-reposition data sets. Bars represent the mean values with standard deviation error bars and dotted lines to identify the median values. Note the logarithmic y-axis. Kolmogorov-Smirnov test significance indicated by ** (p-value < 0.01) and *** (p-value < 0.001).



To better quantify the 24-h variability, the ratios of the maximum-to-minimum CTC detection rates for each scan are shown in the first column of Figure 5D. As shown, this varied from 2.5 to 152. We note that we did not observe any specific circadian pattern to the data as others have reported for MM (23). Rather, the CTC count rates were seemingly randomly higher or lower at different times of days.

This 24-h variability was also greater than the fluctuations observed over a short timescale (as in Figure 3). To show this, DiFC scans from the “MM 35-min dataset” were each divided into the first 15 and last 15 min (separated by 5 min), and the same maximum-to-minimum count rates ratios were calculated. These ranged from 1.05 to 4.4 (Figure 5D, column 2).

We note that 24-h measurements required up to three human operators performing four alignments (physical repositioning) of the DiFC probe on the mouse tail in each 24-h dataset. To rule out the possibility that the observed variability in CTC detection rates (Figure 5C) was due to repositioning of the DiFC probe on the skin surface between scans (which could affect the collection efficiency of the system) and not biological fluctuations, we tested the intra-operator reproducibility of DiFC count rates. To do this, we tested the intra- (“1-operator-with-reposition”) and inter-operator (“2-operators-with-reposition”) reproducibility of DiFC count rates. The corresponding maximum-to-minimum DiFC count rate ratios ranged from 1.1 to 14.9 (Figure 5D column 3) and 1.0 to 2.4 (Figure 5D column 4), respectively.

Statistical analysis showed that the variability in mean DiFC count rate measured over 24 h was much larger than expected from either intra- or inter-operator repositioning variability. Specifically, when comparing MM 24-h data (N = 14) to MM 35-min (N = 18), 1-operator-with-reposition (N = 7), 2-operators-with-reposition (N = 6), and all reposition data (N = 13) by a two-sided, two-sample Kolmogorov-Smirnov test (MATLAB version 9.6), p-values were p < 0.001, p = 0.058, p < 0.001, and p < 0.01, respectively. In addition, the intra- and inter-operator variability, as well as short-term fluctuations were not significantly different from each other (all p > 0.15).



Variability in CTC Detection Rates In Vivo Was Higher Than Predicted by Poisson Statistics

Because CTC detection is a random process, some inherent measurement variability is expected. However, as already noted the variability observed in DiFC data in vivo frequently exceeded that expected by Poisson statistics. To better study this, we plotted the variance of the CTC counts per interval against the mean. This was repeated for 24 s, 2 min, 4 min, and 8 min intervals. Since the mean and variance of an ideal Poisson distribution are equal, if Poisson distributed CTC measurements should fall approximately along the 1:1 curve. However, as shown in Figures 6A–D, the measurement variance for the “MM 35-min dataset” was larger than the mean for about half the measurements. This deviation was significantly larger when considering the “MM 24-h dataset”, where fluctuations were observed over 24-h periods (Figures 6E–H). Linear fits with a fixed intercept at zero resulted in slopes larger than 1, demonstrating that the variance generally exceed the mean.




Figure 6 | The variability in DiFC count rate measured in mice far exceeded that expected by Poisson statistics. Measured variance in CTC counts compared to the scan mean count in DiFC data is shown for (A–D) MM 35-min mice, (E–H) MM 24-h mice, (I–L) simulated Poisson DiFC data, and (M–P) phantoms with suspensions of well-mixed microspheres. The dashed diagonal lines indicate the expected 1:1 variance-to-mean relationship for Poisson-distributed data. (Q–T) Simulations show that the higher than expected variance in MM 35-min data is consistent with a Poisson process with changing mean (see text for details). (U–X) By contrast, two or more simultaneous (merged) Poisson processes would not be consistent with the higher-than-expected variance. Equations and solid lines indicate a linear fit to each data set.



We note that in computing the mean and variances we analyzed all possible intervals in the DiFC scans (a “sliding window”). While this approach yielded significant overlap (non-independence) between measurements, we showed explicitly that when large numbers of overlapping intervals are considered the variance converges to the non-overlapping case (see Supplementary Materials and Methods 1.5).

To rule out the possibility that this deviation from Poisson behavior was an artifact of DiFC measurement or data analysis methods, we repeated the analysis on in silico simulated data sets, where detections were Poisson distributed as shown in Figures 6I–L. We also performed DiFC measurements in a limb-mimicking optical flow phantom with suspensions of fluorescent microspheres that were well-mixed as shown in Figures 6M–P. In both cases, the variance more closely agreed with the scan mean, and linear fitting yielded slopes that were generally close to 1. The slightly larger slopes observed in the phantom data likely resulted from microspheres settling in the syringe pump over the course of the DiFC scans, i.e., the spheres were not perfectly mixed.

The physical interpretation of these data is that the mean number of CTCs in the PB fluctuated significantly (i.e., was not in quasi-steady-state) over the time-scale of the DiFC experiments. To further test this, we simulated Poisson-distributed data sets where the mean number of CTCs doubled halfway through the scan (Figures 6Q–T). These data more closely resemble the in vivo experimental data (Figures 6A–H). It is also worth noting that the in vivo DiFC data is not consistent with multiple concurrent Poisson processes. As shown in Figures 6U–X (and by the properties of Poisson statistics) this summation would exhibit Poisson behavior.

The implications of these data are discussed in more detail below. However, in practice, this means simply that the expected variability in CTC numbers in a single, randomly-drawn blood sample is actually much worse than would be expected by Poisson statistics as others have assumed (13, 20).



Quantification of CTCs Can Be Improved by Averaging Multiple Samples

Previous studies have shown that analysis of larger blood samples provides more accurate quantification of CTCs than smaller blood samples (14). The large temporal variability and deviation from Poisson behavior observed in our data further predicts that averaging multiple small blood samples over 24-h periods should yield more quantitatively accurate estimates (versus the average) than a single, larger blood sample. As summarized in Figure 7, we considered a number of sample sizes and sample number combinations. We computed the number of samples where the DFSM ≤ 25% for each case. These are shown for (Figure 7A) 1%, 2%, two 1%, 4%, four 1%, 20%, 80%, and four 20% samples. Here, multiple samples were selected at least 6 h apart.




Figure 7 | Use of larger blood samples and averaging multiple blood samples yields improved enumeration of CTCs. (A) Fraction of samples of different sizes where the DFSM was less than or equal to 25% for 1%, 2%, two 1%, 4%, four 1%, 20%, 80%, and four 20% PBV samples. (B) Paired difference in the fraction of samples were the DFSM <= 25% between the averaged samples (two 1%, four 1%, and four 20% PBV) and a single continuous sample of equivalent size (2%, 4%, and 80% PBV).



We then compared paired differences for equivalent total blood volumes taken continuously or throughout the 24-h period as shown in Figure 7B. For example, we compared two, averaged 1% PBV (24s) samples to a single 2% PBV (2 min) measurement. Similarly, we compared four, 1% PBV samples (each taken at least 6 h apart) to a single 4% PBV sample, as well as four, 20% PBV samples to one single 80% PBV sample (32 min). For nearly every data set, averaging multiple smaller blood samples yielded a higher likelihood of accurately estimating the 24-h CTC rate compared to single, larger blood samples. This data demonstrates that while larger blood samples do improve the likelihood of accurately estimating CTC numbers, further improvements may be made by averaging smaller samples taken at different times of the day.




Discussion

Although CTCs are widely studied using liquid biopsy, methods that involve analysis of single, fractionally-small PB samples inherently do not resolve temporal fluctuations in CTC numbers that can occur over the timescale of minutes or hours. As we have noted, DiFC samples large volumes of circulating PB continuously and non-invasively, and therefore provides unique insights into in vivo CTC dynamics in mouse models of metastasis. Our data in two xenograft models here showed that for rare CTCs (LLC bearing mice), any single small sampling interval (equivalent blood sample) frequently resulted in no CTC detections. For more abundant CTCs (MM bearing mice), small samples were unlikely to yield a quantitatively accurate estimate of mean CTC numbers. Data taken over 24-h periods also showed that CTC numbers varied by up to two orders-of-magnitude, with variance well in excess of that expected by Poisson statistics or operator variability.

In combination, it follows that that CTCs are not well mixed in the PB. This is consistent with two known properties of CTCs, i) that CTCs have a short half-life in circulation, and ii) that CTCs shed continuously from primary tumor(s). For the former, the small number of clinical estimates of CTC half-life range between 6 min and 2.4 h (15, 30, 31). Estimates of CTC half-life in mouse models also range from 10 to 60 min for different cell types and mouse strains (29, 32–37). In addition, many CTCs are cleared in minutes in the “first-pass effect” in the lungs, liver, or spleen (38, 39). With respect to the kinetics of CTC shedding, it has been previously shown that tumors disseminate CTCs at a rate of about 106 cells per gram of tumor tissue per day (40). We were unable to find any specific information on the short-term dynamics of CTC shedding from the primary tumor; however, it is conceivable that this—like other tumor processes—varies over the timescale of minutes. For example, it has been shown that tumors cycle through hypoxia states on similar timescales (41). This suggests that CTCs are continuously and dynamically being shed into and cleared from circulation. For example, in one LLC data set (Figure 3A), only a single detection was observed in a 50-min DiFC scan suggesting that the CTC cleared from circulation before it could be detected a second time.

DiFC data support the alternate hypothesis that CTC numbers are better described using a kinetic model that oscillates between states of relatively high or low shedding, as opposed to a steady Poisson process. Specifically, CTC data from MM-DXM bearing mice was more consistent with our in silico simulated data sets where the mean CTC rate increased partway through the scan (Figures 6Q–T). These simulations suggested that CTC rates may change by approximately a factor of two over a 35-min scan, and by larger factors over 24-h periods. The disseminated nature of the MM tumor also implies that there may be multiple (many) sites of CTC shedding. However, as we noted, multiple simultaneous Poisson-distributed CTC sources would not produce the observed in vivo DiFC data (Figures 6U–X). This suggests that the changing numbers of CTCs in circulation is in response to systemic factors such as hormonal or cardiovascular effects. Despite the similarities in data, our simulations of a doubling in detection rate midway through the scan are, of course, not necessarily representative of what occurs biologically. In general, the magnitude and frequency of CTC rate changes is not known, and moreover is expected to vary with cancer type and mouse strain. Determining an accurate model of these changes is the subject of ongoing work in our group.

Since our observations were made in mouse xenograft models, a natural question is whether similar short-term temporal fluctuations occur in humans. While this requires further study, the general findings here are consistent with the small number of clinical studies in the literature. For example, (22) studied CTC numbers in blood samples taken at 12-h intervals from 51 breast cancer patients. While they concluded that there was no diurnal pattern, blood samples taken on the same day yielded differences by up to a factor of 3.8. Some patients had CTCs detected in one blood sample and no CTCs in the second blood sample, and several switched between prognostic categories (i.e., numbers above or below the 5 CTC threshold). Likewise, (23) showed 24-h variability of up to a factor of 7 in MM patients, and suggested a circadian rhythm to the fluctuations. (42) took three sequential 3 ml PB samples from each of 7 stage IV melanoma patients, and found also found significant variation in CTC number (by up to a factor of 4), including four patients where no CTCs were detected in some of the samples. However, direct comparison is difficult since these previously reported observations were made using a small number of fractionally small blood samples. As such, they did not permit study of continuous changes in CTC numbers that occur over the timescale of minutes as we do here. Moreover, the limited temporal data did not permit comparison with assumed kinetic or sampling models (such as Poisson statistics).

Together our findings suggest a number of practical implications for the use of liquid biopsy in CTC enumeration. As noted the clinical value of CTC numbers as a diagnostic or predictive biomarker is still unclear (8–10, 43, 44). This has in part driven major efforts toward development of next-generation liquid biopsy technology for characterization of CTC genotypic and phenotypic heterogeneity (12–14). Assuming that the CTC behavior observed here extends to humans, these data may provide a simple complementary explanation (to CTC heterogeneity) for these challenges: CTCs enumerated in fractionally small blood samples is inherently sensitive to the timing of the blood draw because of the natural temporal fluctuations. As shown, these fluctuations could result in change of prognostic category (CTC positive or negative) when simple numerical thresholds are applied.

Second, these data are consistent with the notion that improved clinical CTC enumeration could be achieved by analysis of larger blood samples (13, 14), either by liquid biopsy or by development of in vivo methods for counting or capturing CTCs (45). Our analysis suggests that averaging of multiple small blood samples taken over the course of hours should yield even further improved accuracy. Alternatively, new in vivo methods could scan larger blood volumes over time and in principle yield more accurate enumeration of CTCs. In this regard, because DiFC is inherently scalable to larger tissue volumes, we are already exploring the possible translation of DiFC to humans through the use of highly specific fluorescence molecular probes (46).

Third, CTC clusters (CTCCs) are even more rare than CTCs (they occur at a frequency of less than 10% of single CTCs) but are of great interest because they are known to have significantly higher metastatic potential (47). Although we did not explicitly consider CTCCs in the analysis here, DiFC does permit detection of CTCCs (27, 29). The relative rarity of CTCCs implies that the challenges of enumeration with liquid biopsy of small PB samples are likely to be compounded. This is also true when considering accurate enumeration of specific, more-rare CTC phenotypes (11).

Last, the fast turnover of CTCs in PB also suggests that anti-CTC therapeutic strategies such as “CTC dialysis” that have been proposed (48–50) are unlikely to succeed unless performed continuously, for example using a wearable device.

In summary, analysis of DiFC data in two mouse models of metastasis shows that CTC numbers are far from steady-state in vivo and undergo significant fluctuations on the timescales of minutes and hours. This can (at least in these models) cause significant error in CTC detection and enumeration using small blood samples and motivates new methods for analyzing larger blood volumes in vivo. Ongoing work by our team includes the application of DiFC to other mouse xenograft models, investigating future clinical use of DiFC, and development of mathematical models to more accurately describe CTC dynamics.
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Supplementary Figure 1 | Raster plots of 18 representative DiFC scans from LLC tumor bearing mice (“LLC data set”). Each solid vertical line represents a CTC detection. The dashed lines mark the end of each scan, which were of slightly different lengths. The plots are shown in ascending order of DiFC detection rate.

Supplementary Figure 2 | Raster event plots for all 18 DiFC scans in the “MM 35-min date set”. Each vertical line represents a CTC detection. The plots are in ascending order of DiFC detection rate.

Supplementary Figure 3 | Fluctuations in the mean CTC count rate over 24-h periods for all DiFC scans the “MM 24-h data set”. Triangle markers identify the first scan of the 24-h cycle. N = 7 cycles started ~0700 (7 am) and N = 7 sessions began at ~1900 (7 pm). Animal housing followed a 0700 to 1900 light (white background) and 1900 and 0700 dark (gray background) light cycles.
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The clonal evolution of acute myeloid leukemia (AML), an oligoclonal hematological malignancy, is driven by a plethora of cytogenetic abnormalities, gene mutations, abnormal epigenetic patterns, and aberrant gene expressions. These alterations in the leukemic blasts promote clinically diverse manifestations with common characteristics of high relapse and drug resistance. Defining and real-time monitoring of a personalized panel of these predictive genetic biomarkers is rapidly being adapted in clinical setting for diagnostic, prognostic, and therapeutic decision-making in AML. A major challenge remains the frequency of invasive biopsy procedures that can be routinely performed for monitoring of AML disease progression. Moreover, a single-site biopsy is not representative of the tumor heterogeneity as it is spatially and temporally constrained and necessitates the understanding of longitudinal and spatial subclonal dynamics in AML. Hematopoietic cells are a major contributor to plasma cell-free DNA, which also contain leukemia-specific aberrations as the circulating tumor-derived DNA (ctDNA) fraction. Plasma cell-free DNA analysis holds immense potential as a minimally invasive tool for genomic profiling at diagnosis as well as clonal evolution during AML disease progression. With the technological advances and increasing sensitivity for detection of ctDNA, both genetic and epigenetic aberrations can be qualitatively and quantitatively evaluated. However, challenges remain in validating the utility of liquid biopsy tools in clinics, and universal recommendations are still awaited towards reliable diagnostics and prognostics. Here, we provide an overview on the scope of ctDNA analyses for prognosis, assessment of response to treatment and measurable residual disease, prediction of disease relapse, development of acquired resistance and beyond in AML.
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INTRODUCTION

Acute myeloid leukemia (AML) is a rapidly progressing hematological malignancy that display varied clinicopathological features as well as treatment outcomes (Estey and Döhner, 2006; Döhner et al., 2015; De Kouchkovsky and Abdul-Hay, 2016). With an annual incidence of 4.3 per 100,000 (age-adjusted cases from 2013 to 2017), the median age at diagnosis of AML is 68 years and 5-year relative survival is 28.7% in the United States alone [National Cancer Institute, 2017; SEER Cancer Stat Facts: Acute Myeloid Leukemia (accessed at https://seer.cancer.gov/statfacts/html/amyl.html; on 20th August, 2020)]. The expanding knowledge of its genomics has revealed the molecular complexity of the abnormal leukemogenesis in AML, which has immensely contributed to the refinement of risk stratification and personalized therapeutic strategies for these patients (Welch et al., 2012; Ley, 2013; Papaemmanuil et al., 2016; Leisch et al., 2019). Of the several novel treatment options approved by the U.S. Food and Drug Administration (FDA) that target specific gene mutations, surface markers, or regulators of apoptosis, epigenetic, or micro-environmental pathways; eight of these drugs have recently been incorporated into clinical practice to guide patient-specific treatment in AML in addition to the standard chemotherapy (Tiong and Wei, 2019; Green and Konig, 2020). Nevertheless, the long-term survival is less than 30% in patients below the age of 60 years and worse in older AML patients with comorbidities (Appelbaum et al., 2006; Almeida and Ramos, 2016). A significant proportion of AML patients eventually encounter disease relapse or become refractory even after initially achieving complete remission (CR) post-induction chemotherapy (Schlenk et al., 2017; Shlush et al., 2017).

In the current scenario with several options of standard chemotherapy, low-intensity regimens, combination chemoimmunotherapy, and clinical trials, AML patients may certainly benefit from the provision of concurrent real-time longitudinal monitoring of disease burden. The persistence of patient-specific genetic alterations in the due course of disease progression holds potential prognostic value. Monitoring these alterations may further guide strategies for maintenance of remission in the long term. Since liquid biopsy techniques are extensively being explored as non-invasive methods for tumor diagnosis and disease monitoring, these can provide early insights into treatment efficacy as well as predict recurrence of the disease. Here, we present an overview of the scope of molecular analysis of ctDNA in tracking relevant genetic markers for longitudinal monitoring of disease burden in AML.



TRANSFORMING CLASSIFICATION OF AML POST-GENOMICS ERA

Ever since the World Health Organization (WHO) introduced a new classification system of AML based on recurrent cytogenetic abnormalities in 2001 (Jaffe et al., 2001; Vardiman et al., 2002) and subsequently revised it in 2008 (Vardiman et al., 2009; Swerdlow et al., 2017) and further refined it based on molecular alterations in 2016 (Swerdlow et al., 2016, 2017), AML genome sequencing has further revealed a wide spectrum of driver and co-occurring mutations in majority of the patients (Ley et al., 2008; Mardis et al., 2009). The advent of next-generation sequencing (NGS) has deciphered the heterogeneous molecular complexity of AML genome specifically with cytogenetically normal karyotype (CN-AML) (Welch et al., 2012; Ley et al., 2013; Martelli et al., 2013). This category of CN-AML comprises almost half of the newly diagnosed AML cases (Ghanem et al., 2012; Martelli et al., 2013). In addition to the abnormal myeloid differentiation (gene rearrangements in RUNX1, CBFB, RARA, and alterations in other transcription factors), it has become evident that more than 95% of AML patients carry known driver and co-occurring mutations that are implicated in the survival of the neoplastic clone or subclones (Gupta, 2016; Papaemmanuil et al., 2016). Somatic mutations became apparent as an independent prognostic factor for risk stratification in CN-AML (Grimwade et al., 2016). Henceforth, WHO classification was updated by incorporating subcategories based on recurrent cytogenetic abnormalities and mutations such as AML with mutated NPM1 and CEBPA as full entities and mutated RUNX1 as provisional entity in the revised 2016 classification (Arber et al., 2016). The timeline of various milestones highlighting the transition toward genomic classification of AML is shown in Figure 1.
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FIGURE 1. Timeline of various milestones in the evolution of genomic classification of AML (Adapted from TCGA project Ley et al., 2013) and studies on circulating tumor DNA in AML. Initially, AML was classified by the French-American-British (FAB) Cooperative Group (1976) based on the cell lineage of leukemic cells and their differentiation status derived from the cell morphology as well as cytochemical staining of BM cells (Bennett et al., 1976). This approach had limitations in risk stratification in majority of AML cases. The discovery of recurrent cytogenetic abnormalities led to a novel classification system by the World Health Organization [WHO] (2001), which was revised in 2008 and later in the 2016 WHO Classification. Few research highlights of various studies on ctDNA analysis in AML disease monitoring are indicated in the timeline as a co-evolution with advances in AML genomics. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ctDNA, circulating tumor-derived DNA; ed., edition; LOH, loss of helerozygosity; MRD, measurable residual disease; TS, targeted sequencing; WHO, World Health Organization.




FUNCTIONAL GENOMIC LANDSCAPE AND RISK ASSESSMENT IN AML

Next-generation sequencing of AML genome has revealed the gene mutation map of driver events that led to a genomic classification of AML with significant clinical correlation (Ley et al., 2013; Papaemmanuil et al., 2016; Bullinger et al., 2017). These mutated genes are now segregated into nine categories based on their biological function (Table 1). Data from the mutational profiling of AML patients by either whole-genome or whole-exome sequencing was obtained by The Cancer Genome Atlas (TCGA) project (Ley et al., 2013). This study documented an average number of 13 coding mutations (single nucleotide variations and insertions/deletions) per patient suggesting a coordinated interaction of these gene alterations in AML pathogenesis (Grimwade et al., 2016). An average of less than one gene fusion event and a median of one somatic copy-number variant (e.g., trisomies or monosomies) were few other findings. Moreover, AML genomes with complex cytogenetic profile strongly associated with mutations in TP53 gene. The updated European Leukemia Net (ELN) recommendation for risk stratification of AML patients into favorable, intermediate, and adverse groups is governed by a comprehensive integrated genomic profiling that includes recurrent chromosomal abnormalities, gene mutations, and FLT3-ITD allelic ratio (Döhner et al., 2017). Currently, most AML cases are assigned prognostically distinct subcategories based on the considerations of clinical presentation and presence or co-occurrence of cytogenetic and molecular aberrations (Hou et al., 2014). Comprehensive molecular profiling is gradually becoming the mainstay for improved diagnosis, prognostication, measurable residual disease (MRD) assessment, eligibility for targeted therapy, and monitoring for better patient management in AML (Pollyea, 2018; Schuurhuis et al., 2018).


TABLE 1. Functional categorization of common genetic alterations and their clinical significance in AML (Adapted from Ley et al., 2013; Thakral and Gupta, 2019).

[image: Table 1]For the initial diagnostic work-up of AML, the conventional approach of morphologic assessment of the bone marrow remains the universal recommendation by the World Health Organization (World Health Organization [WHO], 2016), the European Leukemia Net (ELN), and the National Comprehensive Cancer Network (NCCN) guidelines (Arber et al., 2016; Döhner et al., 2017; Tallman et al., 2019). The combined information obtained from a battery of tests including flow cytometry, cytogenetics, fluorescence in situ hybridization (FISH), and PCR or NGS-based molecular analyses, primarily performed on the bone marrow sample, guides prognostication as well as therapeutic choices for individual patients. The current practice for the evaluation of both remission and MRD for response assessments rely on bone marrow sampling, whereas peripheral blood evaluation may be adequate for monitoring of relapse in most cases (Komanduri and Levine, 2016; Percival et al., 2017).

Once complete clinical remission is achieved post-therapy, the frequency of follow-up bone marrow biopsies is not well defined. Moreover, the clinical utility of monitoring residual leukemic burden during initial induction therapy is currently not known (Wong et al., 2019). Most commonly, once patients attain clinical remission, they undergo repeat bone marrow aspiration every 2 to 3 months during the first year and every 3 to 6 months for the next 2 years as the risk of relapse is maximum during the initial 2 years after the end of consolidation chemotherapy (Percival et al., 2017). A long-standing question remains whether this uncomfortable and inconvenient procedure of bone marrow evaluation can be avoided during certain situations of disease monitoring.

For assurance to a patient in clinical remission to sustain in a clinically disease-free state, several issues remain. These include (i) sampling error introduced from a single bone marrow specimen that represents only a very small fraction of the total bone marrow cellular population (Percival et al., 2017); (ii) spatial heterogeneity and clonal evolution of leukemia (Walter et al., 2012); (iii) occurrence of extramedullary disease at relapse or diagnosis (Ganzel et al., 2016; Solh et al., 2016); (iv) limitation of the sensitivity of routine tests for residual disease monitoring (Ravandi et al., 2018); (v) patient risk stratification; and (vi) monitoring treatment efficacy. Therefore, the search for novel biomarkers that could provide additional predictive and/or prognostic information is ongoing. Subsequent development and validation of these biomarkers may contribute in clinical-decision making and better AML disease management.



MRD ASSESSMENT IN AML AND CURRENT CHALLENGES

Measurable, molecular, or minimal residual disease (MRD) has emerged as an independent prognostic indicator in AML (Schuurhuis et al., 2018). The current practice for treatment of AML patients post-remission is guided by genetic profile of leukemic blasts at diagnosis and on the MRD-level post-induction and consolidation chemotherapy. The MRD is used as an important tool for early response assessment for prediction of final treatment outcome in AML patients. Unlike the AML NCCN guidelines, the AML European Leukemia Net MRD working group recommends individualized patient-specific reliable tool to monitor MRD for response assessment and risk stratification (Arber et al., 2016; Schuurhuis et al., 2018). Multiparameteric flow cytometry, assessment of fusion transcript levels (i.e., RUNX1-RUNX1T1, CBFB-MYH11, and PML-RARα) or mutations (NPM1, FLT3 allelic ratio) by quantitative PCR (qPCR) and more recently NGS are commonly used tools for MRD assessment (Jongen-Lavrencic et al., 2018; Voso et al., 2019; Yoest et al., 2020). The ELN is constantly improvising these guidelines for the standardization of methodology and frequency of MRD monitoring.

For MRD assessment, the sample of choice is bone marrow, although, peripheral blood is easy to obtain and lacks immature normal populations of cells that may interfere with analysis by multiparameteric flow cytometry. However, the sensitivity of MRD analysis of the peripheral blood circulating tumor cells (CTCs) is apparently lower than that of bone marrow and requires a lower MRD threshold to be prognostic. Numerous technical challenges remain regarding MRD monitoring in AML including (i) preferred source material (blood versus bone marrow); (ii) ideal sampling time; (iii) sampling interval; (iv) duration of screening for relapse; (v) identifiable and reliable molecular marker/s; and (vi) thorough validation and standardization of MRD assays for each individual marker.

Certain biological concerns include the spectrum of molecular lesions detected in AML clones that predispose them to variable proliferation potential, resulting in temporal difference between the emergence of positive MRD and hematologic relapse. Depending on the AML clone, more frequent MRD monitoring is essential for fast progressors whereas more prolonged MRD monitoring is desirable for slow progressors (Ding et al., 2012). Other confounding factors during MRD analysis include (i) asynchronous development of leukemic clones at different sites; (ii) minor residual leukemic subclones of potentially treatment-resistant nature maybe missed; and (iii) co-occurrence of clonal hematopoiesis of indeterminate potential (CHIP) mutations (e.g., DNMT3A, TET2, and ASXL1) that are associated with age-related clonal hematopoiesis, rather than residual leukemic cells (Busque et al., 2012; Genovese et al., 2014; Jaiswal et al., 2014).

In the rapidly evolving genomic era of precision medicine, a transition towards dynamic monitoring of tumor molecular characteristics is being witnessed. In this regard, easily accessible markers that would reflect the entire heterogeneity of the tumor such as liquid biopsy including CTCs, circulating tumor-derived DNA (ctDNA), plasma cell-free DNA (cfDNA), microRNAs (miRNA), and exosomes have emerged as biomarkers with immense potential (Bronkhorst et al., 2019; Cervena et al., 2019; Silvestri et al., 2020). Plasma cfDNA facilitates non-invasive peripheral blood sampling of tumor-associated actionable alterations that are present in its ctDNA fraction and is gradually finding clinical utility in several cancers. ctDNA has the potential to capture intratumor heterogeneity that maybe missed by tissue biopsy (Bettegowda et al., 2014). An additional advantage of cfDNA analysis may be its utility in cases where the sample quality to perform molecular analysis such as NGS is compromised, with high failure rates. Moreover, integration of cfDNA NGS analysis showed significant increase in the detection of actionable mutations that facilitated molecularly guided therapy (Aggarwal et al., 2019).



CLINICAL STUDIES ON THE CHARACTERIZATION AND UTILITY OF PLASMA CELL-FREE DNA IN AML

Extracellular circulating DNA fragments were initially documented in the human peripheral blood in 1948 (Mandel and Metais, 1948), but its clinical relevance came to light only a few decades later. Circulating DNA was first demonstrated by the presence of anti-dsDNA antibodies detected against a nuclear non-histone substance in the sera of patients with autoimmune disease (Tan et al., 1966). Henceforth, elevated levels of circulating DNA were reported in plasma from cancer patients as compared with healthy controls (Leon et al., 1977) and detectable amounts of cfDNA fragments were also shown in other biofluids (Fleischhacker and Schmidt, 2007). Subsequently, it was demonstrated by Stroun et al. (1989) that only a fraction of the plasma cfDNA was derived from tumor cells characterized by decreased strand stability of cancer cell DNA. This led to the dawn of the concept of liquid biopsy when in 1994, Vasioukhin and Stroun’s collaboration demonstrated that cfDNA carried N-RAS point mutations in patients with AML and myelodysplastic syndrome (MDS) (Vasioukhin et al., 1994).

The easy accessibility and usefulness of plasma cfDNA analysis for detection and monitoring of myeloid disorders was subsequently demonstrated by a few promising studies (summarized in Table 2). Preferential detection of N-RAS mutations in plasma cfDNA than in DNA obtained from blood cells or bone marrow suggested that a bone marrow biopsy or aspiration may not necessarily contain all the malignant clones involved in the disease (Vasioukhin et al., 1994). These findings were further corroborated by the detection of chromosomal abnormalities, such as loss of heterozygosity and X-chromosome inactivation, preferentially in plasma cfDNA than bone marrow cells obtained from AML patients at diagnosis and post-therapy (Rogers et al., 2004). Furthermore, the alterations of cfDNA levels during the initial phase of induction chemotherapy showed promise as a valuable marker for the early assessment of therapy response and prognostic tool in AML patients (Holdenrieder et al., 2001; Mueller et al., 2006).


TABLE 2. Overview of various studies demonstrating the utility of ctDNA for molecular characterization, disease monitoring, and clinical outcome in acute myeloid leukemia.

[image: Table 2]For monitoring MRD and AML disease progression, the changes in the plasma cfDNA concentration and integrity index were shown as potential markers (Gao et al., 2010). Another study demonstrated the clinical utility of plasma DNA quantification by duplex real-time quantitative PCR for the evaluation of therapeutic responses and monitoring relapse in AML patients (Jiang et al., 2012). At diagnosis, the concentration of plasma DNA ranged from 73.4 to 245.1 ng/ml (median value = 168.5), which was significantly higher relative to the control groups and had a male preponderance in patients with AML. Differences in the alterations of plasma cfDNA levels post-chemotherapy between remission and non-remission patients were reported. The documented cfDNA levels in cancer patients ranges between 0 and >1,000 ng/ml of blood (average, 180 ng of cfDNA/ml) and less than 10 to 100 ng/ml (average, 30 ng/ml) in healthy controls (Fleischhacker and Schmidt, 2007). Genetic and epigenetic alterations that are unique characteristics of the tumor of origin can also be analyzed using circulating DNA (Wan et al., 2017; van der Pol and Mouliere, 2019). Indeed, plasma DNA tends to show changes in CpG global methylation early on as compared with peripheral blood cells as shown in patients with MDS (Iriyama et al., 2012).

A limitation of majority of the studies focusing on plasma cfDNA levels was a lack of assessment of tumor mutation burden (TMB), defined as the total number of non-synonymous mutations in the coding regions of the genes. A significant correlation between TMB and efficacy of targeted therapy is emerging. The clinical utility of assessing TMB using plasma cfDNA, which contains ctDNA, as a surrogate specimen to biopsy has been proposed (Cao et al., 2019; Fancello et al., 2019). To investigate the association of circulating NPM1 (a tetra nucleotide duplication of TCTG in exon 12) mutation levels with clinical characteristics of AML patients, researchers quantitated the copies per milliliter of NPM1-A mutation in plasma cfDNA (Quan et al., 2015). This group demonstrated that the plasma is indeed enriched with tumor DNA and suggested the utility of monitoring NPM1-mutated AML using circulating DNA as a complementary assay to the routine molecular protocols. Furthermore, the utility of plasma ctDNA was demonstrated by detection of monoclonal IGH and TCR rearrangement for MRD monitoring in patients with AML (Zhong et al., 2018). During follow-up, recurrence of these rearrangements in cfDNA was observed 1-3 months earlier than bone marrow relapse indicating cfDNA as a useful tool for MRD monitoring in patients with AML.

The technological advancement in the genomic profiling of ctDNA facilitated the tracking of driver mutations and karyotypic abnormalities in AML and MDS for disease monitoring and assessment of treatment response. Highlights of the co-evolution of important breakthroughs in AML genomics and utility of cfDNA analysis are shown in Figure 1. A customized 55 genes panel for targeted deep sequencing of known recurrent mutations in MDS and AML was used for ctDNA analysis to monitor therapeutic response and clonal evolution in MDS (Yeh et al., 2017). These findings supported that ctDNA dynamics correlated with tumor burden during therapy for MDS. In another retrospective study, the utility of ctDNA analysis was evaluated for the identification of high-risk AML/MDS patients for relapse post-myeloablative allogeneic stem cell transplantation (alloSCT) (Nakamura et al., 2019). Nakamura et al. (2019) identified the driver mutations by NGS in each sample at diagnosis, which were then tracked using ctDNA analysis using personalized droplet digital PCR (ddPCR) for MRD quantification. Promisingly, ctDNA analysis-based MRD positivity in a few MRD-negative patients by conventional bone marrow sampling suggested the potential of ctDNA as a better representative of residual AML in these patients. The benefit of ctDNA-based MRD positivity especially in cytopenic patients after alloSCT could predict relapse within a month after alloSCT and correlated with shorter overall survival. Although, this approach is potentially limited by the requirement for a unique digital PCR assays for each alteration and therefore is most suitable for recurrent mutations (IDH1/2 genes and hotspot mutations in other genes).

Sequencing of cfDNA may identify clinically relevant mutations not detected in the bone marrow and may play a role in the assessment of MRD and prediction of relapse as further corroborated in a recent study. Targeted NGS of plasma cfDNA and bone marrow at the time of diagnosis and after achieving remission was conducted in 22 patients with AML (Short et al., 2020). Among 28 genes sequenced, a total of 39 unique somatic mutations were detected. Five mutations (13%) were detected exclusively in cfDNA, and 15 (38%) were detected only in the bone marrow. Among the 19 mutations detected in both sources, high concordance of variant allelic frequency (VAF) was observed by both methods although, sequencing of cfDNA detected new or persistent leukemia-associated mutations during remission that predicted relapse. It appears that when the VAF was <10%, either method may miss small subclonal populations suggesting that cfDNA and bone marrow analyses may be complementary in the assessment and monitoring of patients with AML. It is recommended that ctDNA may therefore be examined by error-corrected NGS, and the most convenient and reproducible approach will need to be established by individual laboratories as described in the next section (Rolfo et al., 2020).

The studies so far demonstrate a great potential for ctDNA in AML MRD assessment and thus may relieve patients from frequent risk-prone painful bone marrow punctures. Monitoring ctDNA enhances detection of relapse and defines molecular remission better. Early intervention at the stage of minimal tumor burden maybe possible by serial monitoring of ctDNA. Indeed, our experience with longitudinal molecular monitoring of plasma ctDNA during the course of AML disease progression supports these findings as described below.



CASE STUDY

In a case of AML with RUNX1-RUNX1T1 recurrent abnormality and KIT D816V mutation, we retrospectively determined the fractional abundance of KIT D816V mutation by droplet digital PCR. Paired samples of plasma cfDNA and bone marrow aspirates were collected at baseline, for MRD assessment, at CR after consolidation and relapse (Supplementary Data). A strong concordance was observed between the fractional abundance of KIT mutation but not the plasma cfDNA levels in both plasma and bone marrow samples at various indicated time points (Figure 2). Indeed, at relapse, the VAF of KIT mutation was represented better in the plasma cfDNA indicating it as a superior method for improved detection of persistent leukemia-associated mutation during remission that may predict early relapse. The higher turnover rate of leukemic cells than normal cells possibly contributes to the elevated cfDNA levels into circulation as was evident by increase in the levels of cfDNA post-induction. Therefore, mutation burden seems to be a more reliable marker for early treatment response than the plasma cfDNA levels. It is suggested that more frequent monitoring of ctDNA for the persistent mutations would allow an early prediction of relapse. Nevertheless, our findings need to be validated in a larger cohort.
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FIGURE 2. The fractional abundance of KIT mutation in circulating tumor-derived DNA but not the levels of plasma cell free DNA represent residual AML better and may predict early relapse. Molecular monitoring of plasma cell-free DNA and bone marrow samples of AML patient was performed by droplet digital PCR at the indicated time points. Shown in the line graph are blast percentage (violet square), total plasma cfDNA concentration in nanograms per milliliter plasma (blue diamond), fractional abundance of KIT D816V mutation in cfDNA (red square), and bone marrow (green triangle) at baseline (BL = Day 0), MRD assessment (FU1 = Day 30), clinical remission (FU2 = 5 months), and after consolidation and relapse (FU3 = 6 months). BL, baseline; cDNA, complementary DNA; cfDNA, cell-free DNA; ctDNA, circulating tumor-derived DNA; FA, fractional abundance; FU, follow-up; MRD, measurable residual disease.




CURRENT STATUS OF ULTRASENSITIVE TECHNOLOGY PLATFORMS FOR GENOTYPING CTDNA

The ctDNA accounts for <1% of the total cfDNA, which is a concoction of DNA fragments released by necrosis, apoptosis, and active secretion (Bettegowda et al., 2014; Diaz and Bardelli, 2014; Kustanovich et al., 2019). Depending on the disease burden, cellular turnover, stage, and treatment response, the detection and quantification of small quantities of ctDNA is challenging specially with low disease burden where the total amount of ctDNA might be 0.01% of the total cfDNA (Diehl et al., 2008; Forshew et al., 2012; Bettegowda et al., 2014; Kennedy et al., 2014; Newman et al., 2014; Gorgannezhad et al., 2018). With the currently available technologies for ctDNA characterization, a targeted or an untargeted approach may be used depending on the tumor burden. The targeted strategy is useful for tracking specific tumor mutations detected at the time of disease diagnosis at baseline (Siravegna et al., 2019; Cristofanilli and Braun, 2010). The untargeted methods focus on whole genome or exome sequencing that may detect copy number alterations or novel point mutations (Elazezy and Joosse, 2018; Gorgannezhad et al., 2018).

Various ultrasensitive technologies for detection of ctDNA include qPCR, digital PCR, targeted NGS, and mass spectrometry. These techniques offer both high sensitivity (VAF as low as ∼0.01%) and specificity (Cristofanilli and Braun, 2010; Freidin et al., 2015). Technological advances in real-time qPCR have made it possible to detect mutations with <10% VAF with higher sensitivity. This approach utilizes enrichment of common variant alleles by preferential amplification by blocking amplification at the oligo 3′ end (Elazezy and Joosse, 2018). Droplet digital PCR and Beads, Emulsions, Amplification, and Magnetic (BEAMing) technologies are two common digital platforms for liquid biopsy, which may detect mutant alleles with a high sensitivity of 0.001–0.01% (Vogelstein and Kinzler, 1999; Kristensen and Hansen, 2009). The principle of droplet digital PCR is based on water-oil emulsion droplet technology. Both the mutated and wild-type DNA samples are partitioned into thousands of droplets, and PCR amplification of each template occurs in individual droplets. Real-time PCR fluorescent-specific probes can be used for the detection of fluorescent-positive and fluorescent-negative droplets for quantitation of the absolute DNA copies using ddPCR (Kristensen and Hansen, 2009). This methodology is limited by the number of genomic targets that can be multiplexed. Another important technique is BEAMing that combines emulsion PCR, magnetic separation of the PCR product, hybridization with base-pair–specific fluorescent probes to distinguish wild-type and mutant alleles, and flow cytometry to identify and quantify specific somatic mutations present in the DNA (Thress et al., 2015). Although, digital PCR offers cost-effective platform as compared with NGS, a unique assay needs to be designed for each mutation whereas NGS allows evaluation of multiple genomic aberrations simultaneously.

The major technical revolution witnessed is the range of ultrasensitive NGS platforms available for optimized detection of multiple somatic alterations simultaneously using ctDNA. The choice of target regions to be identified governs the selection of the NGS platform (Figure 3). Ultra-Deep NGS allowed quantitation of low-abundance DNA variants with high coverage in ctDNA by using error suppression multiplexed deep sequencing strategy with a limit of detection of approximately 0.02% (Narayan et al., 2012; Uchida et al., 2015). Several protocols including safe-sequencing system (Safe-SeqS) (Kinde et al., 2011), tagged amplicon deep sequencing (Tam-Seq) (Forshew et al., 2012), cancer-personalized profiling by deep sequencing (CAPP-Seq) (Newman et al., 2014), bias-corrected targeted NGS (Paweletz et al., 2016), and multiplex PCR NGS (Abbosh et al., 2017) have been evaluated. Safe-SeqS is based on assignment of unique identifiers to prespecified DNA templates, amplification of each tagged region into families and sequencing of the amplification products (Kinde et al., 2011). Tam-Seq is a protocol optimized for low-frequency hotspot mutations in circulating DNA at allele frequencies as low as 2%, with sensitivity and specificity of >97% (Forshew et al., 2012). CAPP-Seq is a capture-based NGS method that enriches for defined genomic regions prior to sequencing by hybridization of target regions to antisense oligonucleotides with a theoretical detection limit of 0.00025% VAF (Newman et al., 2014). Bias-corrected targeted NGS uses multifunctional markers including sample and sequence tags that bind to small capture probes which are amplified with high specificity (Paweletz et al., 2016). Finally, multiplex-PCR NGS is the combination of targeting clonal and subclonal single nucleotide variants selected to track phylogenetic tumor branches in plasma by high-throughput PCR amplification and sequencing reaching 99% sensitivity for the detection of mutations in the target regions (Abbosh et al., 2017).
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FIGURE 3. Comparison of technology platforms for analysis of cell-free DNA. The analytical workflow for cell-free DNA characterization and analysis are depicted showing key steps of isolation, quantitation, and various options of the technology platforms available for molecular analysis of circulating tumor-derived DNA depending on the target region and tumor burden. cfDNA, cell-free DNA; ctDNA, circulating tumor-derived DNA; CAPP-Seq, cancer personalized profiling by deep sequencing; CNVs, copy number variations; dsDNA (HS), double-stranded DNA (high sensitivity); LOD, limit of detection; PARE, parallel analyses of RNA ends; Safe-SeqS, safe-sequencing system; Tam-Seq, tagged amplicon deep sequencing.


Amplification-based methods including PCR and NGS are limited by the need for specific primers to initiate the amplification process. In this scenario, the utility and flexibility of HPLC-based mass spectrometry methods for the analysis of short DNA sequences is promising (Sharma et al., 2011). The short oligonucleotide mass analysis combines PCR amplification, restriction digestion, and electrospray ionization mass spectrometry and is more sensitive than restriction fragment length polymorphism-PCR for detection of specific mutations from circulating cfDNA. The more popular technique is matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) for analyzing point mutations in cfDNA samples. Moreover, quantitative analysis of DNA methylation based on unique masses of methylated and unmethylated products by MALDI-TOF-MS MassARRAY system detects CpG sites.



APPLICATIONS OF CTDNA ANALYSIS IN AML

The applications of ctDNA analysis go beyond initial diagnosis, treatment stratification and monitoring, prognosis, assessment of MRD, and prediction of relapse (Mader and Pantel, 2017; Wan et al., 2017; Corcoran and Chabner, 2018; Heitzer et al., 2019; Pantel and Alix-Panabières, 2019; Cescon et al., 2020). cfDNA is an ideal non-invasive tool that allows periodic multiple tests over time and provides real-time data on tumor dynamics and evolution. Furthermore, longitudinal monitoring of ctDNA allows tracking of both genomic and epigenomic alterations (van der Pol and Mouliere, 2019; Erger et al., 2020). In addition to its use in personalized medicine, ctDNA analysis holds considerable promise as a surrogate marker for several applications such as (i) cancer screening in asymptomatic individuals (Chen and Zhao, 2019); (ii) early detection of cancer occurrence (Chen and Zhao, 2019); (iii) tumor localization and staging (van der Pol and Mouliere, 2019); (iv) monitoring of clonal evolution of malignant cells in real-time (De Mattos-Arruda et al., 2014; Fittall and Van Loo, 2019); (v) longitudinal ctDNA dynamics reflect tumor burden during treatment through serial sampling; (vi) identification of acquired drug resistance mechanisms (Russo and Bardelli, 2017; Diao et al., 2020); (vii) representative sampling of unreachable and non-resectable cancers; and (viii) utility in clinical trials (Ulrich and Paweletz, 2018; Araujo et al., 2019; Cescon et al., 2020). Potential integration of real-time ctDNA profiling and its applications in AML disease monitoring are depicted in Figure 4.
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FIGURE 4. Proposed integration of ctDNA profiling with AML diagnosis and disease monitoring. The current practice for AML diagnosis and disease monitoring is primarily dependent on the bone marrow sampling. A representation of the disease course is merged with the major time-points of investigation for evaluation of response to treatment (top panel). A critical time point post-chemotherapy needs to be defined when the disease is in occult stage and the MRD threshold is maintained (indicated by the gray downward arrow). Residual AML disease monitoring by serial sampling of circulating cfDNA analysis for patient-specific genetic alterations may prove informative when MRD threshold is breached (indicated in the middle panel). cfDNA profiling may provide several other applications in AML disease monitoring in real time as shown (bottom panel). BM, bone marrow; CBC, complete blood count; cfDNA, cell-free DNA; CR, clinical remission; MFC, multiparametric flow cytometry; MRD, measurable residual disease; PB, peripheral blood; SCT, stem cell transplantation; TMB, tumor mutation burden.




CURRENT CHALLENGES IN CFDNA ANALYSES

The International Society of Liquid Biopsy (ISLB) has recently elaborated on the various challenges associated with cfDNA analysis such as technological, biological, reporting-related, socio-economic, and regulatory (Rolfo et al., 2020). It is established that the plasma is a preferred choice because of the genomic DNA contamination in the serum (Steinman, 1979). The technological challenges primarily deal with preanalytical and analytical considerations which have been described earlier by our group (Thakral et al., 2020) and others (Merker et al., 2018; Volckmar et al., 2018; Kerachian et al., 2019; Li et al., 2019; Geeurickx and Hendrix, 2020; Rolfo et al., 2020). The sensitivity of cfDNA analysis is dependent on several variables from sample collection and processing, for which recommendations have been proposed to circumvent these issues (Rolfo et al., 2020). Since cfDNA levels alter during the course of the disease and are influenced by treatment, therefore, the dynamics of cfDNA can be potentially used as a real-time monitoring method (Malapelle and Rolfo, 2020). However, because of low abundance of cfDNA in certain cases, alternate methodologies are being developed for improved detection of genetic alterations such as analysis of circulating tumor RNA (ctRNA) for evaluation of fusion transcripts (Benayed et al., 2019).

One of the primary biological challenges in context of AML is CHIP. Presence of specific recurrent genetic variants (e.g., DNMT3A, TET2, and ASXL1) drive asymptomatic proliferation of blood cells arising from hematopoietic stem cells harboring them. These age-related CHIP mutations become a potential source of false positives in cfDNA in the absence of a hematological malignancy (Busque et al., 2012; Genovese et al., 2014). As mentioned earlier, their presence poses a challenge for MRD assessment as well as early cancer detection. To overcome this issue, a novel CHIP-filtering approach has been evaluated recently that is based on whole blood cell sequencing and cfDNA analysis with a sensitivity equivalent to droplet digital PCR (Abbosh et al., 2019; Liu et al., 2019). Another issue that might be applicable to extramedullary disease in AML is that of cfDNA shedding (Solh et al., 2016). As the sites of disease progression influence the cfDNA levels and may result in false negativity, this needs to be investigated further.

Till date, no universal consensus exists on the minimal requirement of NGS panels or their cost-effectiveness and therefore most commercial or customized platforms attempt to incorporate detection of genetic alterations covering actionable targets. A limitation of such platforms designed using hotspots alone is that they tend to miss on novel mutations. It is recommended to use a broader gene panel that allows improved stratification of patients for clinical trials and repurposing of FDA-approved drugs. With regard to AML, detection of gene fusions maybe challenging to detect using cfDNA because of the variability in the available hybrid capture techniques. Moreover, vendor and reporting related issues remain that commercially available plasma NGS platforms should be used with caution in clinical practice as indiscriminate use of clinical suggestions of FDA-approved drugs, clinical trials, and bioinformatics based-therapies is indicated. It is recommended to evaluate the information so obtained in context of a molecular tumor board and use of standardized criteria to define actionability through the use of evidence-based scales such as OncoKB (Chakravarty et al., 2017) and ESCAT (Mateo et al., 2018).

A rigorous validation is mandatory before clinical utilization of cfDNA-based assays. To accelerate this process, a two-tier system has been created, one for the development and validation of assays (Blood Profiling Atlas in Cancer aka Blood PAC) and a regulatory body the International Liquid Biopsy Alliance (ILBA) that includes ISLB and regulatory agencies with a goal of increasing efficiency, minimizing duplication and expedition of the inclusion of liquid biopsy based assays into routine clinical practice. So far, the only FDA-approved liquid biopsy tests include Cobas EGFR mutation assay for non-small-cell lung carcinoma (Kwapisz, 2017) and Therascreen PIK3CA RGQ mutation detection assay in breast cancer.



FUTURE DIRECTION AND CONCLUSION

Liquid biopsy technologies for qualitative and quantitative analysis of cfDNA have immensely broadened our ability to assess cancer, specifically in its cryptic stage without the need for invasive sampling. A serial longitudinal monitoring of AML using cfDNA analysis from the peripheral blood may provide a series of screenshots that can potentially be coalesced together to generate a time-lapse movie of clonal evolution of leukemia. With an almost excellent concordance with matched bone marrow aspirates, cfDNA can quantify disease burden by providing mutational landscape as well as identify acquired drug resistance mechanisms which may guide clinical management in real time.

As rapid diagnosis of genetic alterations is required to opt for appropriate induction therapy by the oncologists, therefore, a quick turnaround time for comprehensive cfDNA sequencing may provide actionable information to guide clinical management. In this regard, the convenience of sample acquisition and storage of cfDNA provides added procedural advantage over currently practiced protocols. So far, the small cohorts evaluated for cfDNA necessitates further validation with a certain sample size to examine the frequency of the gene mutations in AML patients that may facilitate significant statistical power for meaningful comparisons. Initiatives have been taken by researchers through multicentric studies, cooperative-group trials, and regulatory bodies are formulated to devise universal guidelines. Further investigations will have to define the role of cfDNA as a diagnostic tool by determining clinically relevant tumor thresholds relative to currently used routine parameters.

The use of ultrasensitive sequencing technologies has facilitated the reliable detection of very low amounts of ctDNA that excellently complement the currently used methods. Therefore, an immediate clinical application of cfDNA genotyping in AML may be its incorporation in larger prospective clinical trials for the identification of patients carrying actionable mutations and their longitudinal genetic monitoring during targeted therapy administration. Monitoring of ctDNA may provide surrogate end-points for clinical outcomes. This can reduce the extended follow-up durations as well as become more cost-effective for clinical trials related to adjunct therapies. Moreover, ctDNA analyses based MRD estimation may aid the discovery of novel drugs targeted at elimination or control of residual tumor in high-risk AML patients prone to relapse (Pantel and Alix-Panabières, 2019).

Plasma ctDNA may be used for the study of virtually all genomic abnormalities including both coding and non-coding regions, loss of heterozygosity, microsatellite loci, mutations, polymorphisms, methylation, and copy number variations. Deep sequencing as a standalone for ctDNA analyses may get a boost by additional assessment of epigenetic modifications, immune signatures, platelets, exosomes, and miRNA analyses. Moreover, a better understanding of the dynamics of ctDNA in AML disease progression may be necessary before blood can be routinely used as a source to monitor tumor burden. Nevertheless, longitudinal monitoring of AML patients by ctDNA analysis could complement bone marrow cells as a diagnostic marker without sampling bias.
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Castration-resistant prostate cancer (CRPC) is the major cause of death from prostate cancer. Biomarkers to improve early detection and prediction of CRPC especially using non-invasive liquid biopsies could improve outcomes. Therefore, we investigated the plasma exosomal miRNAs associated with CRPC and their potential for development into non-invasive early detection biomarkers for resistance to treatment. RNA-sequencing, which generated approximately five million reads per patient, was performed to identify differentially expressed plasma exosomal miRNAs in 24 treatment-naive prostate cancer and 24 CRPC patients. RT-qPCR was used to confirm the differential expressions of six exosomal miRNAs, miR-423-3p, miR-320a, miR-99a-5p, miR-320d, miR-320b, and miR-150-5p (p = 7.3 × 10−8, 0.0020, 0.018, 0.0028, 0.0013, and 0.0058, respectively) firstly in a validation cohort of 108 treatment-naive prostate cancer and 42 CRPC patients. The most significant differentially expressed miRNA, miR-423-3p, was shown to be associated with CRPC with area under the ROC curve (AUC) = 0.784. Combining miR-423-3p with prostate-specific antigen (PSA) enhanced the prediction of CRPC (AUC = 0.908). A separate research center validation with 30 treatment-naive and 30 CRPC patients also confirmed the differential expression of miR-423-3p (p = 0.016). Finally, plasma exosomal miR-423-3p expression in CRPC patients was compared to 36 non-CRPC patients under androgen depletion therapy, which showed significantly higher expression in CRPC than treated non-CRPC patients (p < 0.0001) with AUC = 0.879 to predict CRPC with no difference between treatment-naive and treated non-CRPC patients. Therefore, our findings demonstrate that a number of plasma exosomal miRNAs are associated with CRPC and miR-423-3p may serve as a biomarker for early detection/prediction of castration-resistance.

Keywords: prostate cancer, castration-resistance development, biomarker, plasma exosome miRNA, miR-423-3p


INTRODUCTION

Prostate cancer (PCa) is the most frequently diagnosed male cancer and the second-leading cause of oncological mortality in the USA, with estimated 174,650 new cases and 31,620 deaths in 2019 (Siegel et al., 2019). Androgen deprivation therapy (ADT) has been the standard of care for initial management of locally advanced and metastatic PCa. However, patients inevitably progress to castration-resistant PCa (CRPC) within 1–3 years from the start of primary ADT, despite the initial benefits (Chandrasekar et al., 2015). The prognosis of CRPC patients is historically poor, with median overall survival after ADT failure being 2–3 years (West et al., 2014; Ryan et al., 2015). Prognostic biomarkers for patients with CRPC have been investigated in many studies (Armstrong et al., 2012; Olmos et al., 2012; Ross et al., 2012; Huang et al., 2015; Pantel et al., 2019) and circulating tumor cell analysis has been approved by the FDA as a prognostic biomarker for patients with metastatic CRPC (Pantel et al., 2019). In contrast, biomarkers to predict or monitor CRPC development are rarely investigated (Varenhorst et al., 2016), despite the fact that prediction and early detection of CRPC and earlier modifications to treatment may be more effective in controlling the disease than changing therapy after clinically apparent CRPC has developed.

Currently, CRPC is usually diagnosed based on biochemical and radiographic progression (Cornford et al., 2017). Biochemical progression relies on measuring the serum prostatic-specific antigen (PSA) level. However, the serum PSA level does not always correlate with the clinical status of CRPC (Mizokami et al., 2017). Radiographic progression reflects well-developed CRPC and necessitates frequent bone and CT scans. These issues may lead to delays in treatment changes, missing the opportunity to eradicate small subclones of CRPC cells when it is easier to cure. Thus, it is important to further investigate the molecular mechanisms of CRPC development and identify additional liquid biopsy biomarkers, which can be more easily utilized to efficiently detect/predict early CRPC to promptly change treatment into one of the effective therapies developed in recent years for CRPC patients (Afshar et al., 2015).

Exosomes are small cell secreted vesicles (30–150 nm), which contain numerous molecular constituents, including lipids, proteins, RNA and DNA, and mediate cell-cell communication by transferring these exosomal components between cells (Rana et al., 2013; Matei et al., 2017; Chen et al., 2018). MicroRNAs (miRNAs) are enriched in exosomes (Valadi et al., 2007) and can be transferred between cells via exosomes to regulate various biological processes associated with cancer development and progression (Rana et al., 2013; Sánchez et al., 2016). MiRNAs in exosomes are protected from degradation in the circulation (Ge et al., 2014) and studies have demonstrated the potential of exploiting exosomal miRNAs as non-invasive and dynamic biomarkers in cancer diagnosis and prognosis (Hu et al., 2012). Plasma exosomal miRNAs have been previously reported as valuable prognostic biomarkers in patients who have already developed CRPC (Huang et al., 2013, 2015; Yuan et al., 2016). However, no studies on the association of plasma exosomal miRNA with CRPC development have been reported.

Identification of plasma exosomal miRNAs associated with CRPC would not only improve our understanding of CRPC development mechanisms, but more importantly help the development of biomarkers to predict/detect the early occurrence of CRPC, enabling prompt alteration of therapeutic regimens before CRPC is fully developed. We therefore investigated plasma exosomal miRNAs associated with CRPC and evaluated their potential as predictive biomarkers for CRPC occurrence.



MATERIALS AND METHODS


Patients

Blood samples from 24 treatment-naive PCa patients and 24 CRPC patients for RNA next-generation sequencing (RNA-seq) and 108 treatment-naive PCa and 42 CRPC patients (including the 24 CRPC patients used for RNA-seq) in the validation cohort I were collected with patients' informed consent from St Bartholomew's Hospital, BartsHealth NHS, London, UK, between 2015 and 2018. Samples from an additional cohort of treated non-CRPC patients included 36 PCa patients who had started initial hormone-therapy <3 months before blood collection was obtained also from St Bartholomew's Hospital. Blood samples from 30 treatment-naive PCa patients and 30 CRPC patients in the independent validation cohort II were collected from Mayo Clinic, Rochester, US between 2009 and 2012 with patients' informed consent. All CRPC patients had been treated with ADT and had evidence of disease progression with rising PSA and/or imaging-based progression. Patients' clinical data is summarized in Table 1. Use of patient blood samples and clinical data in this study was approved by London City & East Research Ethics Committee (09/H0704/4+5) and Institutional Review Board of Medical College of Wisconsin (PRO00017780). RNA-seq and validation workflow is presented in Figure 1.


Table 1. Clinical characteristics of patients in the RNA-sequencing and RT-qPCR validation cohorts.
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FIGURE 1. Overview of the plasma exosomal miRNA analysis workflow. CRPC, castration-resistant prostate cancer; CPM, counts per million transformation; Limma, linear models for microarray and RNA-sequencing data; TMM, the trimmed mean of M-value normalization.




Exosome Isolation

Plasma was isolated within 2 h of blood draw by centrifugation of whole blood at 1,200 g for 10 min, followed by another centrifugation of the supernatant at 2,000 g for 10 min. The supernatant was taken as plasma and stored at −80°C for future use. Two hundred microliter of plasma from each case was used. Prior to exosome precipitation, plasma samples were treated with RNase A to remove free circulating RNAs and then RNase A was inactivated with RNase inhibitor. Exosomes were isolated using the Total Exosome Isolation Kit (from plasma) (Invitrogen™) following manufacturer's instructions. For the validation cohort at Mayo Clinic, US, exosomes were isolated using ExoQuick Plasma prep and Exosome precipitation kit (System Biosciences) without RNase pre-treatment.



RNA Extraction

The exosome pellet was re-suspended in Buffer RLT (Qiagen) with 0.25 μg/μl Proteinase K and incubated at 50°C for 30 min. Exosomal RNA was then extracted using miRNeasy Micro Kit (Qiagen) and QIAzol Lysis Reagent (Qiagen) according to the manufacturer's protocol. PC3 cell miRNAs were extracted using AllPrep® DNA/RNA/Protein Mini kit (Qiagen) and miReasy micro kit (Qiagen) according to the recommended protocol.



RNA-Seq and Data Analysis

Indexed libraries were prepared from the exosomal RNA as instructed by the NEBNext Multiplex Small RNA Library Prep Set for Illumina (NEB) without size selection. RNA-seq was performed on Illumina NextSeq 500 platform. The data was trimmed with trimgalore (end minimum quality level 30 and minimum read length 15) and aligned to human reference genome build hg19 with Bowtie 0.12.8 (seed mismatch limit 1 and seed length 10) implemented in BaseSpace (Illumina, CA). BAM files were uploaded into Partek Genomic Suite (Partek Inc) and annotated against mirBase 20 mature miRNA. Samples were sequenced twice and read counts from two runs were combined for data analysis. The raw data was deposited to Gene Expression Omnibus (accession number: GSE136321). MiRNAs expressed in <25% of samples were removed from differential expression analysis. The miRNA read counts were analyzed using four pipelines to identify differentially expressed miRNAs (Figure 1): (1) Counts per million (CPM), (2) The trimmed mean of M-value normalization (TMM) (Robinson and Oshlack, 2010), (3) Limma (Ritchie et al., 2015), and (4) DESeq2 (Love et al., 2014). For CPM analysis, filtered read counts were transformed to CPM using the cpm() function implemented in edgeR package (version 2.4.0) and then Welch's t-test was performed in SPSS 24. TMM was performed using functions implemented in the edgeR. Filtered read counts were input as a DGEList in R (v4.0.2). TMM normalization was performed using calcNormFactors() function implemented in edgeR() package. EstimateCommonDisp() was performed to estimate the common dispersion parameter and the ExactTest() functions in edgeR were used to detect differentially expressed miRNAs. The results were then written out as a csv file. Pipeline combining functions in Limma and edgeR were performed using functions implemented in both software packages in R. Filtered read counts were input as a DGEList and normalized with calcNormFactors() function. The normalized data was voom transformed with voom() function. Then a linear model was fitted using lmfit() and the empirical Bayes statistics was applied with eBayes() function to smooth the standard errors. The results were then written out as a csv file. DESeq2 differential expression analysis was performed using functions in the DESeq2 R package (v4.0.2). A DESeq data set was generated with filtered read counts using DESeqDataSetFromMatrix() function implemented in DESeq2() package. Normalization and differentially expressed gene analysis was done using DESeq() function. The results were then written out as a csv file.



Reverse Transcription Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)

The reverse transcription was performed using miScript II RT kit (Qiagen). RT-qPCR was performed with miScript primer assays (Qiagen) (MS00004179—Hs_miR-423_1 miScript Primer, MS00008932—Hs_miR-193a-5p_1 miScript Primer, MS00003738—Hs_miR-200a_1 miScript Primer, MS00032158—Hs_miR-99a_2 miScript Primer, MS00014707—Hs_miR-320a_1 miScript Primer, MS00031710—Hs_miR-320d_2 miScript Primer, MS00031703—Hs_miR-320b_2 miScript Primer, MS00006552—Hs_miR-24_1 miScript Primer, MS00010752—Hs_miR-9_1 miScript Primer, MS00007350—Hs_miR-30a-5p_1 miScript Primer, MS00003129—Hs_let-7c_1 miScript Primer, MS00008372—Hs_miR-101_3 miScript Primer, MS00003556—Hs_miR-148a_1 miScript Primer, MS00003577—Hs_miR-150_1 miScript Primer, MS00031829—Hs_miR-375_2 miScript Primer, MS00004242—Hs_miR-451_1 miScript Primer) and miScript SYBR® Green PCR Kit (Qiagen) on QuantstudioTM real-time PCR system (ThermoFisher Scientific). Let-7c-5p and miR-30a-5p were selected as endogenous reference genes based on their small variation across all samples in our sequencing data and previous publication (Huang et al., 2015). ΔCt = (CtmiRNA – average Ctreferencegenes) and where PC3 cell line miRNA was used to normalize multiple RT-qPCR plates, ΔCt was calculated as sample (CtmiRNA – average Ctreferencegenes) – PC3 (CtmiRNA – average Ctreferencegenes). The relative expression level of miRNAs in exosomes was calculated as 2−ΔCt. All reactions were run in triplicate.



Pathway Over-Representation Analysis

Targets of miRNAs were retrieved from TarBase v7.0 and pathway overrepresentation analysis was performed using KEGG pathways via online tool DIANA-miRPath v3.0 (http://snf-515788.vm.okeanos.grnet.gr/) (Vlachos et al., 2015). The CRPC associated miRNAs identified in this study were input and analyzed using TarBase to retrieve target genes of the miRNAs. Pathways union mode was used to identify all the pathways significantly targeted by the selected miRNAs. False Discovery Rate correction was applied. P-value threshold was set at 0.05 and microT threshold was defaulted at 0.8. Fisher's exact test was selected as the enrichment analysis method. To generate heatmap for each miRNA, significance clusters/heatmap option was selected.



Statistical Analysis

Analysis of the RNA-seq data was described in previous section. Unpaired Mann-Whitney U tests were performed on RT-qPCR relative expression levels to identify differences in exosomal miRNA expression levels between treatment-naive PCa, treated non-CRPC and CRPC and were performed in GraphPad Prism 7. Receiver operating characteristic (ROC) curves were generated and the area under the curve (AUC) was used to evaluate the prediction values of parameters for CRPC. ROC curve and AUC was generated in GraphPad Prism 7. Binomial logistic regression was performed with miR-423-3p relative expression level and PSA level as predictors for CRPC (yes, no) using the binomial logistic regression function in SPSS 24. A combination model (CM) was computed as the linear predictor of the fitted bivariate logistic model with PSA and 423-3p relative expression level as only predictors as a*PSA+b*miR-423-3p, where the values of “a” and “b” are the covariance factors of PSA and miR-423-3p relative expression level, respectively. Univariate logistic regression analyses were performed separately for miR-423-3p relative expression level and PSA level to evaluate and compare their association with CRPC. The miR-423-3p relative expression and PSA level were treated as continuous variables, and CRPC status was considered as a categorical variable. To examine the independent association of miR-423-3p expression with CRPC status and adjust it for PSA level a multivariate logistic regression analysis was performed. All statistical tests were two sided. We did not apply multiple event testing correction to exosomal RNA-seq data analysis, since there are only a small number of miRNAs for the analysis and the differential miRNA expression was identified by different analysis tools to select candidates (more than selected based on adjusted p-value) for experimental validation. Bonferroni correction test was performed to modify p-values for RT-qPCR result multiple tests through dividing the critical p-value by the number of comparisons being made.




RESULTS


The Plasma Exosomal miRNA Expression Profiles in Patients With Treatment-Naive PCa and CRPC

To identify candidate plasma exosomal miRNAs associated with CRPC development, RNA-seq was performed in a screening cohort of 24 treatment-naive PCa patients and 24 CRPC patients. Combing two runs of data, the RNA-seq produced an average of five million reads per sample. This data enabled us to detect 612 plasma exosomal miRNAs in total, with 483 detected in treatment-naive PCa and 499 in CRPC patients (Supplementary Table 1). There were 37 miRNAs which were consistently detected in all individual samples, while 45 miRNAs detected in all CRPC samples and 45 miRNAs detected in all treatment-naive PCa samples (Supplementary Table 2). On average, miR-451a was the most abundant miRNA in both treatment-naive PCa and CRPC. The top ten most abundant miRNAs detected in these two groups are listed in Supplementary Table 3.



Identification of Differential Expression of miRNAs by RNA-Seq Comparing Patients With Treatment-Naive PCa and CRPC

To identify differentially expressed plasma exosomal miRNAs between the treatment-naive PCa and CRPC patients, we employed four methods (CPM, TMM, Limma, and DESeq2) to analyze the RNA-seq data. MiRNAs expressed in <25% of samples were filtered out from the analysis. From the remaining 185 miRNAs, we identified 13, 13, 11, and 14 differentially expressed miRNAs by Limma, TMM, CPM, and DESeq2 methods, respectively, at p < 0.01 (Table 2 and Supplementary Table 4). Among them, five miRNAs (miR-423-3p, miR-99a-5p, miR-320a, miR-200a-3p, and miR-193a-5p) were identified by all four methods and they were all present at higher levels in CRPC than treatment naive PCa patient samples. Six miRNAs (miR-375, miR-451a, miR-320b, miR-148a-3p, miR-150-5p, miR-320d) were detected by three of the methods and three miRNAs (miR-101-3p, miR-9-5p, miR-24-3p) by two of the methods. Of note, all of the miRNAs with p < 0.01 from DESeq2 were also detected by one of the other methods. Except for DESeq2, the other three methods presented some unique miRNAs which were not detected by others.


Table 2. Differentially expressed plasma exosomal miRNAs at p < 0.01 between treatment-naive prostate cancer and CRPC by RNA-sequencing analyses.
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Validation of Plasma Exosomal miRNAs as Potential Biomarkers for CRPC by RT-qPCR

To validate candidate plasma exosomal miRNAs as biomarkers for CRPC development, we performed RT-qPCR and tested all the five miRNAs with p < 0.01 in all four RNA-seq analysis methods, the six miRNAs with p < 0.01 in three methods, and three miRNAs with p < 0.01 in two methods in validation cohort I, consisting of 108 treatment-naive PCa and 42 CRPC patients collected in St Bartholomew's Hospital. Of the five miRNAs identified by all four sequencing data analysis methods, the expression of miR-200a-3p was too low to be detected by RT-qPCR. Out of the remaining four miRNAs, three miRNAs, miR-423-3p, miR-320a, and miR-99a-5p were significantly differentially expressed between treatment-naive PCa patients and CRPC (p = 7.3 × 10−8, 0.002 and 0.0186, respectively) (Figure 2A), while miR-193a-5p showed a trend without a statistically significant difference (p = 0.0547). After multiple testing correction, miR-423-3p and miR-320a remained statistically significant. Consistent with the RNA-seq data, these miRNAs were expressed at higher levels in CRPC compared to treatment-naive PCa patients.


[image: Figure 2]
FIGURE 2. Scatter plots of plasma exosomal miRNA expression levels evaluated by RT-qPCR in validation cohort I of 108 treatment-naive prostate cancer and 42 castration resistant prostate cancer (CRPC) patients. (A) The five significant differentially expressed miRNAs from RNA-seq identified by four RNA-seq analysis methods; (B) The six significant differentially expressed miRNAs from RNA-seq identified by three RNA-seq analysis methods; (C) The differentially expressed miRNAs from RNA-seq identified by two RNA-seq analysis methods. The y-axis shows the relative expression level of miRNAs calculated by 2−ΔCt. The error bars show the mean ± standard error of mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.


Among the six miRNAs which showed significant difference in three of the four RNA-seq analysis methods, miR-375 could not be detected efficiently by our RT-qPCR method. Of the remaining five miRNAs, three miRNAs, miR-320d, miR-320b, and miR-150-5p were significantly differentially expressed (p = 0.0028, 0.0013, and 0.0058, respectively) (Figure 2B) and all remained statistically significant after multiple testing correction. miR-148a-3p and miR-451a showed no significant difference between treatment-naive PCa and CRPC (p = 0.95 and 0.98, respectively) (Figure 2B).

Among the three miRNAs which showed significant difference in only two of the four RNA-seq analysis methods, miR-9 had too low an expression to be detected. MiR-101-3p and miR-24-3p showed no significant difference (p = 0.086 and 0.075, respectively) (Figure 2C).

As treatment-naive PCa is mostly of low Gleason score (6 and 7) and more than half of the CRPC cases have a high Gleason score (8 or higher), we interrogated Gleason score associations in the treatment-naive PCa cohort, where we have sufficient number of patients for subgroup analysis. We found no significant association of Gleason score with the expression of any of the six miRNAs (Supplementary Figure 1).

To evaluate the predictive value of the plasma exosomal miRNAs for CRPC, we performed ROC curves analysis based on the RT-qPCR results. Comparing the treatment-naive PCa and CRPC, the AUC of miR-423-3p, miR-320a, miR-99a-5p, miR-320d, miR-320b, miR-150-5p was 0.784 (95% confidence interval (CI): 0.707–0.860, p < 0.0001), 0.663 (95% CI: 0.562–0.764, p = 0.0020), 0.624 (95% CI: 0.514–0.734, p = 0.019), 0.657 (95% CI: 0.549–0.766, p = 0.0028), 0.670 (95% CI: 0.560–0.779, p = 0.0013), and 0.645 (95% CI: 0.539–0.751, p = 0.0058), respectively (Figure 3A). When miR-423-3p, which showed the best predictive value, was combined with PSA (AUC = 0.837, 95% CI: 0.740–0.934) with a logistic binominal regression model (combination model = 0.026*PSA+0.033*miR-423-3p), the performance improved to AUC = 0.908 (95% CI: 0.861–0.955, p < 0.0001) with 80.95% (95% CI: 65.88–91.4%) sensitivity and 82.41% (73.9–89.06%) specificity (Figure 3B). Using a multivariate logistic regression analysis, including miR-423-3p expression and PSA level as variables, we found that both exosomal miR-423-3p expression (p = 7.29 × 10−05) and PSA level (p = 0.000557) were independently associated with CRPC status.
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FIGURE 3. Receiver operating characteristic (ROC) analysis of the efficiencies of classifiers in discriminating castration-resistant prostate cancer (CRPC) from treatment-naive prostate cancer. (A) ROC analysis of the six confirmed plasma exosomal miRNAs significantly different between treatment-naive and CRPC patients in validation cohort I; (B) ROC analysis of miR-423-3p, serum prostate-specific antigen (PSA) and the combination model (CM) of miR-423-3p and PSA in predicting CRPC in validation cohort I.




Pathway Analysis of Differentially Expressed Exosomal miRNAs

After identified plasma exosomal miRNAs associated with CRPC, we sought to explore the potential pathways in which these miRNAs are involved. We performed functional pathway analysis of targets for the six validated CRPC associated miRNAs, miR-423-3p, miR-320a, miR-99a-5p, miR-320d, miR-320b, and miR-150-5p. Targets of miRNAs were retrieved from TarBase v7.0 and pathway overrepresentation analysis was performed using KEGG pathways via DIANA-miRPath v3.0. Most of the significantly enriched pathways were cancer-associated. Hippo signaling pathway, TGF-beta signaling pathway and Adherens junction were the three most significant pathways as shown in the collected target analysis of the six differentially expressed miRNAs in Table 3. Additionally, we also explored the significantly enriched pathways (corrected p < 0.05) for each miRNA (Figure 4).


Table 3. KEGG pathway analysis of target genes of six plasma exosomal miRNAs.
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FIGURE 4. Heatmap of significant pathways predicted by DIANA-miRPath (v.3.0) for six differentially expressed plasma exosomal miRNAs between treatment-naive prostate cancer and castration-resistant prostate cancer patients. Pathways are depicted on the x-axis and miRNAs on the y-axis. The color code represents the log (p-value), with the most significant predicted miRNA-pathway interactions in red.




Additional Sample Cohort Validation of Plasma Exosomal miR-423-3p as a CRPC Biomarker

To further validate the CRPC association of exosomal miR-423-3p, which showed the most significant difference between treatment-naive PCa and CRPC, its expression was investigated in an independent validation cohort II. This cohort consisted of 30 treatment-naive PCa and 30 CRPC patients from Mayo Clinic, where patients in the untreated PCa group were selectively enriched for metastatic disease (16/30). Plasma exosomal miRNAs were extracted by a different protocol to validation cohort I as described previously in materials and methods. Comparing the 30 treatment-naive PCa to the 30 CRPC patients, miR-423-3p was again expressed at a significantly (p = 0.016) higher level in plasma exosomes from CRPC than treatment-naive PCa patients (Figure 5A), which confirmed the association of plasma exosomal miR-423-3p with CRPC regardless of different cohorts and different detection methods.
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FIGURE 5. Plasma exosomal miR-423-3p expression levels evaluated by RT-qPCR in validation cohort II and treated non-CRPC. (A) Scatter plot of plasma exosomal miR-423-3p expression levels evaluated by RT-qPCR in validation cohort II of 30 treatment-naive prostate cancer patients and 30 castration-resistant prostate cancer (CRPC) patients; (B) Scatter plot of plasma exosomal miR-423-3p expression levels evaluated by RT-qPCR in treated non-CRPC patients in comparison to patients in validation cohort I; (C) Receiver operating characteristic (ROC) analysis of the plasma exosomal miR-423-3p in discriminating CRPC in cohort I from treated non-CRPC. In scatter plots, the y-axis show the relative expression level of miR-423-3p calculated by 2−ΔCt and the error bars are showing the mean ± standard error of mean (SEM). *p<0.05, ***p < 0.001, ns, not significant.




Increase of Plasma Exosomal miR-423-3p Expression Is Correlated With CRPC Development but Not in Response to ADT

To exclude the possibility that the increase of plasma exosomal miR-423-3p in CRPC as compared to treatment naive PCa is the result of ADT rather than castration resistance development, we further performed RT-qPCR analysis of plasma exosomal miR-423-3p in a group of 36 early stage treatment non-CRPC patients, who had been receiving ADT for <3 months. We found that the expression of plasma exosomal miR-423-3p was not significantly different between treatment-naive PCa and ADT-treated non-CRPC patients (p = 0.3353), indicating that ADT does not affect plasma exosomal miR-423-3p levels (Figure 5B). However, miR-423-3p expression was consistently and significantly (p < 0.0001) higher in CRPC than treated non-CRPC patients (Figure 5B). Based on the data from this cohort, plasma exosomal miR-423-3p alone had an excellent CRPC prediction value of AUC = 0.879 (95% CI: 0.7981–0.9599, p < 0.0001) (Figure 5C).




DISCUSSION

The development of CRPC is a major clinical problem in the management of advanced PCa. While a number of studies have investigated biomarkers for CRPC prognosis (Armstrong et al., 2012; Olmos et al., 2012; Ross et al., 2012; Huang et al., 2015; Pantel et al., 2019), there are limited investigations into biomarkers predicting or monitoring CRPC development (Varenhorst et al., 2016). In this study, we generated plasma exosomal miRNA profiles in treatment-naive PCa and CRPC by RNA-seq and identified plasma exosomal miRNAs associated with CRPC. We validated six differentially expressed miRNAs, miR-423-3p, miR-320a, miR-99a-5p, miR-320d, miR-320b, and miR-150-5p in a larger cohort of treatment-naive PCa and CRPC samples by RT-qPCR, with multicenter validation of miR-423-3p differential expression, which is the most significantly associated miRNA with CRPC. Furthermore, we showed that increased plasma exosomal miR-423-3p expression in CRPC is not associated with the response to ADT treatment, confirming that its expression increase is a cause or result of CRPC development. Our results show the potential of using plasma exosomal miRNAs as biomarkers to predict/monitor CRPC development, which might enable an early treatment change before CRPC is well-established.

Blood-based test has a number of advantages for clinical utility. It is non-invasive and can provide real-time information on patient status. MiRNAs in plasma exosomes serve as good candidates for blood biomarkers as they are protected from degradation, allowing for their stable and easy detection by methods such as RT-qPCR assays. In a previous study, Huang et al. generated extracellular vesicle RNA profiles from CRPC and a small number of hormone-sensitive PCa patients (Yuan et al., 2016) without exosomal miRNA analysis in association with CRPC. Using a modified plasma exosome isolation and RNA-seq method, we identified in a large patient cohort several plasma exosomal miRNAs significantly correlated to CRPC, which were validated by RT-qPCR method in a larger cohort of patients. Our data, showing that there was no significant expression difference of the six miRNAs between different Gleason grade groups, ruled out the influence of Gleason grade on the correlation of these miRNA expression with CRPC. The association of miR-423-3p with CRPC development was further supported by its differential expression in the comparison between ADT treated and CRPC cohorts and the independent validation cohort II, where the Gleason grade distribution was similar between the groups. We identified miR-423-3p as the most significantly differentially expressed miRNA between treatment-naive PCa and CRPC and the correlation of its increase with CRPC was also validated in a separate sample cohort from an independent research center. In a previous study by Watahiki et al. with a small patient cohort, higher levels of plasma miR-423-3p has been reported in patients with metastatic CRPC (n=25) compared to treatment-naive localized PCa (n = 25) (Watahiki et al., 2013). However, while their results are consistent with ours regarding the potential of using miR-423-3p as a circulating biomarker for metastatic CRPC prediction, we are the first to demonstrate that miR-423-3p exists in the plasma exosomes and presents at different expression levels during PCa development. This is important, as it means that plasma miR-423-3p is not just released from dying cells, but is actively secreted by cells, which can be involved in cell-cell communication to promote CRPC development. Furthermore, the result from the study by Watahiki et al. (2013) cannot rule out whether the increase of plasma miR-423-3p was the consequence of ADT treatment or CRPC development. We demonstrated that plasma exosomal miR-423-3p was associated with CRPC development instead of ADT treatment by comparing newly treated PCa patients who were at the responsive stage with those who had developed CRPC. Our study suggests that plasma exosomal miR-423-3p has strong potential to be developed in a biomarker for monitoring CRPC development and its predictive value for CRPC development should be further validated in a longitudinal study of pre-hormone therapy patients with CRPC development follow-up data.

The limited studies published to date, using patient samples to investigate genes or biomarkers associated with CRPC development, mainly compared treatment-naive PCa and CRPC samples (Nguyen et al., 2013; Watahiki et al., 2013; Goto et al., 2015). A potential issue affecting the reliability of the CRPC association is that one group of patients is untreated and the other group of patients is treated. Therefore, the genetic/molecular changes could be induced by the treatment. In this study, we have confirmed the CRPC specific association of a potential biomarker by comparing androgen depletion treated non-CRPC patients to treatment-naive PCa and CRPC patients. Therefore, we have developed a robust approach for the investigation of CRPC associated genetic changes or biomarkers using clinical samples and identified potential clinically valuable biomarkers for the early detection/prediction of CRPC occurrence.

Several normalization methods for RNA-seq data have been proposed, but no standard method has currently been established. We employed four most commonly used methods to analyze our sequencing data, CPM, Limma, TMM, and DESeq2, each with their advantages (Dillies et al., 2013; Tam et al., 2015). In our study, the miRNAs identified as differentially expressed by four and three RNA-seq analysis methods gave more reproducible results in RT-qPCR validation than those identified only by two of these methods. As there is no gold-standard method for miRNA sequencing data analysis, our results indicate that the combination of different analysis methods should be used to identify candidate miRNAs for further validation.

In addition to biomarker potential, the identified plasma exosomal miRNAs may have important functions in CRPC development. Emerging evidence shows that exosomes play a key role in cell-cell crosstalk, which may impact tumor cell growth, metastasis, angiogenesis and cancer microenvironment (Maia et al., 2018). The involvement of these six miRNAs in CRPC development has been previously reported. Consistent to our findings of miR-150-5p under-expression in CRPC patients, previous studies showed low miR-150-5p expression in CRPC tissue compared to PCa and non-PCa tissue (Okato et al., 2017) and its role as a tumor suppressor (Okato et al., 2017; Osako et al., 2017). Paradoxically, while we detected the overexpression of miR-320a, miR-320b, miR-320d, and miR-99a-5p in CRPC patient plasma exosomes, miR-320 and miR-99a-5p have been reported to suppress prostate carcinogenesis (Hsieh et al., 2013; Arai et al., 2018), and lower expression levels of miR-320a and miR-99a-5p in CRPC tissues have been reported by comparing a small number of CRPC with untreated PCa cases (Okato et al., 2016; Arai et al., 2018). The tumor suppressor role of these miRNAs does not necessarily conflict with our observations in plasma exosomes. Regarding the deregulation of these miRNAs in the metastatic CRPC tissues, these observations have to be validated in larger cohorts. The opposite results for the expression levels of miRNAs in plasma and tissue samples are not uncommon as previously found in the studies of miR-320 in glioblastoma (Roth et al., 2011; Dong et al., 2014; Manterola et al., 2014) and of miR-99a in endometrioid endometrial carcinoma (Torres et al., 2012). The pathway overrepresentation analysis identified the Hippo signaling pathway as the most significantly enriched pathway. Hippo signaling pathway has been intensively studied in cancer development which showed an important regulation role of PCa development (Salem and Hansen, 2019). Therefore, it would be interesting to further investigate if multiple miRNAs regulate Hippo signaling and cell-cell communication and play a potential role in the development of CRPC. Thus, the functional roles of these plasma exosomal miRNAs warrant further investigation.

MiR-423-3p is the most significantly dysregulated miRNA in our study. Functional studies have demonstrated the cancer promoting role of miR-423-3p in other cancer types (Guan et al., 2014; Li et al., 2015; Kong et al., 2017; Xu et al., 2018). miR-423-3p overexpression has been reported in many human cancers including lung, breast, gastric and colorectal cancers, where it acts in an oncogenic manner via enhancing cell proliferation, cell cycle progression, cell migration and invasion (Murria Estal et al., 2013; Li et al., 2015; Zhao et al., 2015; Kong et al., 2017; Sun et al., 2019; Wang et al., 2019). A study investigating brain-metastasis related miRNAs in lung adenocarcinoma found that miR-423-3p over expression directly contributed to brain metastasis by increasing cancer cell proliferation, migration and invasion (Sun et al., 2019). In Colorectal cancer, it was found that miR-423-3p was overexpressed in cancer compared to normal tissues and as a result increased cell proliferation, migration and invasion through inhibiting P21 (Li et al., 2015). However, its functional role in PCa has not yet been reported. Further studies to investigate miR-423-3p, in particular exosomal miR-423-3p, in CRPC development are warranted.

In conclusion, by analyzing the exosomal miRNA signature of multiple cohorts of treatment-naive PCa and CRPC patients with RNA-seq and RT-qPCR validation, we identified plasma exosomal miRNAs potentially associated with CRPC. Our multicenter validation as well as inclusion of androgen depletion treated non-CRPC patients confirmed the association of plasma exosomal miR-423-3p specifically with CRPC development. We demonstrated that plasma exosomal miRNAs may serve as biomarkers for non-invasive real-time monitoring of PCa status and the prediction of CRPC occurrence, which would have great potential to improve PCa treatment.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136321.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by London City & East Research Ethics Committee; Institutional Review Board of Medical College of Wisconsin. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

Y-JL and TG conceived the study. TG and YW conducted the experiments at Barts Cancer Institute. JJ conducted experiment at MCW Cancer Center. TG, JM, and Y-JL analyzed the data. XM, GSc, EB, LX, ES, SK, PR, AG, KT, JH, TO, TP, CA, GSh, WW, NF, JS, DB, MK, JL, and CD helped with sample and data collection. PR, AG, KT, JH, TO, TP, CA, GSh, WW, NF, JS, DB, LW, and Y-JL were involved in data collection and interpretation. TG, Y-JL, JM, XM, EB, LX, ES, GSh, JS, LW, and CD were involved in drafting the manuscript. Y-JL supervised the study. All authors read and approved the final manuscript.



FUNDING

This work was supported by Orchid, Cancer Research UK (C16420/A18066), Chinese Scholarship Council, and partially supported by the National Institutes of Health to LW (R01CA212097).



ACKNOWLEDGMENTS

We thank Eva Wozniak, Anna Terry, and Charles Meins at QMUL Genome Center for the technical assistance with RNA sequencing. We also thank all patients and healthy donors participating in this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.602493/full#supplementary-material



REFERENCES

 Afshar, M., Evison, F., James, N. D., and Patel, P. (2015). Shifting paradigms in the estimation of survival for castration-resistant prostate cancer: a tertiary academic center experience. Urol. Oncol. 33, e331–337. doi: 10.1016/j.urolonc.2015.05.003

 Arai, T., Okato, A., Yamada, Y., Sugawara, S., Kurozumi, A., Kojima, S., et al. (2018). Regulation of NCAPG by miR-99a-3p (passenger strand) inhibits cancer cell aggressiveness and is involved in CRPC. Cancer Med. 7, 1988–2002. doi: 10.1002/cam4.1455

 Armstrong, A. J., Eisenberger, M. A., Halabi, S., Oudard, S., Nanus, D. M., Petrylak, D. P., et al. (2012). Biomarkers in the management and treatment of men with metastatic castration-resistant prostate cancer. Eur. Urol. 61, 549–559. doi: 10.1016/j.eururo.2011.11.009

 Chandrasekar, T., Yang, J. C., Gao, A. C., and Evans, C. P. (2015). Mechanisms of resistance in castration-resistant prostate cancer (CRPC). Transl. Androl. Urol. 4, 365–380. doi: 10.3978/j.issn.2223-4683.2015.05.02

 Chen, G., Huang, A. C., Zhang, W., Zhang, G., Wu, M., Xu, W., et al. (2018). Exosomal PD-L1 contributes to immunosuppression and is associated with anti-PD-1 response. Nature 560, 382–386. doi: 10.1038/s41586-018-0392-8

 Cornford, P., Bellmunt, J., Bolla, M., Briers, E., de Santis, M., Gross, T., et al. (2017). EAU-ESTRO-SIOG guidelines on prostate cancer. Part II: treatment of relapsing, metastatic, and castration-resistant prostate cancer. Eur. Urol. 71, 630–642. doi: 10.1016/j.eururo.2016.08.002

 Dillies, M. A., Rau, A., Aubert, J., Hennequet-Antier, C., Jeanmougin, M., Servant, N., et al. (2013). A comprehensive evaluation of normalization methods for Illumina high-throughput RNA sequencing data analysis. Brief. Bioinformatics 14, 671–683. doi: 10.1093/bib/bbs046

 Dong, L., Li, Y., Han, C., Wang, X., She, L., and Zhang, H. (2014). miRNA microarray reveals specific expression in the peripheral blood of glioblastoma patients. Int. J. Oncol. 45, 746–756. doi: 10.3892/ijo.2014.2459

 Ge, Q., Zhou, Y., Lu, J., Bai, Y., Xie, X., and Lu, Z. (2014). miRNA in plasma exosome is stable under different storage conditions. Molecules 19, 1568–1575. doi: 10.3390/molecules19021568

 Goto, Y., Kojima, S., Nishikawa, R., Kurozumi, A., Kato, M., Enokida, H., et al. (2015). MicroRNA expression signature of castration-resistant prostate cancer: the microRNA-221/222 cluster functions as a tumour suppressor and disease progression marker. Br. J. Cancer 113, 1055–1065. doi: 10.1038/bjc.2015.300

 Guan, G., Zhang, D., Zheng, Y., Wen, L., Yu, D., Lu, Y., et al. (2014). microRNA-423-3p promotes tumor progression via modulation of AdipoR2 in laryngeal carcinoma. Int. J. Clin. Exp. Pathol. 7, 5683–5691.

 Hsieh, I. S., Chang, K. C., Tsai, Y. T., Ke, J. Y., Lu, P. J., Lee, K. H., et al. (2013). MicroRNA-320 suppresses the stem cell-like characteristics of prostate cancer cells by downregulating the Wnt/beta-catenin signaling pathway. Carcinogenesis 34, 530–538. doi: 10.1093/carcin/bgs371

 Hu, G., Drescher, K. M., and Chen, X. M. (2012). Exosomal miRNAs: biological properties and therapeutic potential. Front. Genet. 3:56. doi: 10.3389/fgene.2012.00056

 Huang, X., Yuan, T., Liang, M., Du, M., Xia, S., Dittmar, R., et al. (2015). Exosomal miR-1290 and miR-375 as prognostic markers in castration-resistant prostate cancer. Eur. Urol. 67, 33–41. doi: 10.1016/j.eururo.2014.07.035

 Huang, X., Yuan, T., Tschannen, M., Sun, Z., Jacob, H., Du, M., et al. (2013). Characterization of human plasma-derived exosomal RNAs by deep sequencing. BMC Genomics 14:319. doi: 10.1186/1471-2164-14-319

 Kong, P., Zhu, X., Geng, Q., Xia, L., Sun, X., Chen, Y., et al. (2017). The microRNA-423-3p-Bim axis promotes cancer progression and activates oncogenic autophagy in gastric cancer. Mol. Ther. 25, 1027–1037. doi: 10.1016/j.ymthe.2017.01.013

 Li, H. T., Zhang, H., Chen, Y., Liu, X. F., and Qian, J. (2015). MiR-423-3p enhances cell growth through inhibition of p21Cip1/Waf1 in colorectal cancer. Cell. Physiol. Biochem. 37, 1044–1054. doi: 10.1159/000430230

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/s13059-014-0550-8

 Maia, J., Caja, S., Strano Moraes, M. C., Couto, N., and Costa-Silva, B. (2018). Exosome-based cell-cell communication in the tumor microenvironment. Front. Cell Dev. Biol. 6:18. doi: 10.3389/fcell.2018.00018

 Manterola, L., Guruceaga, E., Gállego Pérez-Larraya, J., González-Huarriz, M., Jauregui, P., Tejada, S., et al. (2014). A small noncoding RNA signature found in exosomes of GBM patient serum as a diagnostic tool. Neurooncology 16, 520–527. doi: 10.1093/neuonc/not218

 Matei, I., Kim, H. S., and Lyden, D. (2017). Unshielding exosomal RNA unleashes tumor growth and metastasis. Cell 170, 223–225. doi: 10.1016/j.cell.2017.06.047

 Mizokami, A., Izumi, K., Konaka, H., Kitagawa, Y., Kadono, Y., Narimoto, K., et al. (2017). Understanding prostate-specific antigen dynamics in monitoring metastatic castration-resistant prostate cancer: implications for clinical practice. Asian J. Androl. 19, 143–148. doi: 10.4103/1008-682X.179159

 Murria Estal, R., Palanca Suela, S., de Juan Jiménez, I., Egoavil Rojas, C., García-Casado, Z., Juan Fita, M. J., et al. (2013). MicroRNA signatures in hereditary breast cancer. Breast Cancer Res. Treat. 142, 19–30. doi: 10.1007/s10549-013-2723-7

 Nguyen, H. C., Xie, W., Yang, M., Hsieh, C. L., Drouin, S., Lee, G. S., et al. (2013). Expression differences of circulating microRNAs in metastatic castration resistant prostate cancer and low-risk, localized prostate cancer. Prostate 73, 346–354. doi: 10.1002/pros.22572

 Okato, A., Arai, T., Kojima, S., Koshizuka, K., Osako, Y., Idichi, T., et al. (2017). Dual strands of pre-miR150 (miR1505p and miR1503p) act as antitumor miRNAs targeting SPOCK1 in naive and castration-resistant prostate cancer. Int. J. Oncol. 51, 245–256. doi: 10.3892/ijo.2017.4008

 Okato, A., Goto, Y., Kurozumi, A., Kato, M., Kojima, S., Matsushita, R., et al. (2016). Direct regulation of LAMP1 by tumor-suppressive microRNA-320a in prostate cancer. Int. J. Oncol. 49, 111–122. doi: 10.3892/ijo.2016.3522

 Olmos, D., Brewer, D., Clark, J., Danila, D. C., Parker, C., Attard, G., et al. (2012). Prognostic value of blood mRNA expression signatures in castration-resistant prostate cancer: a prospective, two-stage study. Lancet Oncol. 13, 1114–1124. doi: 10.1016/S1470-2045(12)70372-8

 Osako, Y., Seki, N., Koshizuka, K., Okato, A., Idichi, T., Arai, T., et al. (2017). Regulation of SPOCK1 by dual strands of pre-miR-150 inhibit cancer cell migration and invasion in esophageal squamous cell carcinoma. J. Hum. Genet. 62, 935–944. doi: 10.1038/jhg.2017.69

 Pantel, K., Hille, C., and Scher, H. I. (2019). Circulating tumor cells in prostate cancer: from discovery to clinical utility. Clin. Chem 65, 87–99. doi: 10.1373/clinchem.2018.287102

 Rana, S., Malinowska, K., and Zöller, M. (2013). Exosomal tumor microRNA modulates premetastatic organ cells. Neoplasia 15, 281–295. doi: 10.1593/neo.122010

 Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C., and Shi, W., et al. (2015). limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 43:e47. doi: 10.1093/nar/gkv007

 Robinson, M. D., and Oshlack, A. (2010). A scaling normalization method for differential expression analysis of RNA-seq data. Genome Biol. 11:R25. doi: 10.1186/gb-2010-11-3-r25

 Ross, R. W., Galsky, M. D., Scher, H. I., Magidson, J., Wassmann, K., Lee, G. S., et al. (2012). A whole-blood RNA transcript-based prognostic model in men with castration-resistant prostate cancer: a prospective study. Lancet Oncol. 13, 1105–1113. doi: 10.1016/S1470-2045(12)70263-2

 Roth, P., Wischhusen, J., Happold, C., Chandran, P. A., Hofer, S., Eisele, G., et al. (2011). A specific miRNA signature in the peripheral blood of glioblastoma patients. J. Neurochem. 118, 449–457. doi: 10.1111/j.1471-4159.2011.07307.x

 Ryan, C. J., Smith, M. R., Fizazi, K., Saad, F., Mulders, P. F., Sternberg, C. N., et al. (2015). Abiraterone acetate plus prednisone versus placebo plus prednisone in chemotherapy-naive men with metastatic castration-resistant prostate cancer (COU-AA-302): final overall survival analysis of a randomised, double-blind, placebo-controlled phase 3 study. Lancet Oncol. 16, 152–160. doi: 10.1016/S1470-2045(14)71205-7

 Salem, O., and Hansen, C. G. (2019). The hippo pathway in prostate cancer. Cells 8:370. doi: 10.3390/cells8040370

 Sánchez, C. A., Andahur, E. I., Valenzuela, R., Castellón, E. A., Fullá, J. A., Ramos, C. G., et al. (2016). Exosomes from bulk and stem cells from human prostate cancer have a differential microRNA content that contributes cooperatively over local and pre-metastatic niche. Oncotarget 7, 3993–4008. doi: 10.18632/oncotarget.6540

 Siegel, R. L., Miller, K. D., and Jemal, A. (2019). Cancer statistics, 2019. CA Cancer J. Clin. 69, 7–34. doi: 10.3322/caac.21551

 Sun, G., Ding, X., Bi, N., Wang, Z., Wu, L., Zhou, W., et al. (2019). Molecular predictors of brain metastasis-related microRNAs in lung adenocarcinoma. PLoS Genet. 15:e1007888. doi: 10.1371/journal.pgen.1007888

 Tam, S., Tsao, M. S., and McPherson, J. D. (2015). Optimization of miRNA-seq data preprocessing. Brief. Bioinformatics 16, 950–963. doi: 10.1093/bib/bbv019

 Torres, A., Torres, K., Pesci, A., Ceccaroni, M., Paszkowski, T., Cassandrini, P., et al. (2012). Deregulation of miR-100, miR-99a and miR-199b in tissues and plasma coexists with increased expression of mTOR kinase in endometrioid endometrial carcinoma. BMC Cancer 12:369. doi: 10.1186/1471-2407-12-369

 Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., and Lötvall, J. O. (2007). Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 9, 654–U672. doi: 10.1038/ncb1596

 Varenhorst, E., Klaff, R., Berglund, A., Hedlund, P. O., Sandblom, G., and Network Scandinavian Prostate Cancer Group Trial (2016). Predictors of early androgen deprivation treatment failure in prostate cancer with bone metastases. Cancer Med. 5, 407–414. doi: 10.1002/cam4.594

 Vlachos, I. S., Zagganas, K., Paraskevopoulou, M., D, Georgakilas, G., Karagkouni, D., Vergoulis, T., et al. (2015). DIANA-miRPath v3.0: deciphering microRNA function with experimental support. Nucleic Acids Res. 43, W460–466. doi: 10.1093/nar/gkv403

 Wang, R., Li, G., Zhuang, G., Sun, S., and Song, Z. (2019). Overexpression of microRNA-423-3p indicates poor prognosis and promotes cell proliferation, migration, and invasion of lung cancer. Diagn. Pathol. 14:53. doi: 10.1186/s13000-019-0831-3

 Watahiki, A., Macfarlane, R. J., Gleave, M. E., Crea, F., Wang, Y., Helgason, C. D., et al. (2013). Plasma miRNAs as biomarkers to identify patients with castration-resistant metastatic prostate cancer. Int. J. Mol. Sci. 14, 7757–7770. doi: 10.3390/ijms14047757

 West, T. A., Kiely, B. E., and Stockler, M. R. (2014). Estimating scenarios for survival time in men starting systemic therapies for castration-resistant prostate cancer: a systematic review of randomised trials. Eur. J. Cancer 50, 1916–1924. doi: 10.1016/j.ejca.2014.04.004

 Xu, J., He, J., Huang, H., Peng, R., and Xi, J. (2018). MicroRNA-423-3p promotes glioma growth by targeting PANX2. Oncol. Lett. 16, 179–188. doi: 10.3892/ol.2018.8636

 Yuan, T., Huang, X., Woodcock, M., Du, M., Dittmar, R., Wang, Y., et al. (2016). Plasma extracellular RNA profiles in healthy and cancer patients. Sci. Rep. 6:19413. doi: 10.1038/srep19413

 Zhao, H., Gao, A., Zhang, Z., Tian, R., Luo, A., Li, M., et al. (2015). Genetic analysis and preliminary function study of miR-423 in breast cancer. Tumour Biol. 36, 4763–4771. doi: 10.1007/s13277-015-3126-7

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.

Copyright © 2021 Guo, Wang, Jia, Mao, Stankiewicz, Scandura, Burke, Xu, Marzec, Davies, Lu, Rajan, Grey, Tipples, Hines, Kudahetti, Oliver, Powles, Alifrangis, Kohli, Shaw, Wang, Feng, Shamash, Berney, Wang and Lu. 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.












	
	OPINION
published: 21 January 2021
doi: 10.3389/fcell.2020.622579






[image: image2]

DNA-Loaded Extracellular Vesicles in Liquid Biopsy: Tiny Players With Big Potential?

Susana García-Silva1*, Miguel Gallardo2 and Héctor Peinado1*


1Microenvironment and Metastasis Laboratory, Molecular Oncology Programme, Spanish National Cancer Research Center (CNIO), Madrid, Spain

2H12O - CNIO Hematological Malignancies Clinical Research Unit, Clinical Research Programme, Spanish National Cancer Research Center (CNIO), Madrid, Spain

Edited by:
Catherine Alix-Panabieres, Centre Hospitalier Universitaire de Montpellier, France

Reviewed by:
Davide Zocco, Exosomics Siena SpA, Italy

*Correspondence: Susana García-Silva, sgsilva@cnio.es
 Héctor Peinado, hpeinado@cnio.es

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Cell and Developmental Biology

Received: 28 October 2020
 Accepted: 18 December 2020
 Published: 21 January 2021

Citation: García-Silva S, Gallardo M and Peinado H (2021) DNA-Loaded Extracellular Vesicles in Liquid Biopsy: Tiny Players With Big Potential? Front. Cell Dev. Biol. 8:622579. doi: 10.3389/fcell.2020.622579



Keywords: extracellular vesicles, exosomes, cancer, liquid biopsy, plasma, cfDNA


INTRODUCTION

Liquid biopsy in cancer is a revolutionary diagnostic concept defined by the analysis of biological material of tumor origin that extravasate to body fluids. Most common liquid biopsy studies use circulating tumor cells (CTCs) or circulating tumor-derived factors, in particular, circulating tumor DNA (ctDNA) (Alix-Panabières and Pantel, 2016; Perakis and Speicher, 2017). In the last 5 years, cutting-edge technologies such as next-generation sequencing (NGS) or digital PCR (dPCR) have been applied to detect blood-based, tumor-specific biomarkers such as CTCs and ctDNA (Husain and Velculescu, 2017; Pantel and Alix-Panabières, 2019). The quantification of circulating DNA molecules or CTCs showed per se prognostic value in many cancers (Haber and Velculescu, 2014). Besides this immediate analysis, another advantage of these biomarkers resides in the possibility of testing specific mutations, methylation profiles, and other DNA patterns (cfDNA and CTCs) and alternatively, proteins and the possibility of generating patient-derived xenografts (PDX) from the most aggressive cells in the tumor that putatively could initiate metastatic outgrowth (CTCs). Furthermore, the development of high sensitivity and specificity techniques enabled the identification of minimal residual disease (MRD) in cancer patient's follow-up blood samples (Pantel and Alix-Panabières, 2019). Complementary to these biomarkers, extracellular vesicles (EVs) are emerging as powerful biomarkers to provide information about the tumor and the systemic changes occurring during the disease. EVs are a broad and heterogenous group of vesicles secreted by almost any kind of cell that display a wide range of sizes (30 nm−5 μm in diameter Witwer and Théry, 2019) and are composed of a lipid bilayer enclosing nucleic acids, proteins, lipids, metabolites (Colombo et al., 2014). EVs are considered as a mechanism of cell-cell communication regulating paracrine and distal cell communication (Tkach and Théry, 2016). According to this, EVs have been detected in most biological fluids (Wiklander et al., 2019). The isolation of EVs allows for the subsequent analysis of their content that is defined by the cell of origin of the vesicle. Due to their heterogeneous content (protein, nucleic acids, lipids, metabolites, etc.), their ubiquitous production by body cells and detection in most biological fluids, circulating EVs could be useful for specific or multiplatform analyses to provide an accurate evaluation of cancer disease at early time points, during progression, therapy and post-treatment facilitating the detection of minimal residual disease and relapse anticipation (LeBleu and Kalluri, 2020).



EV-SHED DNA, CHARACTERISTICS AND CONSIDERATIONS

Since 2010, several studies have shown the presence of different DNA species in EVs such as ssDNA (Balaj et al., 2011), dsDNA (Kahlert et al., 2014; Thakur et al., 2014) and mtDNA (Cai et al., 2016; Lötvall et al., 2016). Although it is widely accepted that EVs carry DNA, the origins, localization and biological properties of this DNA are not entirely understood (Malkin and Bratman, 2020). Some works support that DNA secretion in EVs is an integral mechanism of clearing cytosolic DNA to maintain cellular homeostasis and avoid senescence and apoptosis (Takahashi et al., 2017). Another report suggests that DNA is a danger-associated signal secreted by dying cells promoting inflammation and anti-tumor immune responses (Kitai et al., 2017). A role for EV-associated DNA in priming and conferring protection to dendritic cells against pathogen infection has also been described (Torralba et al., 2018). Regarding the mechanism involved in DNA secretion on EVs, although microvesicles and exosomes have been proposed to carry DNA, a detailed analysis of the involved mechanism is missing. In a landmark study, Coffey and colleagues found that small EVs did not contain detectable amounts of dsDNA (Jeppesen et al., 2019). Surprisingly, they found that dsDNA was associated with non-vesicular particles that can be co-isolated in the same fraction than small EVs.

Regardless of their origin and mechanism, it appears clear that most of the EV-shed DNA is located on the outside surface of the EVs (Lazaro-Ibanez et al., 2019). However, after DNAse treatment, still a small proportion of DNA remains inside the vesicles (Thakur et al., 2014; Lazaro-Ibanez et al., 2019). Surface-associated DNA confers increased zeta-potential to vesicles, favors exosome-cell adhesion and contributes to the vesicle internalization in the target cell (Fischer et al., 2016; Lötvall et al., 2016; Németh et al., 2017).

Interestingly, all chromosomes are represented in EV-shed DNA with no specific regions overrepresented (Lazaro-Ibanez et al., 2019) suggesting the absence of a sequence-specific loading of DNA species in vesicles. Despite the lower amount of EV-enclosed DNA compared to EV surface-associated DNA, inner DNA displays a better quality and performance in NGS (Lazaro-Ibanez et al., 2019). Remarkably, compared to cfDNA, the reported average fragment length is longer in EVs. Thus, together with a nucleosome-associated pattern, fragments up to 4 kb are observed in exosome-derived DNA (Vagner et al., 2018; Lazaro-Ibanez et al., 2019; Malkin and Bratman, 2020) and chromosomal DNA has been found in large EVs such as oncosomes in prostate cells and in plasma of prostate cancer patients (Vagner et al., 2018).

Several works have reported that EV-shed DNA allows the detection of mutations that reliably reflects the mutational state in the tumor of origin (Kahlert et al., 2014; Thakur et al., 2014; Vagner et al., 2018; García-Romero et al., 2019; Garcia-Silva et al., 2019; Kunz et al., 2019). As a consequence of this, the use of EV-derived DNA for liquid biopsy purposes has begun to be exploited (Table 1). The first studies with plasma-derived EVs focused on the analysis of EGFR in lung cancer and glioblastoma (Figueroa et al., 2017; Krug et al., 2017; Castellanos-Rizaldos et al., 2018) and KRAS in pancreatic cancer (Allenson et al., 2017; Yang et al., 2017). More recently, predictive detection of BRAF mutation in circulating EV-DNA from pediatric central nervous system tumors has been described (García-Romero et al., 2019) together with the use of this mutation in seroma obtained post-lymphadenectomy in melanoma patients as a measure of minimal residual disease (Garcia-Silva et al., 2019). These and other studies demonstrate that the analysis of circulating EV-DNA can provide a prognostic value in diverse cancer types.


Table 1. Summary of the main reports performing DNA-EV analyses for liquid biopsy tests.
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AN OVERVIEW OF CFDNA-BASED LIQUID BIOPSIES

Compared to EV-DNA, cfDNA has been much more extensively used in liquid biopsies. cfDNA is DNA freely circulating in the bloodstream. It is estimated that circulating tumor DNA might only be <0.01% of the total cfDNA (Pantel and Alix-Panabières, 2019). It is mainly originated during the apoptotic process, although senescence and necrosis also influence cfDNA release kinetics (Rostami et al., 2020). As a consequence of its origin, it is a highly fragmented nucleic acid.

cfDNA-based liquid biopsy can be used to detect specific tumor aberrations such as point mutations, loss of heterozygosity (LOH) or amplifications (Kerachian et al., 2019). These specific tumor genetic alterations (or a panel of them) are analyzed by targeting DNA sequencing techniques such as digital PCR (dPCR), beads–emulsion–amplification–magnetics (BEAMing), safe-sequencing system (Safe-SeqS), cancer personalized profiling by deep sequencing (CAPP-Seq), and tagged-amplicon deep sequencing (TAmSeq) (Heitzer et al., 2019). Alternatively, a non-targeted next-generation sequencing (NGS), commonly a whole-genome/exome sequencing can also be applied to cfDNA in order to extract information about copy number alterations (CNAs), DNA rearrangements or detection of subclonal mutations. The biggest drawback of this approach is the lower overall sensitivity (above 1–5%) and the need for higher concentrations of ctDNA whereas targeted DNA sequencing techniques can reach a limit of detection (LOD) minor than 0.01% (Pantel and Alix-Panabières, 2019). However, ultra-sensitive detection in plasma cfDNA samples can be achieved by analyzing hundreds to thousands of mutations previously identified by tumor genotyping (Wan et al., 2020) or by using genome-wide mutational integration (Zviran et al., 2020).

The most frequent application of cfDNA-based liquid biopsy is the monitoring of therapy response and the analysis of minimal residual disease (MRD) in clinical samples in order to anticipate the relapse of the disease before its detection with current clinical techniques (e.g., CT or PET/CT, multiparametric flow cytometry, immunohistochemistry) (Cheng et al., 2019; Pantel and Alix-Panabières, 2019). In colon cancer, the positive detection of mutations in cfDNA efficiently demonstrated prognostic value in a cohort of 230 colorectal cancer patients in which cfDNA positive status was associated to inferior recurrence-free survival (Tie et al., 2016). In breast cancer, the use of ddPCR on cfDNA samples to validate previously identified chromosome rearrangements reached a sensitivity of 93% and a specificity of 100% (Olsson et al., 2015). Targeted capture sequencing analysis of ctDNA defined MRD-associated mutations and even predict the genetic events of subsequent metastatic relapse more accurately than sequencing of the primary breast cancer (Garcia-Murillas et al., 2019). In a landmark study in lung cancer, Swanton and colleagues developed a NGS-based mutational panel of 12–30 SNVs, with addition of clinical and radiological evaluations. The detection of SNVs in ctDNA seemed to correlate with clinical evidence of NSCLC relapse with a ctDNA detection threshold <0.1% (Abbosh et al., 2017). These and other studies (Reinert et al., 2016; Chaudhuri et al., 2017; Schøler et al., 2017) demonstrate how targeted and genome-wide DNA sequencing techniques provide an accurate information during disease monitoring.



CFDNA VS. EV-NA, WHO IS THE WINNER?

It should be first noticed that when defining blood-derived cfDNA it is unclear the physical state/source of it. It can be effectively circulating DNA, or circulating in association with protein complexes or even associated to EVs (Jahr et al., 2001; Thierry et al., 2016). Importantly, standard protocols for cfDNA isolation do not exclude EV-shed DNA although neither concentrate nor select for it as other approaches do.

An overview of the differences between EV-DNA and cfDNA are summarized in Figure 1. EV-DNA is more stable than cfDNA whose half-life is estimated in <2 h (Cheng et al., 2016) forcing fast protocols of sample collection. On the contrary, EVs and their cargo show a considerable long-term stability in body fluids that facilitate their analysis in biobanked samples (Kalra et al., 2013). In addition, the fragmented nature of cfDNAs makes it difficult to generate a reliable genomic characterization for NGS, which in turn requires barcode and deep sequencing (Mouliere et al., 2011). On the other side, the presence of long EV-DNA fragments, that in cases display a chromatin structure favors amplification and better performance in NGS (Lazaro-Ibanez et al., 2019). Nevertheless, to date, most liquid biopsy studies focused on GWA and non-targeted sequencing have been performed in cfDNA such as methylation analyses (Sprang et al., 2020), DNA fragmentation patterns (Cristiano et al., 2019), or microbiome-DNA signatures (Poore et al., 2020) probably due to the delay in the application of those techniques to EV-based liquid biopsy.
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FIGURE 1. Advantages and disadvantages of EV-associated DNA and cfDNA. Circulating cell-free (cfDNA) shows a half-life of 2 h. However, extracellular vesicles (EVs) and associated content are stable for longer times. EVs display a wide range of DNA fragment sizes compared to highly fragmented cfDNA. Multiple EV cargo allows for polyvalent multiplexed analysis. DNA isolation is easy and fast for cfDNA but is technically more complex and time-consuming in the case of EVs. Non-targeted sequence-based analyses in EV-DNA are still underdeveloped while cfDNA has proven remarkable performance in next-generation sequencing techniques (NSG) and studies based in gene-wide analysis (GWA).


Another advantage of exosomes and other EVs-based liquid biopsy is the possibility of multiplexing analyses of DNA with other EV cargo such as miRNA, long-non coding RNA, proteins, etc., that can provide a highly accurate information about the disease and will facilitate personalized and time-shaped medicine (LeBleu and Kalluri, 2020).

Few studies provide insights about the comparison of both cfDNA and EV-DNA in plasma. In a cohort of 84 non-small cell lung cancer patients, the combined use of exosomal-RNA and ctDNA sequencing improved the detection of EGFR (epidermal growth factor receptor)-activating mutations up to 98 vs. 84% for ctDNA alone (Krug et al., 2017). Remarkably, the best improvement was observed in the group of patients with intrathoracic metastatic disease known to have low levels of cfDNA. Moreover, the combined use of EV-RNA/DNA (EV-NA) together with cfDNA overcame the limited abundance of the EGFR T790M mutation and other EGFR mutations and obtained improved sensitivity and specificity than cfDNA alone (Castellanos-Rizaldos et al., 2018, 2019). These studies highlight the enhanced performance of combining EV-associated nucleic acids together with cfDNA vs. cfDNA analysis alone.

Following with the improved performance of EV-DNA tests, in a recent study, the assessment of Rhesus D genotype and gender by coupling quantitative PCR to EV-DNA and cfDNA isolation from maternal blood gave successful results with both approaches although only EV-DNA achieved a 100% of sensitivity and specificity for both assays (Yaşa et al., 2020).

An important drawback in EV-DNA tests is the lack of standardized isolation methods compared to cfDNA that implies additional steps of optimization, that are technically more complex and required clinical validation (Théry et al., 2006; Royo et al., 2020).



THERE IS FUTURE BEYOND PLASMA! USE OF CIRCULATING EV IN OTHER BIOFLUIDS

The secretion of EVs is a universal process and consequently EVs have been detected, isolated and analyzed in many biological fluids such as plasma, urine, cerebrospinal fluid (CSF) or bronchoalveolar lavage fluid (BALF) suggesting that these fluids can be explored for EV-based liquid biopsy tests (González and Falcón-Pérez, 2015; Gui et al., 2015; Broggi et al., 2019; Carnino et al., 2019; Kim et al., 2020). Until now, most of the studies based on other biofluids than blood have been focused on the quantification of exosomes or specific protein biomarkers. However, the analysis of mutations suggests that other fluids could be enriched in EV-associated DNA compared to plasma providing increase sensitivity. This is the case for lymphatic exudate also called exudative seroma in melanoma (Garcia-Silva et al., 2019). A combined approach isolating EV-associated nucleic acids together with cfDNA yield 600 times more copies of BRAFwt in this biofluid than in plasma. Thus, the limit of detection and sensitivity of the technique can be improved by choosing a fluid anatomically close to the tumor that would be enriched in tumor-derived EVs and consequently in EV-NA cargo. Another example of such an improvement is the analysis of CSF as an alternative to the scarce detection of biomarkers in blood for brain neoplasms. Thus, in glioblastoma patients, the use of CSF-derived EVs yield high specificity for the detection of tumor-associated EGFR amplifications (Figueroa et al., 2017). Additionally, profiling of BRAFV600E mutation in exudative seroma-derived EV-NA obtained after lymphadenectomy efficiently detected minimal residual disease and showed a strong prognostic value in a small cohort of stage III melanoma patients (Garcia-Silva et al., 2019). This study implies that malignancies such as breast cancer, melanoma, or others in which lymphadenectomy is performed could benefit from testing seroma-derived EV-NA for detection of minimal residual disease. It has been also proposed that NGS using EVs isolated from pleural fusions and urine could effectively replace tissue-based NGS in cases where there is a shortage of tissue (Lee et al., 2018; Song et al., 2019). Recent studies have demonstrated that EVs successfully isolated from BALF of lung cancer patients contain an abundant amount of dsDNA, and that liquid biopsy for EGFR genotyping using BALF is tissue-specific and extremely sensitive compared to cfDNA analysis (Hur et al., 2019; Kim et al., 2020). In summary, these works drive attention to the relevance of the selection of the ideal fluid as a source of EVs. The anatomical proximity to the tumor or disease and the intrinsic EV concentration certainly impact in the yield of the isolation process and consequently in the sensibility of the tests.



CONCLUDING REMARKS

Compared to other types of liquid biopsy biomarkers, EV-DNA tests are in their early steps. However, they could provide additional analytical power to more established diagnostic methods due to the relatively abundant cargo of nucleic acids displaying increased stability compared to cfDNA. Although a few studies suggest that EV-NA-based tests could perform slightly better than cfDNA tests, more comparative analyses will be required to evaluate EV-NA capacity to overcome or complement cfDNA-based liquid biopsy. Combined EV-DNA/RNA with cfDNA approaches could amplify disease information and improved the specificity and the limit of detection in the tests, for example in the detection of some tumor mutations known to be underrepresented in cfDNA. On the other hand, there is a need for increased sensitivity that could boost non-invasive early detection and also enhance the analysis of minimal residual disease. Due to the heterogeneity of EV cargo, multiplexed assays combining DNA analysis with additional information on other biomolecules could also serve for a more personalized medicine. In addition, alternative biofluids are coming on the scene demonstrating improved performance than blood-based tests due to their enrichment in tumor-specific EVs. Finally, together with targeted-sequencing techniques, the development of diverse types of GWA and the capacities of machine learning to combine multiple layers of information, will definitively expand the applicability of EV-DNA-based liquid biopsy.
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Next-Generation Cancer Biomarkers: Extracellular Vesicle DNA as a Circulating Surrogate of Tumor DNA
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Extracellular vesicles (EVs) are produced by healthy tissues and tumor cells and are released in various bodily fluids, including blood. They are limited by bilayer phospholipidic membranes, and they carry a rich content in biomolecules. Their release cleanses the cells of their waste or serves as functional local and distant cell–cell communication and molecular exchange particles. This rich and heterogeneous content has been given intense attention in cancer physiopathology because EVs support cancer control and progression. Because of their specific active cargo, they are being evaluated as carriers of liquid biopsy biomarkers. Compared to soluble circulating biomarkers, their complexity might provide rich information on tumor and metastases status. Thanks to the acquired genomic changes commonly observed in oncogenic processes, double-stranded DNA (dsDNA) in EVs might be the latest most promising biomarker of tumor presence and complexity. This review will focus on the recent knowledge on the DNA inclusion in vesicles, the technical aspects of EV-DNA detection and quantification, and the use of EV-DNA as a clinical biomarker.
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INTRODUCTION

Extracellular vesicles (EVs) have long been observed, but they were mostly considered as garbage bags to get rid of unusable intracellular constituents (Johnstone, 1992). In the mid-1990s, researchers started to report other functions for EVs. In B cells, internal vesicles rich in membrane major histocompatibility complex [MHC] class II could be released as small vesicles by exocytosis. They were considered to facilitate antigen presentation (Guescini et al., 2010). EVs could bring complex signals not only through their membrane but also by releasing the content of their lumen in the recipient cell, enabling horizontal transfer of proteins and RNAs (Cocucci et al., 2009). These concepts shed a new light on cell–cell communication, thought to occur until then only by soluble signals decoded upon receptor binding or by connexons. Within the EVs, exosomes were found vectors of intercellular communication in physiological and pathological conditions (reviewed by Kalluri, 2016). Consequently, a swift increase in EV literature occurred, and a lot of attention was given to the identification of the protein and RNA (including miRs) cargoed in EVs as biomarkers in cancer. Now, another important type of EV biomolecules emerges as relevant for cancer biology: the EV-DNA. The aim of this review is not to propose a complete description of EV generation, release, and outcome but to focus on their DNA content as a valuable material for cell–cell communication and a relevant biomarker in cancer clinical biology.



CIRCULATING CELL FREE DNA AND EVs

As liquid biopsies have been given more and more consideration for cancer patient management, a lot of attention and technical development aimed at detecting circulating cell free DNA (cfDNA), especially circulating tumor DNA (ctDNA) within total cfDNA. Circulating cfDNA, and a fortiori ctDNA, originates from healthy or tumor tissues. In plasma, it can be free, released from dying healthy or tumor cells (necrosis or necrosis-related programmed cell death; Figure 1). In addition, decondensed neutrophil DNA can be ejected by NETosis as a pathogen trap (Cahilog et al., 2020; Zhen et al., 2020). Otherwise, cfDNA can be embedded in bilayer lipid biomembranes. Besides the apoptotic vesicles, in which compaction favors dead cell disposal, two major modes of EV release coexist: the exocytosis of multivesicular bodies (MVBs) and shedding vesicles directly budded from the plasma membrane (Figure 1). These processes are considered active, and the content of the released vesicles may be selective. Vesicles from MVBs are also known as exosomes. These distinct origins diversify their content, including their DNA. In fact, plasma cfDNA concentration analysis showed that more than 93% of amplifiable cfDNA is located in plasma EVs (Fernando et al., 2017). Thus, EVs are potential valuable materials for circulating DNA-based biomarker discovery.
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FIGURE 1. Cell-free DNA cell sources. DNA can be released by active or passive mechanisms. Apoptosis is a passive mechanism releasing apoptotic bodies with fragmented genomic DNA, in which sizes encompass a range of 100 bp to more than 10 kb. Necrosis is a passive way of DNA release, with free and non-vesicular all sizes fragments. Active mechanisms of DNA release include NETosis, with projection of very long, decondensed genomic DNA, microvesicles budding from a plasma membrane, exosomes secretion from multivesicular bodies, and exomeres released from amphisomes. Depending on the active mechanism, DNA fragment length varies between 100 bp (exosomes and exomeres) and reaching more than 2 million bp (Microvesicles).


The size of circulating cfDNA differs according to its origin. Apoptotic bodies carry short genomic fragments of double-stranded DNA (dsDNA), in which sizes correspond to the DNA covered by nucleosomes, protected from the apoptosis-induced endonucleases (around 160–180 base pairs) (Bortner et al., 1995). Thus, any genomic locus, a byproduct of cell death, can be embedded in apoptotic vesicles under a highly compacted form (Serrano-Heras et al., 2019). Vesicle-free DNA ongoing non-specific degradation after necrosis-related cell death or NETosis presents wider ranges of lengths from less than 100 bp for mitochondrial DNA (mtDNA) to several thousands of bp (Figure 1). The fragments encompass the whole genome due to the non-specific destruction of the cell and its components. Interestingly, besides transferring various proteins, lipids, and RNAs to recipient cells, cultured tumor cells and tumor cells xenografted in mice also released EVs carrying DNA, which reflected the genetic status of the tumor, including the amplification of the oncogene c-Myc (Balaj et al., 2011). Exosomes can also work as vesicular carriers of mtDNA (Guescini et al., 2010). Exosome double-stranded DNA (exoDNA) from cell lines, with sizes ranging from 100 to 2.5 kbp, can represent the entire genome and reflect the mutational status of tumor parental cells (Thakur et al., 2014; Vagner et al., 2018). Moreover, EV-mediated horizontal high molecular weight DNA transfer might contribute to creating cellular diversity in healthy cells and promote cancer progression (Fischer et al., 2016). Although rare, the authors also observed a propagation of the transferred DNA to daughter cells, likely through an integrative event. These observations suggest that the DNA inclusion in EVs is a selective active process, dedicated to share specific parts of the tumor genome (Lázaro-Ibáñez et al., 2014). Interestingly, most of studies focused on dsDNA and made no mention of single-strand DNA (ssDNA) associated to EVs.

How DNA species are sorted into EVs is also far from being resolved. The inhibition of exosome secretion results in accumulation of nuclear DNA in the cytosol, provoking a senescence-like phenotype, with cell cycle arrest and eventually apoptosis (Takahashi et al., 2017). This suggests that DNA embedding in exosomes is important for keeping cell homeostasis. DNA secretion through exosomes protects tumor cells from the inflammatory reaction induced by a DNA-triggered stimulator of interferon response (STING) signaling (Harding et al., 2017; Le Naour et al., 2020). DNA fragments can arise from damaged genomic DNA, packaged in micronuclei, which are cytosolic vesicles enveloped by a nuclear membrane (Fenech et al., 2011). Following nuclear membrane collapse of micronuclei, released genomic DNA can interact with exosomal tetraspanins, leading to the shuttling of the damaged DNA in MVBs (Figure 1; Yokoi et al., 2019). The same study found that exoDNA reflected copy number variation of ovarian cancer primary tumors. In addition, vesicular mtDNA might arise from distinct vesicles produced by oxidized mitochondria reaching the endolysosomal system to form MVBs (reviewed in Picca et al., 2020). These EVs can, in turn, transfer their mtDNA to cells with impaired metabolism, leading to the restoration of metabolic activity and treatment resistance (Sansone et al., 2017).

Recent studies contradict the vesicular nature of cfDNA. Although very scarce, evidence shows that EV-DNA could be bound to the outer lipid layer of EV membranes (Németh et al., 2017). High-resolution density gradient fractionation, to avoid aggregation of vesicles and obtain a pure fraction of exosomes, showed that exosomes or any other type of small EVs actually did not contain any dsDNA nor histones H2A, H3, or H4 (Jeppesen et al., 2019). Instead, active secretion of DNA and histones occurred through an amphisome-dependent mechanism, involving CD63-positive multivesicular endosomes-like structures (MVE). Amphisomes are hybrid organelles appearing from the fusion of an autophagosome and an MVE. The authors propose a new model, yet to be confirmed, in which the dsDNA might be secreted by amphisome fusion to the plasma membrane in a non-vesicular way. This non-vesicular pathway could be the recently described nanoparticular exomeres actively secreted by cells and different from mere aggregates (Zhang et al., 2018). DsDNA was found in both exomere and exosome fractions. Whether exomere-DNA can be functional as the exomere protein cargo needs to be confirmed (Zhang et al., 2019). By contrast, fractions from high-resolution iodixanol density gradients were recently found positive for DNA fragments and exosome markers such as CD63, CD9, CD81, flotillin-1, and TSG101 (Lázaro-Ibáñez et al., 2019).

In conclusion, more work is needed to ascertain the embedding mechanism and the final location of DNA in EVs and nanoparticles.



TECHNICAL ASPECTS


Exosomes and EVs Isolation

To ascertain the presence of DNA in EV, the first step before analysis of EV-DNA is the correct and specific isolation of EVs. This is crucial to obtain pure material and to have minimal impact on DNA extraction and further analyses. Various isolation and purification methods for EVs have been recently reviewed in literature (Yang et al., 2020). Even if ultracentrifugation is still the gold standard for EV enrichment, alternative technologies allow for the purification of subpopulations of EVs such as exosomes. For instance, size exclusion chromatography seems to emerge as a promising method because it significantly limits vesicle structural damages, such as aggregation induced by high-speed centrifugation (An et al., 2018; Royo et al., 2020; Sidhom et al., 2020). This method separates vesicles according to their sizes, which is not necessarily related to their functions. Some authors report optimal vesicle enrichment and soluble protein removal with a combination of ultrafiltration and size exclusion chromatography (Diaz et al., 2018). Five different methods for isolation and separation of EVs from protein and lipid particles in human serum were compared. The authors concluded that sequential use of two or more techniques greatly improved the depletion of lipoprotein and protein contaminants but significantly reduced the yield of EVs (Brennan et al., 2020). The choice of the appropriate isolation method depends on the initial quantity of available material and the desirable amount of EVs.

Microfluidic platforms represent another auspicious technology in the field of EV research. In particular, in the line of single cell analysis, new integrated microfluidic techniques facilitate combinatorial exosome isolation and analysis based on their physical and biochemical properties (Yang et al., 2020). A recent publication describes a microfluidic device allowing the rapid isolation of tumor derived exosomes from the plasma of pancreatic ductal adenocarcinoma (PDAC) patients (Kamyabi et al., 2020). EVs or exosomes are captured by antibodies against CD63, CD9, and CD81 surface protein (exosome) or membrane EPCAM (tumor). The antibody/antigen bounds are then ruptured to recover the immobilized EVs. After DNA extraction, the authors were able to identify KRAS mutations by droplet digital PCR in EV-DNA. Of note, they recovered more total exoDNA in CD9/CD63/CD81 vesicles than in EPCAM-positive EVs, but this latter fraction contained more mutant KRAS DNA.



EV-DNA Properties and Extraction Methods

Unlike cfDNA, EV-DNA is protected by a lipid bilayer membrane, which has a protective function against nucleases, thus increasing stability. Protected DNA is particularly adapted to lab routine analysis (Jin et al., 2016). Moreover, tumor EV-DNA amounts vary depending on distinct vesicle types separated by iodixanol density gradient. Like for protein and RNA, genomic DNA (gDNA) identified specific EV subpopulations also positive for exosomal proteins (Lázaro-Ibáñez et al., 2019). In the same way, different gDNA contents characterized apoptotic bodies, microvesicles, and exosomes (Lázaro-Ibáñez et al., 2014). After a differential centrifugation fractionation, the authors searched for specific genes and sequences within the different EV fractions. A 108 bp intron fragment for MLH1 was found in most EV types. Mutant TP53 and PTEN suppressor gene sequences were present in apoptotic bodies, but in very small amounts in EVs and exosomes. Thus, it seems that higher DNA concentrations are associated with larger vesicles (Vagner et al., 2018; Lázaro-Ibáñez et al., 2019), and higher gDNA rates were packed in microvesicles from tumor as compared to normal cells (Balaj et al., 2011). Thus, paralleling the still obscure embedding mechanism of EV-DNA, identifying the best fractions for analysis remains challenging.

As mentioned in the previous chapter, gDNA was found associated to the surface of EVs, which may interfere with intravesicular DNA characterization. As extraneous DNA was found at the urinary exosome surface, a protocol to avoid contaminations and isolate internal gDNA only may be needed (Miranda et al., 2010). In the same way, DNase sensitive nucleic acids have been identified on the surface of mast cell EVs (Shelke et al., 2016) and EVs isolated from melanoma patients’ plasma (Zocco et al., 2020). Although intracytoplasmic uptake of those nucleic acids occurred in recipient cells, no observable functional impact was relayed intracellularly. More recently, Vagner et al. (2018) concluded that most of the DNA content was localized on the outside or the surface of EVs, with only a small portion being internalized in EVs, but again, the functionality of this surface DNA was not described.

Regardless of the analyzed vesicles, EV-DNA extraction slightly differs from conventional DNA extraction from cells or tissues but seems to be shared by many authors. Briefly, a lysis step followed by washing and elution on spin columns are often reported. EV-DNA extraction kits are now available from several commercial suppliers, with similar methods. Moreover, in order to avoid surface-associated DNA contamination, most procedures include a DNAse I or exonuclease I pretreatment.

In conclusion, all EV types seem to be distinct in their DNA content, but the sorting of the different loci and/or mutant DNA molecules is far from being understood. Additionally, heterogeneity resides in the definitions of EV fractions. Consensual agreement will define subcategories of large and small EVs, most likely by the presence of specific biomarkers, in order to better characterize their content and functional properties, as elegantly proposed recently (Jeppesen et al., 2019). On the technical aspect, future comparison between labs is needed to validate the full process of EV enrichment and DNA extraction.



EV-DNA REFLECTS TUMOR GENOME HALLMARKS


Tumor Genome and Exome

After whole genome sequencing (WGS), human PDAC tumor genome DNA and exoDNA shared 92% of the reads, suggesting that exoDNA is representative of all chromosomes (Kahlert et al., 2014). Moreover, 65–91% coverage of the human genome was found in pancreaticobiliary cancer exosomes (San Lucas et al., 2016). In the same way, the murine tumor intestinal epithelial cell line RAS-3 EV-DNA covered more than 90% of the parental cell genome (Lee et al., 2014). Interestingly, exoDNA human sequences were 95–99% identical to the exomes of solid tumors (Vagner et al., 2018; Lázaro-Ibáñez et al., 2019). The same conclusions were drawn with serum exoDNA from pheochromocytoma (PCC) and paraganglioma (PGL) patients (Wang et al., 2018). Human prostate cancer exoDNA even spanned mtDNA (Vagner et al., 2018). Consistent with previous observations, WGS revealed that EV-DNA derived from human mast and erythroleukemic cell lines spanned all chromosomes and mtDNA (Lázaro-Ibáñez et al., 2019).

Taken together, these results confirm that exoDNA is at least representative of the entire tumor exome and may be even the whole genome.



Tumor-Specific Sequence Variations

As carriers of tumor genome and/or exome, EV-DNA allows for the detection of specific gene mutations and gene amplification originally present in the primary tumor and its metastases. Based on preclinical results, multiple studies describe the identification of oncogenic alterations or tumor suppressor gene mutations in EV-DNA. For instance, Balaj et al. (2011) found typical c-myc amplification in EV-DNA extracted from cultured medulloblastoma cell lines as well as medulloblastoma tumor bearing mouse sera. Similarly, inactivating point mutations of tumor suppressors TP53 and PTEN were identified in exoDNA from prostate cancer cell lines bearing these mutations (Lázaro-Ibáñez et al., 2014). Stepping toward clinical applications, Kahlert et al. (2014) identified matched KRAS and TP53 hotspot mutations in serum exosomal DNA and solid tumor DNA from PDAC patients. The same observations were made for RET, HIF2A, VHL, and SDHB point mutations in PCCs and PGLs bared by patients or mice (Wang et al., 2018). More recently, androgen receptor gene (AR) amplifications have been identified in 12 of 15 patients from a castration-resistant prostate cancer (CRPC) cohort using DNA extracted from EV-enriched plasmas (Foroni et al., 2020; Table 1). The detection of AR T878A mutation was more challenging.


TABLE 1. Results of the main clinical studies assessing the performance of EV-DNA biomarkers.

[image: Table 1]
Besides serum and plasma, other physiological or pathological body fluids contain EVs. A high clinical value was carried by pleural effusion EVs from lung cancer patients to determine the EGFR mutational status. Indeed, exosomal DNA EGFR mutational status correlated with gDNA from matched tumor tissues with 100% sensitivity, 96% specificity and 98% coincidence rate (Qu et al., 2019). More modestly, a comparative genomic profiling of solid bladder tumor DNA and matched urinary exoDNA from nine patients revealed a 65% (12/17) concordance rate for somatic mutation detection. ExoDNA and tumor samples presented a similar pattern of copy number aberrations (Lee et al., 2018).

Other molecular features of tumors can be identified by EV-DNA analysis. Frameshift mutation patterns in microsatellite stretches of TGFBR2 and other microsatellite instability (MSI) target genes were found in the DNA cargo of MSI+ HCT-116 colorectal cancer cell line-derived exosomes Fricke et al., 2017. Thus, tumor MSI status could potentially be determined by EV-DNA analysis.



Tumor-Specific Epigenetics

Yamamoto et al. (2016) analyzed the methylation status of BarH-like 2 homeobox protein (BARHL2), a gene known to be hypermethylated in gastric cancers (GC), in gastric wash-derived DNA and/or gastric juice-derived exoDNA of GC and healthy patients. Deeper analysis revealed that the BARHL2 methylation status provided an area under the curve of 0.923 with 90% sensitivity and 100% specificity for the discrimination of GC patients from non-GC controls. Furthermore, the analysis of LINE-1 and SOX-2 methylation status was performed using DNA extracted from both GC cell lines and GC patients’ gastric juice microvesicles. Similar levels of methylation for LINE-1 and SOX-2 were obtained in EV-DNA compared to GC cell lines or patients’ tumor genomic DNA (Yamamoto, 2014). Therefore, as observed for the mutational status and sequence variations, epigenetic modifications such as methylations are shared between EV-DNA and the gDNA of their tumor of origin. More cancers need to be examined to confirm these encouraging results.



EV-DNA AS A CLINICALLY RELEVANT BIOMARKER

In cancer, exosomes can oppose or potentiate the development of an aggressive tumor microenvironment, and thus impact tumor progression and metastatic and clinical outcome (Tai et al., 2018). EVs have also become choice materials for translational studies especially as liquid biopsy tools. In addition, the non-invasive and potentially repetitive nature of their analysis is applicable to both diagnosis and cancer follow-up. Routine tissue biopsy mutation status has been useful to step forward in targeted therapy, while ctDNA was proposed for the diagnosis and tumor monitoring. Although important technical advances have improved the sensitivity of ctDNA detection, and the fact that numerous studies have explored its diagnostic and prognostic values, the balance between translational research and application to routine lab use remains low.

Analysis of circulating EVs from patients with prostate cancer found tumor-related DNA, in particular TP53 and PTEN mutations [Table 1, n = 4 (Lázaro-Ibáñez et al., 2014)], further confirmed in very few samples from metastatic castration-resistant cancers (n = 4; Vagner et al., 2018). The relevance of plasma EV-DNA remained underrated because efforts were produced for ctDNA detection. Therefore, only a few studies have compared ctDNA and EV-DNA diagnostic performances. Using ctDNA as a “gold standard” of DNA-based liquid biopsy of PDAC, stem studies by Alvarez’s group demonstrated that KRAS mutation detection in EV-DNA was superior to ctDNA for prognosis on large cohorts (Allenson et al., 2017; Bernard et al., 2019). The clinical performance of EV-DNA was somewhat disappointing since diagnostic accuracies ranked between 35 and 69% when compared to tissue biopsy (Bernard et al., 2019; Allenson et al., 2017, respectively). However, EV-DNA showed relevance in PDAC management since a correlation with non-recurrence survival was found in both studies, but limited to patients with metastatic disease (Allenson et al., 2017; Bernard et al., 2019). Moreover, although of good prognostic value, exoDNA based on mutant KRAS detection with highly sensitive detection techniques might not be suitable alone for general population screening as it yields high false-positive rates (Allenson et al., 2017; Bernard et al., 2019). More work needs to be carried out to associate this detection/quantification with another marker to increase specificity, such as combined liquid biopsy approaches (Cohen et al., 2017; Buscail et al., 2019a,b). Yang et al. (2017) highlighted the diagnostic value of PCR detection of KRASG12D and TP53R273H that could differentiate healthy controls from patients with pancreatic cancer. This method, however, showed low performance to discriminating non-invasive (e.g., chronic pancreatitis, n = 9 and pancreatic cysts, n = 12) from malignant pancreatic pathologies. The very low number of patients makes definitive conclusions very risky, though. A high concordance rate (>95%) was found between circulating cfDNA (ct or EV) and primary tumors (Bernard et al., 2019) in a good size cohort.

According to the anatomical position of the primary tumor or its metastases, other biological fluids may be relevant for EV-DNA-based liquid biopsy. Interestingly, EVs carrying the IDH1G395A mutation emitted by glioblastomas could cross the blood–brain barrier and be assayed intact in the bloodstream (García-Romero et al., 2017). Patients with mutated IDH1 have a better prognosis than individuals with the wild-type allele, but with similar histology. In the same way, the genetic alterations of plasma or urine ctDNA and urine EV-DNA matched the mutational profiles of primary tumors in urothelial bladder carcinoma (Lee et al., 2018). The typical amplifications of MDM2, ERBB2, CCND1, and CCNE1 and deletions of CDKN2A, PTEN, and RB1 were characterized in only nine patients. More recently, exoDNA performed better for the diagnostic of non-small cell lung cancer (NSCLC) compared to EV-excluded cell-free DNA in bronchial wash fluid by the detection of EGFRT790M. The overall detection sensitivity of EGFR mutation was 89.7 and 31%, respectively, with 100% specificity (Park et al., 2020).

In conclusion, although very preliminary, combined recent analyses propose EV-DNA as an alternative to reach the promises of ctDNA, but more work is needed and more cancers must be evaluated to reach a final decision on whether to consider clinical lab development of this emerging biomarker.



CONCLUSION AND FUTURE DEVELOPMENTS

In the era of personalized medicine, molecular and epigenetic cancer profiling, using primary tumor tissue, takes up an ever greater place in a patient’s management and care. These modern molecular analyses help diagnosis, prediction of disease progression, and also adaptation and optimization of therapeutic decisions. Exosomal and EV-associated DNA seem promising as circulating biomarkers for cancer profiling as they can reflect the primary tumor and its metastases.

The mechanisms involved in active DNA release by tumor cells remain elusive; in particular, the way DNA species are sorted into EVs is far from being resolved. The recently reported amphisome-driven secretion in non-vesicular particles (Zhang et al., 2018) needs independent confirmation. In the same way, the final location of vesicle-associated DNA deserves more in depth exploration since EV-DNA can be bound to the outer lipid layer of EV membranes (Németh et al., 2017). Moreover, intra-EV tumor DNA might be less frequent than ctDNA (Klump et al., 2018). Therefore, the best extracellular compartment for tumor DNA detection and quantification is still debated.

The functional representation of EV-DNA of tumor behavior might also be partly diminished by the fact that a large part of ctDNA within cfDNA is released by dying tumor cells. This complexifies its cancer-relevant analysis. Furthermore, more work needs to be done to determine whether cfDNA is a good surrogate of tumor heterogeneity. Lee et al. (2018) reported the detection of additional somatic mutations in urinary exoDNA compared to bladder primary tumor DNA, suggesting that, although present in tumors, these mutations were missed by standard tissue biopsy genome analysis. However, those observations must be considered carefully because the authors increased the depth of exoDNA sequencing by 2.6 folds compared to tissue DNA analysis, which allows the detection of very rare (relevant?) mutations. In the same way, it will be necessary to determine which between the intraluminal and surface associated DNA better reflects tumor heterogeneity or tumor entire genome.

A major common limitation of studies interested in the clinical value of tumor EV-DNA is the minimal size of the patient’s cohorts (from as little as a few patients), reflecting that this topic is still emerging in the liquid biopsy field. By contrast, research on CTCs (circulating tumor cells) and ctDNA resulted in some indications for routine assessment. The other crucial development needed in the field is to implement a sufficient number of studies comparing the clinical values (with sufficient numbers of patients) of EV-DNA and ctDNA. Up to now, such kinds of studies are limited to PDAC and CRPC. Further external validation by other teams and in more cancers are needed.

One of the latest developments in tumor genetics is the characterization of epigenetic marks associated to tumor progression and/or severity (Costa-Pinheiro et al., 2015). Tumor epigenetic marks can as well constitute biomarkers with a theranostic value, since they permit the identification of targetable gene alterations and can be pharmacologically modified as personalized medicine approaches (see review Li et al., 2019). The extension of this knowledge to EV-DNA might be of particular interest to test whether EV-transferred DNA retains the epigenetic marks. If so, it would be worthwhile to ask whether they are stably kept during the journey and transferred in and impact recipient cells. Moreover, the traceability of EV can definitely link the primary tumor origin of epigenetic marks. Finally, finding the retention of tumor epigenetic marks in tumor EVs might position tumor EV-DNA as the ultimate circulating tumor biomarker, keeping both typical marks of tumor DNA: sequence variations and epigenetics.

Taken together, this review highlights the budding value of EV-DNA approaches to test and follow tumor liquid biopsies. Obviously, more work is needed with robust methodology to ascertain the clinical relevance of tumor EV-DNA as actual cancer biomarkers. However, the available literature tends to consider this approach very promising.
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Colorectal cancer (CRC) is one of the most common malignancies and is a major cause of cancer-related deaths worldwide. Thus, there is a clinical need to improve early detection of CRC and personalize therapy for patients with this disease. In the era of precision oncology, liquid biopsy has emerged as a major approach to characterize the circulating tumor elements present in body fluids, including cell-free DNA and RNA, circulating tumor cells, and extracellular vesicles. This non-invasive tool has allowed the identification of relevant molecular alterations in CRC patients, including some indicating the disruption of epigenetic mechanisms. Epigenetic alterations found in solid and liquid biopsies have shown great utility as biomarkers for early detection, prognosis, monitoring, and evaluation of therapeutic response in CRC patients. Here, we summarize current knowledge of the most relevant epigenetic mechanisms associated with cancer development and progression, and the implications of their deregulation in cancer cells and liquid biopsy of CRC patients. In particular, we describe the methodologies used to analyze these epigenetic alterations in circulating tumor material, and we focus on the clinical utility of epigenetic marks in liquid biopsy as tumor biomarkers for CRC patients. We also discuss the great challenges and emerging opportunities of this field for the diagnosis and personalized management of CRC patients.
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INTRODUCTION

Colorectal cancer (CRC) is the third most frequently detected cancer in both sexes worldwide. In particular, this tumor type accounts for ~10% of all diagnosed cancer cases, with ~1.8 million new cases estimated in 2018. Importantly, CRC is the second leading cause of cancer mortality in the world, being responsible for ~9% of all cancer deaths (Bray et al., 2018). Surgery remains the most common treatment for non-metastatic CRC, while the administration of adjuvant chemotherapy is mainly restricted to stage III tumors. Importantly, most CRC patients are diagnosed at an advanced stage because symptoms normally appear after disease progression (John et al., 2011). The 5-year survival rate after surgery of localized CRC patients is over 90%, while patients affected by stage III and IV tumors, exhibiting local lymph node invasion or distant metastases, respectively, normally show poor overall survival rates (Mattiuzzi et al., 2019). The high incidence and mortality of CRC highlight the clinical need for novel strategies to improve early CRC detection and personalize the management of patients with this type of tumor.

Currently, various screening assays are being used to detect CRC at an early stage. These detection strategies include the fecal immunochemical test (FIT), a non-invasive and cost-effective assay for detecting the presence of fecal hemoglobin (Song and Li, 2016). A positive result of this test implies the recommendation of a colonoscopy, which is the gold standard diagnostic technique for CRC detection. However, this method is clearly invasive, requires considerable patient preparation, and can eventually lead to serious complications (Triantafillidis et al., 2015).

Importantly, a refined understanding of the molecular aspects of CRC has recently been achieved owing to the application of next generation sequencing (NGS)-based approaches, which revealed a wide intratumor heterogeneity and general genomic instability (Molinari et al., 2018). Based on the advances in the molecular characterization of CRC, new biological drugs targeting vascular endothelial growth factors (VEGFRs), such as bevacizumab (Rosen et al., 2017), or epidermal growth factors (EGFRs), including cetuximab and panitumumab (Qin et al., 2018; Taniguchi et al., 2020), have improved the survival of patients, mainly in the context of metastatic CRC (mCRC). In addition, promising targeted therapies for mCRC are being evaluated in pre-clinical and clinical studies, including new drugs directed against different components of EGF/EGFR, VEGF/VEGFR, and HGF/c-MET pathways (Xie Y. H. et al., 2020). On the other hand, several recent pre-clinical studies have shown that blocking the PD-1/PD-L1 interaction or CTLA-4 with immune checkpoint inhibitors prevents colorectal tumor cells to escape from immune surveillance (Fiegle et al., 2019; Zhang Y. et al., 2020). In this sense, the use of immune checkpoint inhibitors has provided good outcomes in the treatment of mCRC with microsatellite instability (MSI) (Overman et al., 2018), which can be detected in ~15% of CRC patients (Ward et al., 2001; Le et al., 2015). Importantly, several molecular biomarkers, such as the presence of KRAS/NRAS/BRAF mutations and MSI markers, have been approved for supporting the selection of targeted therapies (Lo Nigro et al., 2016). However, these predictive biomarkers are currently analyzed in tumor tissue samples, which are not always available during the disease evolution and can provide partial information of the molecular profile of colorectal tumors, mainly in the metastatic setting.

Liquid biopsy has emerged in recent years as an important approach to address and overcome such limitations. Indeed, this non-invasive strategy allows to observe the molecular landscape of circulating tumor elements in body fluids to obtain diagnostic, prognostic, and therapy response biomarkers that improve the management of cancer patients (Siravegna et al., 2017). The analysis of these liquid biopsy components in several body fluids of CRC patients has highlighted relevant molecular alterations, such as those depending on epigenetic mechanisms (Lofton-Day et al., 2008; Maminezhad et al., 2020). Importantly, the combination of liquid biopsy and detection of epigenetic alterations represents a great opportunity in cancer research for the identification of new non-invasive clinical biomarkers to improve the detection of CRC and personalize the management of this disease.

In this review, we provide an overview of the epigenetic landscape of liquid biopsies in CRC. We describe the concept and clinical application of liquid biopsy, the most relevant epigenetic mechanisms (DNA modifications, histone modifications and nucleosome positioning, and non-coding RNAs), and the implications of their deregulation in cancer cells and liquid biopsy. Furthermore, we summarize the methodologies used for detecting these epigenetic modifications in liquid biopsy, and describe the clinical utility of epigenetic marks in liquid biopsy as tumor biomarkers for CRC patients. Finally, we discuss the great challenges and opportunities of liquid biopsy epigenetics for the detection of CRC and management of CRC patients.



LIQUID BIOPSY

In the era of precision oncology, liquid biopsies represent a key element for cancer detection, to guide treatment selection and monitor tumor evolution in real time. A liquid biopsy consists of any body fluid that contains tumor material suitable for molecular characterization. Therefore, this term includes blood, the most used human liquid sample, but also other fluids such as urine, ascitic fluid, pleural effusion, cerebrospinal fluid, and saliva. Both primary tumors and metastases can release tumor material into these body fluids, mainly consisting of circulating tumor cells (CTCs), nucleic acids (cNAs), and extracellular vesicles (cEVs). These circulating elements constitute a valuable source of non-invasive biomarkers and information about the molecular mechanisms underpinning tumor dissemination and evolution (Siravegna et al., 2017).

Although Thomas Ashworth described the presence of tumor cells in the blood of breast cancer patients for the first time in 1869 (Ashworth, 1869), it was not until recent years that the scientific community focused their attention on the study of blood CTCs. Like most circulating tumor elements, CTCs are poorly concentrated in blood, and thus require the implementation of highly sensitive and specific strategies for their enrichment and subsequent detection. Initially, the most common strategy to isolate CTCs was immune enrichment, based on the presence of cell surface markers such as the epithelial cell adhesion molecule (EpCAM) (Allard et al., 2004). For example, the Food and Drug Administration (FDA)-approved CellSearch System can isolate EpCAM-positive cells and determine the number of CTCs in a sample after an immunofluorescence assay to detect epithelial and hematopoietic markers (Cristofanilli et al., 2004). This platform has been employed in numerous studies to quantify CTCs in CRC patients, demonstrating the clinical value of CTC enumeration as a prognostic and follow-up biomarker (Cohen et al., 2008; Sastre et al., 2012; Bork et al., 2015). However, this strategy has not been widely adopted as a clinical tool, mainly due to the lack of clear benefits in terms of accuracy of treatment decisions. Nevertheless, the technology for isolating and characterizing CTCs has continued to improve during the last decade, mainly through the application of antigen-independent technologies allowing to isolate a broader and more molecularly heterogeneous CTC population (Barbazan et al., 2017). Despite the difficulty of translating CTCs into the clinical context, their molecular characterization has provided valuable information for understanding how colorectal tumor cells are able to disseminate, implant at distant locations, and generate metastasis (Barbazan et al., 2012, 2017). Such molecular characterization, including epigenetic mechanisms, is vital for unraveling the biological aspects of CRC and identifying new clinical and therapeutic biomarkers to manage this disease.

In contrast to the limited translation of CTCs into routine clinical practice, the analysis of cNAs has started to be applied to oncologic therapy selection. These analyses mainly focus on circulating cell-free DNA (cfDNA), released as a consequence of cell death and characterized by a high fragmentation in biological fluids (size, 160–180 bp). cfDNA generally contains small fractions of circulating tumor DNA (ctDNA), in a range as low as 0.01–1% in patients with advanced tumors (Thierry et al., 2016). Of note, several genetic alterations, such as point mutations, copy number variations, small indels, and translocations, together with epigenetic modifications, can be studied in cfDNA from different body fluids in a non-invasive and comprehensive way (Bardelli and Pantel, 2017). Furthermore, in 2014 Bettegowda et al. demonstrated that ctDNA is detectable in most patients with mCRC and in a considerable percentage of non-metastatic patients (Bettegowda et al., 2014). These results provided the basis for numerous studies that have demonstrated that it is possible to characterize the molecular alterations of CRC with high accuracy, thereby predicting the information obtained by standard image-based follow-up. For example, there is clear scientific evidence of the robustness of ctDNA analyses to monitor RAS mutational status without the need for invasive tissue biopsies. This approach is also interesting for improving the selection of anti-EGFR therapy at different time points of disease evolution (Siravegna et al., 2015; Vidal et al., 2017). Moreover, recent technological improvements have favored the application of ctDNA analysis in patients with early CRC as well as for the detection of minimal residual disease (MRD) after surgery (Cohen et al., 2018).

Among cNAs, numerous non-coding RNAs (ncRNAs) can be detected in liquid biopsy. Several studies have highlighted the role of ncRNAs in cell-to-cell communication through the promotion of differential gene expression in tumor cells and stroma, which has a relevant impact on cancer progression and therapy resistance (Anfossi et al., 2018; Pardini et al., 2019). Although cNA-based applications for CRC are still in the clinical validation phase, current genetic and epigenetic data are promising and will soon support a more extensive use of cNA analysis to manage this type of cancer.

Other circulating elements of great interest found in liquid biopsy are cEVs. These vesicles are a complex population of cell-derived membranous structures released by cells through different mechanisms, which can be grouped into exosomes (ranging from 30 to 100 nm), microvesicles (50–2,000 nm), and apoptotic bodies (500–4,000 nm) (Akers et al., 2013; van Niel et al., 2018). These vesicles play an important role in cancer, mediating the interaction between tumor and stromal cells, promoting cell proliferation and invasion, and significantly contributing to the establishment of pre-metastatic niches (de la Fuente et al., 2015; Becker et al., 2016). Such functions are mediated by their membrane components, but also their molecular cargo, composed of proteins, messenger RNAs (mRNAs), ncRNAs, and single- or double-stranded DNA (van Niel et al., 2018). Importantly, cEVs can be found in different body fluids at high concentrations. Their isolation is mainly achieved by ultracentrifugation, immunoaffinity, or precipitation strategies (Bu et al., 2019; Jayaseelan, 2020), and the selection of the optimal isolation strategy is a crucial point, significantly influencing the characteristics of the isolated vesicles. The presence of relevant molecular alterations has been described in exosomal DNA from cancer patients (Hao et al., 2017; Castellanos-Rizaldos et al., 2018). Furthermore, exosomal ncRNAs obtained from serum and plasma have also been explored in connection with CRC, with promising results (Matsumura et al., 2015).

In summary, the study of cNAs, CTCs, and cEVs has shown significant potential for early CRC diagnosis, therapy selection, and disease monitoring, through the analysis of several molecular alterations such as those depending on various epigenetic mechanisms, which are examined in detail in the present review.



THE EPIGENETIC MACHINERY AND CANCER

The concept of epigenetics was postulated for the first time in 1942 by Waddington (2012), and can now be defined as the study of hereditary changes in the activity and expression of genes that take place without alterations of the DNA sequence (Holliday, 1987; Berger et al., 2009). The epigenetic machinery has several mechanisms (Figure 1), including DNA methylation and hydroxymethylation, histone modifications and nucleosomes positioning, and ncRNAs (Rodriguez-Paredes and Esteller, 2011). These mechanisms play an important role in regulating gene expression during many biological processes, such as embryonic development, imprinting, and tissue differentiation (Sharma et al., 2010). However, the deregulation of all these epigenetic layers has important implications for cancer development and progression (Mari-Alexandre et al., 2017).
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FIGURE 1. The epigenetic machinery. There are three fundamental epigenetic mechanisms, represented by (i) DNA modifications (methylation and hydroxymethylation), (ii) post-translational modifications of histones and nucleosome positioning, and (iii) non-coding RNAs. These epigenetic layers are highly interrelated among them and regulate gene expression of relevant biological processes in normal cells. However, these mechanisms can be deregulated in tumor cells leading to cancer development and progression. Me, methylation of histones; Ac, acetylation of histones; 5mC, 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine; C, cytosine; lncRNA, long non-coding RNA; miRNA, microRNA; circRNA, circular RNA. Created with BioRender.com.



DNA Modifications: Methylation and Hydroxymethylation

DNA methylation is the most widely described epigenetic mechanism. This covalent modification of DNA consists in the incorporation of a methyl group (CH3) to the 5′ carbon of cytosines in cytosine-phosphate-guanine (CpG) dinucleotides to produce 5-methylcytosine (5mC) (Portela and Esteller, 2010). Such incorporation is regulated by DNA methyltransferases (DNMTs), including DNMT1, DNMT3A, and DNMT3B, which catalyze the transfer of methyl groups from S-adenosyl-L-methionine (SAM) to cytosines. In particular, DNMT3A and DNMT3B participate in producing de novo methylation patterns in cells, while DNMT1 maintains the parental methylation profile in each cell division (Gowher and Jeltsch, 2002; Jaenisch and Bird, 2003). DNA methylation usually occurs in specific regions of the genome with high density of CpG dinucleotides, called CpG islands (CGIs). These CpG-enriched sequences are usually located in the promoter regions of genes but can also be present in intragenic regions, including gene bodies (Diaz-Lagares et al., 2016a; Arechederra et al., 2018). According to their distance from CGIs, genomic sequences can be defined as CGI shores (up to 2 kb from CGIs), shelves (2–4 kb from CGIs), and open sea (>4 kb from CGIs) (Qu et al., 2014). In addition, DNA methylation can affect not only the intragenic but also the intergenic regions of the genome, increasing the complexity of this layer of epigenetic regulation (Zhao S. G. et al., 2020).

DNA methylation plays an important role in regulating gene expression as well as in maintaining the integrity and conformation of DNA, thereby protecting it from the potential damage by mobile genetic elements (Herceg and Vaissiere, 2011). This epigenetic modification can be enhanced (hypermethylation) or suppressed (hypomethylation) in different regions of the genome (Portela and Esteller, 2010). In cancer, hypermethylation of CGIs in promoters is usually linked to silencing of both coding and non-coding tumor suppressors (Diaz-Lagares et al., 2016a,b). However, hypomethylation of CpG-poor regions has been associated with proto-oncogene expression, genomic instability, and malignant transformation of tumors (Esteller, 2008; Sheaffer et al., 2016).

In human cells, DNA methylation can be reversed by TET (ten-eleven translocation) enzymes, which induce the oxidation of 5mC to 5-hydroxymethylcytosine (5hmC) in a process defined as DNA hydroxymethylation (Tahiliani et al., 2009). This demethylation mechanism can modulate gene expression by adjusting the methylation levels (Xu and Gao, 2020). In cancer, deregulation of TET enzymes can alter the balance of genomic 5mC/5hmC levels, inducing cancer transformation (Chen et al., 2017). In addition, DNA methylation can be reversed through epigenetic-based drugs (epidrugs), which can decrease the methylation levels of hypermethylated genes (Berdasco and Esteller, 2019). For example, 5-azacytidine (5-AZA-CR) and 5-aza-2′-deoxycytidine (5-AZA-CdR, decitabine) are nucleoside analogs approved by the FDA, acting as DNA methyltransferase inhibitors (DNMTi) (Quintas-Cardama et al., 2010).



Histone Modifications and Nucleosome Positioning

Nucleosomes were first described in 1974 by Kornberg (1974) and represent the basic functional units of chromatin. They are composed of 147 bp of DNA wrapped around an octamer consisting of two copies of four core histone proteins (H2A, H2B, H3, and H4) (Kouzarides, 2007). This core of histones is organized into two H2A–H2B dimers and one H3–H4 tetramer. In addition, nucleosomes bind the linker histone H1, which protects the ~20–50 bp of free DNA (linker DNA) located between neighboring nucleosomal particles (Portela and Esteller, 2010). Nucleosomal histones can undergo different types of reversible post-translational modifications (PTMs), such as acetylation, methylation, phosphorylation, ubiquitylation, and sumoylation, that mainly occur in the histone tail and are enzymatically regulated (Kouzarides, 2007). Importantly, histone PTMs have demonstrated to play a relevant role in normal development and pathogenesis associated with transcriptional regulation, DNA repair and replication, or chromatin condensation (Bannister and Kouzarides, 2011; Bates, 2020). Specifically, multiple histone PTMs related to gene activation or silencing have been described, in particular histone acetylation and methylation. The balance of these types of PTMs is regulated by histone acetyltransferases (HATs), histone deacetylases (HDACs), histone methyltransferases (HMTs), and histone demethylases (HDMs). The possible combinations of PTMs provide various histone modification patterns that have been proposed to constitute a “histone code” associated with open/closed states of chromatin and gene regulation (Strahl and Allis, 2000; Rando, 2012).

In addition to PTMs, the positioning of nucleosomes has shown to be importantly involved in the regulation of chromatin accessibility. Indeed, variations in the position of nucleosomes modulate the binding of RNA polymerase or transcription factors to regulatory elements that control gene expression (Kurup et al., 2019; Huertas et al., 2020). Nucleosome positioning is controlled by chromatin-remodeling proteins (called movers) that shift nucleosomes and allow gene expression (Bates, 2020). Active genes usually present nucleosome-depleted regions (NDR) around their transcription start sites (TSS) that facilitate the accessibility of transcription regulatory proteins (Mavrich et al., 2008). The organization of nucleosomes is dynamically regulated and their turnover in active promoters and enhancers is higher than in inactive regions (Deal et al., 2010; Klemm et al., 2019). Interestingly, nucleosome positioning not only regulates gene expression but also influences the type of DNA fragmentation that can occur in different cellular processes, such as apoptosis, resulting in a non-random fragmentation of DNA (Matassov et al., 2004; Ivanov et al., 2015).

In cancer, epigenetic mechanisms such as nucleosome positioning and PTMs of histones, and/or the enzymes that regulate these modifications, are often deregulated (Hesson et al., 2014; Yang et al., 2014). For example, mutations in histone-modifying enzymes can lead to cancer development due to alterations in the PTM balance of histones (Morin et al., 2010). However, the alteration of histone modifications can be reversed in some types of tumors through the administration of certain epidrugs approved by the FDA (Hoy, 2020).



Non-coding RNAs

Non-coding transcripts are important regulatory molecules that represent the vast majority of the transcriptome (~98%) (Kapranov et al., 2007). The number of identified ncRNAs has been rapidly increasing in recent years, and currently multiple types of ncRNAs build up the non-coding transcriptome. Similar to other epigenetic mechanisms, ncRNAs have relevant functions in controlling gene expression (Dragomir et al., 2018). Non-coding transcripts are usually classified based on their nucleotide length. Using this criterion, ncRNAs can be divided into: (i) small ncRNAs (sncRNAs), which are shorter than 200 nt and include microRNAs (miRNAs), small interfering RNAs (siRNAs), and piwi-interacting RNAs (piRNAs); and (ii) long ncRNAs (lncRNAs), which are longer than 200 nt and encompass long intergenic ncRNAs (lincRNAs) and long intronic ncRNAs (intronic lncRNAs) (Taft et al., 2010; Esteller, 2011; Memczak et al., 2013). Of note, some ncRNAs have variable lengths and might be attributed to both classes at the same time. This is the case of enhancer RNAs (eRNAs), which originate from transcriptional enhancers, and circular RNAs (circRNAs), which are circularization products arising from splicing events (Leveille et al., 2015; Zhang et al., 2019).

Among sncRNAs, miRNAs have been the most widely described ncRNAs. miRNAs are single-stranded molecules of 18–25 nt that bind to specific regions of target mRNAs, mediating post-transcriptional gene silencing by two possible mechanisms: blocking transcription or triggering mRNA degradation (Lee and Calin, 2011). As a consequence, a single miRNA can control the expression of hundreds of genes, regulating key pathways for cancer tumorigenesis and progression (Garzon et al., 2009). Importantly, miRNAs can have a dual effect in cancer, functioning either as tumor suppressors or oncogenes (oncomiRs) (Volinia et al., 2006; Bayraktar et al., 2017). In addition, different types of cancers have shown specific miRNA signatures, defining the molecular characteristics of tumors (Lu et al., 2005).

Although miRNAs are the most studied ncRNAs, lncRNAs have recently been shown to represent the vast majority of non-coding transcripts (Hon et al., 2017). LncRNAs do not have the potential to encode proteins, but they may exhibit some mRNA-like properties, such as multiexonic gene structures, polyadenylation, presence of 5′ caps, and transcription by RNA polymerase II (Guttman et al., 2009; Derrien et al., 2012). LncRNAs have relevant regulatory functions in the process of gene expression, for example during transcriptional regulation and splicing (Kotake et al., 2011; Leveille et al., 2015). Nevertheless, currently few lncRNAs have been well-characterized, although several studies have shown their implications in cancer, where they act by suppressing (Leveille et al., 2015; Diaz-Lagares et al., 2016a) or promoting the tumoral process (Gupta et al., 2010; Gutschner et al., 2013).



Interplay Between Epigenetic Mechanisms

In normal mammalian cells, epigenetic modifications can regulate each other through the interplay among distinct epigenetic players, forming a complex regulatory network (Caley et al., 2010; Rose and Klose, 2014). However, this crosstalk is also evident in cancer, where specific methylation and histone modification patterns regulate the expression of different types of ncRNAs, including miRNAs and lncRNAs (Shin et al., 2009; Leveille et al., 2015). Conversely, the disruption of ncRNA expression in cancer cells may alter histone PTMs and DNA methylation levels (Gupta et al., 2010). These are only some examples of the important crosstalk that usually occurs among the different components of the epigenetic machinery.




METHODS FOR DETECTING EPIGENETIC MARKS IN LIQUID BIOPSY

Multiple methodologies have been described at genome-wide or locus-specific level for the analysis of the status of different types of epigenetic marks (Bao-Caamano et al., 2020). However, it is important to consider the advantages and limitations of each method in order to choose the most appropriate approach depending on the type of epigenetic mechanism under investigation and on the conditions of the assay (Kurdyukov and Bullock, 2016). Table 1 shows the most representative methods used for detecting epigenetic marks in liquid biopsy.


Table 1. Methods used for the analysis of epigenetic marks in liquid biopsy.
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DNA Modifications: Methylation and Hydroxymethylation

The detection of DNA methylation patterns is based on methods that (i) depend on sodium bisulfite conversion or (ii) are independent of sodium bisulfite, such as approaches based on immunoprecipitation and methyl-sensitive restriction enzymes (MSRE) (Huang and Wang, 2019). Methodologies that use bisulfite conversion are considered the gold standard for methylation analyses. These approaches are based on the principle that after sodium bisulfite treatment, methylcytosines do not undergo any change, whereas cytosine residues are converted into uracils (Frommer et al., 1992).

At the locus-specific scale, common bisulfite-based methods used in liquid biopsy include methylation-specific PCR (MSP), quantitative methylation-specific PCR (qMSP), MethyLight assay, methylation-sensitive high-resolution melting (MS-HRM), and more recently, digital PCR (dPCR)-based approaches (Li et al., 2009; Bao-Caamano et al., 2020). In particular, the detection of methylation by dPCR represents a quantitative and highly sensitive method that allows the analysis of very low amounts of DNA. Therefore, several dPCR-based methods, including methyl-BEAMing (Barault et al., 2015) and droplet digital PCR (ddPCR) (Boeckx et al., 2018), have been used for methylation analysis in cfDNA. Regarding CTCs, the first studies describing DNA methylation alterations in these cells were reported using MSP (Chimonidou et al., 2011). Recently, a new method has been described for methylation analysis of CTCs, based on agarose-embedded bisulfite treatment (AEBS), allowing to analyze the DNA methylation status of multiple loci of single CTCs by multiplex PCR (multiplexed-scAEBS) (Pixberg et al., 2017).

Moreover, genome-wide bisulfite-based approaches based on NGS allow to evaluate the whole methylome in liquid biopsy. For instance, whole-genome bisulfite sequencing (WGBS) has proved useful for the inspection of the whole methylation landscape of not only cfDNA from cancer patients (Li et al., 2018), but also of single CTCs and CTC clusters (Gkountela et al., 2019). Although WGBS is highly informative, the high cost of this approach is a limitation for its general implementation in a clinical setting (Legendre et al., 2015; Zhang et al., 2020). Therefore, other high-throughput bisulfite-based approaches, not allowing to analyze the complete methylome but enabling to assay a great number of CpGs in a genome-wide scale, have been proposed. For instance, by MCTA-seq (methylated CpG tandem amplification and sequencing) it is possible to analyze the methylation status of CGIs in cfDNA (Liu et al., 2019). Similarly, CpG-targeted bisulfite sequencing methods have proved useful for the analysis of methylation in cfDNA. In this regard, Liu et al. introduced a novel approach by which, after bisulfite treatment of plasma cfDNA, regions of interest are pulled down and sequenced, and the results are analyzed in combination with machine learning (Liu M. C. et al., 2020). Recently, cfDNA reduced representation bisulfite sequencing (cf-RRBS) has been developed as an alternative genome-wide bisulfite sequencing method to analyze the cfDNA methylome (De Koker et al., 2019). This new method is based on the reduced representation bisulfite sequencing (RRBS) technology, which was first described by Meissner et al. (2005). In cf-RRBS, cfDNA is dephosphorylated prior to enzymatic digestion by the methylation-insensitive restriction enzyme MspI and sequencing. This approach represents a cost-effective method that allows methylation profiling of cfDNA in liquid biopsy (Van Paemel et al., 2020). In addition to NGS methods, DNA methylation can also be analyzed at the genome-wide level in liquid biopsy using methylation microarrays. This methodology implies the use of bisulfite-converted DNA and has been applied to the study of cfDNA and CTCs from cancer patients (Friedlander et al., 2014; Gallardo-Gomez et al., 2018). These genome-wide approaches based on NGS and microarrays are very promising, but have still been used in a small number of works. Therefore, more studies are necessary to validate their application for the analysis of epigenetic alterations in liquid biopsy.

One of the advantages of bisulfite conversion-based approaches is that they allow methylome profiling at base resolution (Sun et al., 2015). However, the use of bisulfite treatment for methylation analysis has some limitations, such as a potentially high degradation of DNA or an incomplete bisulfite conversion (Grunau et al., 2001; Rand et al., 2002). To overcome these limitations, Shen et al. recently developed a genome-wide method based on cell-free methylated DNA immunoprecipitation and high-throughput sequencing (cfMeDIP-seq) (Shen et al., 2018). In contrast to bisulfite single-base resolution technologies, cfMeDIP-seq is a region-based method that unravels the methylation status of genomic regions of at least 100 bp in length (Shen et al., 2019). This new bisulfite-free method was adapted from a previous methylated DNA immunoprecipitation (MeDIP) protocol based on the use of anti-methylcytosine antibodies (Taiwo et al., 2012). cfMeDIP-seq is a low-input (requiring 1 to 10 ng of DNA) and sensitive (with a detection limit down to 0.001%) approach that can be used for both early- and late-stage detection of multiple types of tumors (Shen et al., 2018, 2019). Recently, another enrichment method based on immunoprecipitation was developed to detect cfDNA methylation. This new locus-specific method is based on the immunoprecipitation of methyl-CpG binding (MBD) proteins coupled with ddPCR (MBD–ddPCR) (Shinjo et al., 2020). This highly sensitive technique allows the detection of methylation sites in cfDNA.

Similar to DNA methylation, genome-wide hydroxymethylation profiles can be obtained from cfDNA of cancer patients. This can be achieved by 5hmC-Seal, a robust and efficient sequencing method that has proved useful for detecting 5hmC in cfDNA with high sensitivity and specificity (Li et al., 2017).



Histone Modifications and Nucleosome Positioning

The global distribution of specific PTMs of histones in cells can be assayed by chromatin immunoprecipitation with massively parallel DNA sequencing (ChIP-seq) (Barski et al., 2007). Recently, Sadeh et al. developed a method to perform ChIP-seq of cell-free nucleosomes (cfChIP-seq). This method enables the capture of circulating nucleosomes with different active chromatin marks that maintain the cell-of-origin genomic distribution of modifications and expression patterns (Sadeh et al., 2019). Other similar approaches have been used to quantify the level of histone marks associated with circulating cell-free nucleosomes in plasma of cancer patients (Vad-Nielsen et al., 2020). In addition to these high-throughput technologies, circulating nucleosomes can also be analyzed by chromatin immunoprecipitation (ChIP) followed by quantitative PCR to detect histone modifications in individual genes (Gezer et al., 2012). Other methods, such as enzyme-linked immunosorbent assay (ELISA), are used to quantify the occurrence of specific histone marks based on their levels in circulating nucleosomes (Rahier et al., 2017).

In addition, the fragmentation patterns of cfDNA depending on nucleosome positioning can be analyzed using genome-wide fragmentation methods, based on the combination of NGS and machine learning. These approaches require a very low input of cfDNA from different types of fluids, allowing even early detection of cancer (Mouliere et al., 2018). Other genome-wide fragmentation methods, such as DNA evaluation of fragments for early interception (DELFI), have been recently proposed (Cristiano et al., 2019). These kinds of fragmentation approaches are based on prior knowledge on the different lengths of cfDNA fragments originating from tumor and non-tumor cells (Jiang et al., 2015). Moreover, the landscape of cfDNA fragmentation is associated with nucleosome occupancy and epigenetic regulation (Ivanov et al., 2015). In turn, nucleosome occupancy of cfDNA correlates well with the nuclear architecture, gene structure, and gene expression observed in cells (Snyder et al., 2016), providing relevant information about nucleosome organization and the tissue of origin (Ivanov et al., 2015; Mouliere et al., 2018; Cristiano et al., 2019).



Non-coding RNAs

Genome-wide expression analyses, based on microarrays or NGS technologies, enable the detection of a large number of ncRNAs in a high-throughput manner. Therefore, microarrays and NGS have been used in liquid biopsy for the detection of several types of ncRNAs, including miRNAs, lncRNAs, and circRNAs (Amorim et al., 2017; Cojocneanu et al., 2020; Gasparello et al., 2020). Although both methods allow a comprehensive analysis of ncRNA transcripts, NGS displays higher sensitivity than microarrays and does not require previous knowledge of the target transcripts (Hurd and Nelson, 2009; Wang et al., 2019). On the other hand, several methods and instruments are based on targeted detection of transcripts in liquid biopsy. This is the case of the NanoString nCounter, a platform that directly detects the expression levels of a wide panel of ncRNAs without any enzymatic amplification (Shukla et al., 2018). Other technologies, such as reverse transcription quantitative PCR (RT-qPCR) and ddPCR, despite requiring enzyme-assisted amplification, allow to quantify the expression levels of specific ncRNA transcripts in liquid biopsy with high sensitivity. Importantly, RT-qPCR and ddPCR are usually used as gold standard methods to validate the results obtained by genome-wide approaches (Sole et al., 2019; Cojocneanu et al., 2020; Gasparello et al., 2020). However, since these PCR-based methods require several cycles of temperature variations, isothermal amplification approaches, which use a single temperature, have been developed for ncRNA analysis in liquid biopsy (Miao et al., 2016). In contrast, other methods for miRNA detection, such as the use of peptide nucleic acids (PNAs)-based fluorogenic biosensors, do not require amplification (Metcalf et al., 2016). Some targeted approaches have also been shown to be specifically useful for the analysis of ncRNAs, especially miRNAs, in CTCs. Among these, in situ hybridization (ISH) with locked-nucleic-acid (LNA) probes has been successfully applied for the detection of miRNAs in CTCs (Ortega et al., 2015), since the use of LNA probes increases the efficiency of ISH for the detection of miRNAs (Kubota et al., 2006). Other methods for the analysis of CTCs have been recently developed, based on signal amplification in microfluidic droplets for single-cell analysis of multiple miRNAs (Li et al., 2019).




DEREGULATION OF EPIGENETIC MECHANISMS IN COLORECTAL CANCER AND LIQUID BIOPSY

CRC originates from an accumulation of both genetic and epigenetic alterations in normal colon epithelial cells, leading to their transformation, first into adenomas and then into adenocarcinomas (Fearon and Vogelstein, 1990; Lao and Grady, 2011). Epigenetic alterations are involved in all the steps of the adenoma-carcinoma sequence, participating in the initiation, progression, and metastasis of CRC (Kim et al., 2006; Wendt et al., 2006; Silva-Fisher et al., 2020). Importantly, the disruption of the epigenetic machinery has been proposed as a hallmark of cancer by several authors (Esteller, 2007; Bates, 2020).

Promoter hypermethylation of single TSGs has been widely described in colorectal tumor cells. In particular, the hypermethylation of CGIs in promoters of relevant genes (p16/CDKN2A, MLH1, MGMT, APC, and TIMP3, among others) is associated with CRC pathogenesis (Gonzalez-Zulueta et al., 1995; Hiltunen et al., 1997; Kane et al., 1997; Esteller et al., 1999; Lee et al., 2004). In addition, the hypermethylation of specific groups of genes has shown implications for this disease. In this sense, Toyota et al. described for the first time the CpG island methylator phenotype (CIMP), characterized by the hypermethylation of CGIs in the promoter regions of a panel of TSGs from a subset of CRC and adenoma tissues (Toyota et al., 1999). CIMP-High (CIMP-H) is considered a molecular subtype of sporadic CRC characterized by a high degree of methylation in CIMP-specific loci. Most studies have defined CIMP using a classic methylated-in-tumor (MINT) marker panel: p16/CDKN2A, MLH1, MINT1, MINT2, and MINT31 (Nazemalhosseini Mojarad et al., 2013). However, subsequent studies have used other types and number of genes to define CIMP, thereby increasing the difficulty of its implementation in the clinic (Weisenberger et al., 2006; Ogino et al., 2007). On the other hand, recent advances in the characterization of genome-wide DNA methylation patterns have allowed the discovery of methylation signatures based on multiple CpG sites associated with CRC (Sandoval et al., 2011; Luo et al., 2014). This type of epigenomic methodology has revealed that the disruption of methylation in colorectal tumor cells can affect both coding and non-coding genes, such as those producing miRNAs and lncRNAs (Mori et al., 2011; Diaz-Lagares et al., 2016a). In addition to the hypermethylation of TSGs, colorectal tumors are also characterized by global hypomethylation, presenting a low methylation status in LINE-1 repetitive sequences (Suter et al., 2004). On the other hand, total 5hmC levels are reduced in colon tumor cells compared to normal cells (Gilat et al., 2017). However, tumor cells can also show high levels of 5hmC in transcriptionally active regions, associated with the expression of particular coding and non-coding genes; this phenomenon contributes to CRC pathogenesis, even in early stages (Hu et al., 2017; Gao et al., 2019).

Colorectal tumors are also characterized by the disruption of histone modification patterns, such as methylation [e.g., methylation of lysine 9 on H3 (H3K9me)] and acetylation [e.g., acetylation of lysine 27 on H3 (H3K27ac)] (Liu et al., 2013; Karczmarski et al., 2014). In addition, the positioning of nucleosomes can also be modified in tumors, and such alteration has implications for the reorganization of chromatin and gene expression (Hesson et al., 2014). In summary, the positioning of nucleosomes over the TSS and differences in the occurrence of histone epigenetic marks can regulate gene expression in colorectal tumor cells (Gimeno-Valiente et al., 2019).

The expression of several types of ncRNAs, including miRNAs and lncRNAs, is usually dysregulated in CRC. For instance, the overexpression of particular miRNAs, such as miR-21, is associated with the activation of relevant specific pathways that promote pathogenesis of colorectal tumor cells (Xiong et al., 2013). In addition, recent transcriptomic analyses have revealed CRC-specific expression signatures of miRNAs, lncRNAs, and other types of ncRNAs (Di et al., 2020; Li et al., 2020; Song et al., 2020). One of the epigenetic mechanisms that may control the expression levels of these ncRNAs in colorectal tumor cells is DNA methylation. For instance, this is the case of the lncRNA TP53TG1, which exerts tumor suppressor activity in gastrointestinal tumors and participates in the p53 response to DNA damage (Diaz-Lagares et al., 2016a).

Of note, advances in our understanding of aberrant epigenetics have led to the identification of epigenetic alterations in liquid biopsy elements (cNAs, CTCs, and cEVs) associated with all steps of CRC progression (Gasch et al., 2015; Zeng et al., 2018; Jung et al., 2020). Disruption of epigenetic mechanisms has great relevance in cancer dissemination and metastasis of solid tumors, which remains the leading cause of cancer-related death (Gupta and Massague, 2006). For example, hypermethylation of TSGs (e.g., CDKN2A), in both tumor tissue and cfDNA, is broadly associated with distant metastasis in CRC patients (Mitomi et al., 2010). In addition, hypomethylation of LINE-1 in plasma cfDNA of CRC patients is also correlated with disease progression; this association is stronger in tumors with higher size, lymph node affectation, and distant metastasis (Nagai et al., 2017). More recently, the epigenetic markers of CTCs have been explored to better understand cancer progression (Chimonidou et al., 2011). In particular, Lyberopoulou et al. were the first to determine the DNA methylation profile of cancer-related genes in CTCs of CRC patients. This study revealed that CTCs from CRC patients are characterized by hypermethylation of the SFRP2 promoter and exon 1 of VIM (Lyberopoulou et al., 2017), which are genes related to epithelial-to-mesenchymal transition (EMT) and CRC metastasis (Shirahata et al., 2009; Loboda et al., 2011; Vincent and Postovit, 2017). In recent years, the analysis of single CTCs with genome-wide methylation (Gkountela et al., 2019) or multiplex approaches (Pixberg et al., 2017) has provided relevant information on cancer dissemination. However, the study of epigenetic alterations in CTCs from CRC patients remains limited.

In addition to CTCs, cancer-derived EVs play a major role in cancer progression as they participate in pre-metastatic niche formation (de la Fuente et al., 2015; Becker et al., 2016). For example, it has been shown that exosomal miR-25-3p from CRC cells regulates the expression of target genes, promoting vascular permeability, angiogenesis, and the formation of liver and lung metastasis in preclinical models (Zeng et al., 2018). Of note, plasma exosomal miR-25-3p levels are significantly higher in metastasic CRC patients than in those with no metastases, indicating a role for this miRNA in pre-metastatic niche formation (Zeng et al., 2018). On the other hand, the fact that serum exosomal miR-375 is less abundant in CRC patients with liver metastasis, together with functional studies, suggests its role as a tumor suppressor through the inhibition of the Bcl-2 pathway (Zaharie et al., 2015). Furthermore, recent results have indicated that decreased levels of serum exosomal miR-638 (Yan et al., 2017) and miR-548c-5p (Peng et al., 2018) are associated with liver metastasis in CRC patients.

Considering the relevance of epigenetic alterations in cancer dissemination and progression, there is a great interest in the development of epigenetic modifiers that can function as epidrugs. Importantly, some of these epigenetic modifiers have been tested preclinically or in early-phase clinical trials for CRC, representing a promising field for the treatment of this tumor (Baretti and Azad, 2018).



CLINICAL UTILITY OF EPIGENETIC MARKS IN LIQUID BIOPSY AS CRC BIOMARKERS

Alterations in epigenetic marks have shown great utility in both tissue and liquid biopsies as tumor biomarkers for early detection, prognosis, monitoring, and evaluation of therapeutic response in CRC (Jung et al., 2020). Of these epigenetic alterations, changes in DNA methylation patterns and ncRNA expression are among the most well-known epigenetic biomarkers of CRC in liquid biopsy. Epigenetic biomarkers have been detected in all the components of liquid biopsy as well as in multiple biological fluids (Figure 2). Although blood is the most explored biological fluid for the study of these types of biomarkers, other fluids (such as stool and saliva) have also been considered as a relevant source of epigenetic tumor biomarkers for CRC. Tables 2–7 include examples of representative circulating epigenetic biomarkers analyzed in blood and other fluids associated with clinical applications for CRC patients.
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FIGURE 2. Epigenetic biomarkers in liquid biopsy for precision oncology of CRC patients. Colorectal primary tumors and metastasis can release epigenetic biomarkers into different types of biological fluids. The disruption of these epigenetic mechanisms can be detected in circulating tumor cells (CTCs), nucleic acids (cNAs) and extracellular vesicles (cEVs), showing clinical relevance as therapeutic targets and tumor biomarkers for early detection, prognosis, monitoring, therapy selection, and evaluation of therapeutic response in CRC. The detection of these epigenetic biomarkers in liquid biopsy have a great value to personalize the management of CRC patients. CRC, colorectal cancer; CTCs, circulating tumor cells; cfDNA, cell-free DNA; ncRNAs, non-coding RNAs; MRD, minimal residual disease. Created with BioRender.com.



Table 2. DNA modifications in cfDNA of blood as epigenetic biomarkers of CRC.
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Blood-Based Circulating Epigenetic Biomarkers


DNA Modifications: Methylation and Hydroxymethylation

A plethora of epigenetic biomarkers based on altered methylation have been evaluated in blood-derived cfDNA for the management of CRC (Table 2). Among them, plasma SEPTIN9 (SEPT9) methylation is one of the most studied epigenetic biomarkers for the screening and early detection of this tumor (Lofton-Day et al., 2008; Church et al., 2014). Epi proColon was the first commercially available test for the detection of plasma SEPT9 methylation, and Epi proColon 2.0 constitutes the improved second generation of this test. This qualitative assay is based on the detection of methylation in the promoter region of the SEPT9 gene from plasma cfDNA by real-time PCR. Importantly, the Epi proColon test was the first blood-based assay approved by the FDA for the screening of CRC (Pickhardt, 2016; Issa and Noureddine, 2017). According to several studies, assessing the promoter methylation status of SEPT9 allows to differentiate between CRC patients and healthy individuals with high overall sensitivity and specificity (Wang et al., 2018), although this assay has a limited capacity to predict precancerous lesions or adenomas (Church et al., 2014). In addition to this limitation, there are other aspects that have hampered the clinical implementation of this assay, including the high heterogeneity of the analytical characteristics among studies and its poor cost effectiveness in comparison with other methods (Wang et al., 2018). Recently, the combined analysis of SEPT9 and SDC2 methylation levels in blood has led to the development of a new test (ColoDefense) allowing significantly improved detection of CRC and adenomas, and thus representing a promising tool for tumor screening and early detection (Zhao G. et al., 2019). Other studies have described how the combined analysis of the methylation profiles of several genes in plasma allows for discrimination between healthy controls and patients with adenomas or CRC. For example, the analysis of a gene panel including SFRP1, SFRP2, SDC2, and PRIMA1 allowed to distinguish between CRC patients and healthy controls with high sensitivity and specificity (Bartak et al., 2017). Similarly, with the SpecColon test it was possible to analyze the methylation patterns of plasma SFRP2 and SDC2 simultaneously, thereby accurately detecting CRC and advanced adenomas (Zhao et al., 2020b). In another study, the analysis of methylation patterns in a three-gene panel (C9orf50, KCNQ5, and CLIP4) in plasma, through a test called TriMeth, enabled early detection of CRC with good sensitivity and specificity (Jensen et al., 2019).

Furthermore, approaches based on methylation microarrays and NGS have been used to identify epigenetic biomarkers in cfDNA for cancer detection. For instance, the analysis of ~850,000 CpGs in pooled cfDNA samples by MethylationEPIC array highlighted 1,384 differentially methylated CpG sites that discriminate CRC patients from healthy controls (Gallardo-Gomez et al., 2018). Moreover, the combination of NGS with machine learning has enabled the development of a test based on ~1 million CpG sites capable of detecting and localizing more than 50 tumor types, including CRC (Liu M. C. et al., 2020). Another research group designed a targeted NGS assay based on 9,223 hypermethylated CpG sites obtained from The Cancer Genome Atlas (TCGA), which proved useful for identifying advanced CRC as well as other tumor types (Liu et al., 2018). In addition, the PanSeer assay, which considers 10,613 CpG sites, allowed the detection of five cancer types, including CRC, regardless of the tissue of origin. Importantly, this assay enabled to detect the presence of cancer in asymptomatic individuals years before standard diagnosis (Chen et al., 2020). Another approach for the analysis of cfDNA methylation patterns, based on the combination of immunoprecipitation and NGS (cfMeDIP), was demonstrated to be effective for the detection of CRC and other tumor types (Shen et al., 2018).

At the prognosis level, several studies have revealed that the analysis of DNA methylation in liquid biopsy is useful to predict the outcome of patients. The potential prognostic biomarker for CRC that has been most studied is the hypermethylation of the p16 promoter in blood, which has been associated with worse overall survival (Xing et al., 2013). Similarly, several studies have analyzed the methylation status of other genes, such as HPP1 and HLTF, showing that hypermethylation of these genes in serum samples indicates worse prognosis and higher mortality of CRC patients (Wallner et al., 2006; Philipp et al., 2012). Another study demonstrated that the median number of hypermethylated promoter regions was higher in CRC patients with distant metastasis than in those without metastasis. These authors also found that the hypermethylation of RARB and RASSF1A was associated with the aggressiveness of the disease, representing an independent predictive factor of worse overall survival (Rasmussen et al., 2018).

Circulating DNA methylation can also be analyzed in series of fluid samples to monitor tumor burden and evaluate the therapeutic response of CRC patients to different types of treatments, including chemotherapy and anti-EGFR therapy (Barault et al., 2018; Bhangu et al., 2018). In this regard, the hypermethylation of two genes (WIF1 and NPY) in cfDNA has been described as a surrogate biomarker of tumor burden and applied to monitor patients without the need for mutational analysis in liquid biopsy (Garrigou et al., 2016). Of note, these types of circulating epigenetic alterations correlate with tumor volume and recurrence better than classical biomarkers, such as carcinoembryonic antigen (CEA) and carbohydrate antigen (CA) 19-9 (Young et al., 2016; Bhangu et al., 2018; Symonds et al., 2020). In line with these results, the analysis of circulating methylation markers has also shown consistency with the output of imaging tests in the assessment of response to therapy and surgery (Boeckx et al., 2018). All these findings indicate the potential of the analysis of circulating DNA methylation for improving the clinical evaluation of CRC patients and, if necessary, promptly redefining the treatment strategy.

The analysis of DNA methylation has also been explored in CTCs isolated from blood, although the number of studies focused on this circulating tumor population is still very low. Interestingly, when comparing the methylation levels of VIM and SFRP2 in CTCs of CRC patients with those of tumor tissues, researchers found a strong correlation between the methylation status of the SFRP2 promoter in CTCs and that of the corresponding tissue, but a weaker correlation in the case of VIM. Therefore, although the CTC population can show a different methylation pattern than tumor cells located in primary tissue and metastasis due to the gain of specific characteristics in the bloodstream, these data demonstrated that methylation profiling of CTCs in CRC patients represents a promising non-invasive approach for tumor detection (Lyberopoulou et al., 2017).

In addition to methylation, differential hydroxymethylation patterns of plasma cfDNA have been observed between patients with CRC and healthy controls, suggesting that markers of this epigenetic modification could also be used as a non-invasive tool for early detection and prognosis in CRC (Table 2). Importantly, the efficiency by which the presence of 5hmC in cfDNA points at CRC was shown to be similar to that in tumor tissues, and higher than that of well-known biomarkers, such as CEA, CA 19-9, and methylated SEPT9 (Li et al., 2017).



Histones and Nucleosomes

The study of histone modifications in blood-circulating nucleosomes (Table 3) has revealed that they can also contribute to CRC detection. For example, low levels of the circulating histone marks H3K9me3, H4K20me3, and H3K27me3 have been proposed as biomarkers for the diagnosis of CRC (Gezer et al., 2013, 2015). The combination of different PTMs detected in circulating nucleosomes has also proved useful for CRC screening (Rahier et al., 2017). In addition, high concentrations of circulating nucleosomes in CRC patients have been associated with disease progression, poor therapy response, and reduced survival (Fahmueller et al., 2012). Notably, the levels of nucleosomes in cancer patients are dynamic and thus can be useful to indicate the response to therapy in real time (Holdenrieder et al., 2001).


Table 3. Histone/nucleosomes in blood as epigenetic biomarkers of CRC.
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Nucleosome occupancy is closely related to the fragmentation patterns of cfDNA (Ivanov et al., 2015). Notably, Mouliere et al. found that in multiple cancer types, including CRC, plasma cfDNA fragments exhibited different sizes between healthy individuals and cancer patients (Mouliere et al., 2018). Therefore, these authors proposed cfDNA fragmentation patterns as epigenetic biomarkers for early cancer detection. Consistently, fragmentation profiling of plasma cfDNA proved effective for CRC diagnosis, even when the tumor origin was initially unknown (Cristiano et al., 2019). The level of cfDNA fragmentation can also be associated with the prognosis of CRC patients, as patients displaying higher fragmentation showed worse prognosis (El Messaoudi et al., 2016). In addition, the analysis of cfDNA fragmentation patterns has proved useful for early detection of MRD after surgery and to predict the response of CRC patients to immunochemotherapy (Table 3).



Non-coding RNAs

Similar to other epigenetic alterations, the presence of ncRNAs in blood is a relevant source of biomarkers for CRC management (Table 4). For instance, a recent meta-analysis revealed that circulating miR-21 is a promising biomarker for CRC detection, and that its diagnostic properties can be improved by combining it with other biomarkers (Peng et al., 2017). Moreover, numerous studies have identified circulating miRNA signatures and applied them for non-invasive early detection of CRC; this enabled to distinguish healthy controls, patients with precancerous lesions (advanced adenomas), and CRC patients with high sensitivity and specificity (Wang et al., 2012; Kanaan et al., 2013; Herreros-Villanueva et al., 2019). The analysis of miRNAs in blood can also provide prognostic information. For instance, increased levels of circulating miR-210 and miR-141 are associated with shorter survival rates (Cheng et al., 2011; Wang et al., 2017). In contrast, high plasma levels of miR-23b are associated with longer survival (Kou et al., 2016). The levels of different miRNAs in blood can also provide information about the patient's disease stage (Sun et al., 2016), and represent a valuable tool for early detection of recurrence after surgery (Yuan et al., 2017) and the evaluation of response to therapy in CRC patients (Hansen et al., 2015; Schirripa et al., 2019).


Table 4. Non-coding cfRNAs in blood as epigenetic biomarkers of CRC.
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Other ncRNAs, such as lncRNAs, are also deregulated in CRC and can provide relevant clinical information (Table 4). For example, elevated plasma levels of the lncRNA HOTAIR, alone or in combination with other lncRNAs, have proved useful not only for CRC screening, but also as a biomarker associated with worse prognosis and higher mortality (Svoboda et al., 2014; Zhao et al., 2015). Of note, other studies have proposed different combinations of circulating lncRNAs as diagnostic biomarkers for the detection of CRC and precancerous lesions (Shi et al., 2015; Liu et al., 2019; Xu et al., 2020). In addition to lncRNAs, the analysis of circRNAs in blood, as biomarkers with relevant clinical properties for CRC diagnosis and prognosis, has raised considerable interest (Lin et al., 2019; Yang N. et al., 2020).

Finally, ncRNA levels have also been analyzed in cEVs, especially in exosomes, of CRC patients (Table 5). Exosomal miRNAs (e.g., miR-21 and miR-139-3p) can be more or less abundant than normal in the blood of CRC patients and their analysis represents a valuable tool for CRC diagnosis and prognosis (Fu et al., 2018; Liu W. et al., 2020). Furthermore, the analysis of miRNAs in circulating exosomes has revealed important strategies for the identification of treatment-resistant patients (Jin et al., 2019). For example, the exosomal levels of the lncRNAs HOTTIP, LINC02418, and RPPH1 were found deregulated in CRC and thus proposed as potential markers for the diagnosis of CRC, as well as in other clinical contexts (Liang et al., 2019; Oehme et al., 2019; Zhao Y. et al., 2019). Finally, recent studies have focused on exosomal circRNAs (e.g., circ-133 and circ-PNN), suggesting a relevant role of these ncRNAs as biomarkers for CRC (Xie Y. et al., 2020; Yang et al., 2020).


Table 5. Non-coding RNAs in EVs of blood as epigenetic biomarkers of CRC.
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Circulating Epigenetic Biomarkers in Alternative Fluids


DNA Modifications: Methylation and Hydroxymethylation

Numerous studies have reported the application of DNA methylation patterning in stool (Table 6) for the detection of CRC or precancerous lesions (Raut et al., 2020). In particular, methylation of the promoter region of FBN1, SDC2, or VIM has been reported as a biomarker for early CRC diagnosis (Chen et al., 2005; Guo et al., 2013; Han et al., 2019). In addition, the hypermethylation of a three-gene panel (HPP1, SFRP2, and MGMT) in stool showed clinical value for detecting CRC and precancerous colorectal lesions (Huang et al., 2007). Other studies have also highlighted the hypermethylation of the promoters of numerous genes in stool samples from patients affected by CRC or adenomas, such as HIC1, COL4A1, COL4A2, GATA4, ITGA4, OSMR, and TLX2 (Lenhard et al., 2005; Kim et al., 2009; Liu et al., 2020). In addition, the methylation status of various miRNAs (e.g., miR-34a and miR-34b/c) was found to be altered in stool of CRC patients, and studied as a source of potential biomarkers (Kalimutho et al., 2011; Wu et al., 2014).


Table 6. DNA modifications in non-blood fluids as epigenetic biomarkers of CRC.
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Importantly, some of the methylated biomarkers detected at an increased concentration in stool samples from CRC patients have been translated into clinical tests. This is the case of Cologuard, which is the first multi-target stool panel approved by the FDA for CRC screening (Pickhardt, 2016). The Cologuard assay combines the analysis of NDRG4 and BMP3 methylation, KRAS mutation, β-actin levels, and hemoglobin levels by immunochemistry. This multiparameter stool assay displays a high sensitivity in CRC detection, higher than that of FIT; however, Cologuard yields lower specificity in the case of asymptomatic patients, which represents a limit for its clinical implementation (Imperiale et al., 2014). Another similar FDA-approved test, ColoSure, allows to analyze VIM methylation in stool samples to identify the presence of precancerous adenomas or malignant colorectal tumors (Ned et al., 2011). Another strategy for addressing the methylation of known promoters is the application of the ColoDefense test to stool samples, which enables to detect the methylation status of SEPT9 and SDC2 with high sensitivity and specificity (Zhao et al., 2020a).

Similar to other biofluids, urine also contains cfDNA suitable for epigenetic analyses (Table 6). For instance, the VIM promoter in cfDNA from urine samples was found to display higher methylation in CRC patients than in controls, and thus methylation profiling of this promoter was proposed as a useful test for CRC screening (Song et al., 2012). The methylation status of NDRG4 has also been explored in urine from CRC patients, showing higher diagnostic properties than that in blood and stool (Xiao et al., 2015). The easier manipulation of urine samples with respect to stool supports the value of this approach as a potential clinical method for CRC detection. The methylation levels of WIF1, ALX4, and VIM were also assessed in either urine or serum samples of CRC patients and controls with promising results for CRC diagnosis in the case of WIF1 (Amiot et al., 2014). In addition, several epigenetic markers, including aberrant levels of methylated and hydroxymethylated cytosine nucleosides, have been analyzed in urine samples with promising results, and may be applied as potential biomarkers of CRC (Guo et al., 2018).

Interestingly, there are also other types of fluids that can be obtained from CRC patients. For example, mucosal wash fluid, in which DNA methylation is also detectable, can be collected during colonoscopy (Kamimae et al., 2011). Moreover, the release of cancer cells by the most aggressive tumors might impact the levels of methylated biomarkers in wash samples. To verify this hypothesis, the methylation levels of 15 genes were assessed in bowel lavage fluid (BLF) samples from a large cohort of individuals with CRC, adenomas, and small polyps, as well as from healthy individuals. The methylation levels of three gene promoters (mir-124-3, LOC386758, and SFRP1) showed good correlation with CRC, confirming that methylation studies in BLF samples represent a source of potential biomarkers for CRC detection (Table 6) (Harada et al., 2014).



Histones and Nucleosomes

As previously mentioned, nucleosome occupancy is closely related to the fragmentation patterns of cfDNA (Ivanov et al., 2015). In this regard, the different length of the DNA fragments present in stool has also been proposed as a good tool to discriminate CRC patients from healthy donors. Within this line of research, the integrity of stool DNA from CRC patients was analyzed using an oligonucleotide-based hybrid capture strategy to quantify DNA fragments of 200, 400, 800 bp, 1.3, 1.8, and 24 kb, unraveling the association between high-molecular-weight fragments and this tumor type (Boynton et al., 2003). The presence of long DNA fragments was also found to be increased in CRC patients with respect to healthy controls through the use of fluorescent primers and capillary electrophoresis (Calistri et al., 2004). Such presence of long DNA fragments in stool samples has been reported in several studies as a potential biomarker, either alone (Zou et al., 2006) or in combination with the presence of oncogenic mutations in different genes (KRAS, APC, or p53) (Ahlquist et al., 2000) or with altered methylation patterns (Ahlquist et al., 2012).



Non-coding RNAs

NcRNAs (mainly miRNAs) are stable in stool samples, and thus represent a relevant source of non-coding biomarkers (Table 7). For instance, the analysis of miR-451a and miR-144-5p levels enables to differentiate between patients with CRC and healthy donors with high sensitivity and specificity (Wu et al., 2017), while that of miR-20a levels is more suitable to discriminate CRC patients from both adenoma patients and healthy controls (Yau et al., 2016). In addition, the combined investigation of miR-421 and miR-27a-3p levels with hemoglobin quantification in stool was described as a valuable tool to improve the sensitivity of current screening strategies (Duran-Sanchon et al., 2020). Similarly, increased accumulation of several miRNAs (e.g., miR-21) has also been detected in stool from CRC patients with respect to that from healthy individuals or adenoma patients, and has thus been proposed as a potential screening tool (Wu et al., 2012).


Table 7. Non-coding cfRNAs in non-blood fluids as epigenetic biomarkers of CRC.
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On the other hand, several studies have demonstrated the potential of saliva as a source of biomarkers for non-oral cancer detection (Table 7). In particular, two studies have validated the feasibility of detecting increased levels of miRNAs in the saliva of CRC patients. In one of these studies, miR-21 levels were found to be increased in both plasma and saliva of patients with stage II–IV CRC compared to those of healthy individuals. Importantly, the sensitivity and specificity of CRC identification were higher when analyzing saliva samples (Sazanov et al., 2017). On the other hand, Rapado-González et al. performed a unique massive profiling of miRNAs in saliva samples from both CRC patients and healthy donors, and found a total of 22 miRNAs whose accumulation was specifically altered in CRC patients. The levels of most of these miRNAs had been previously described as altered in tissue or plasma samples from CRC patients. Moreover, five of these altered miRNAs (miR-186-5p, miR-29a-3p, miR-29c-3p, miR-766-3p, and miR-491-5p) showed potential as diagnostic tools to detect CRC. Overall, these two studies demonstrated that salivary miRNA analysis represents a novel approach to detect cancer-associated epigenetic alterations with potential clinical value (Rapado-Gonzalez et al., 2019).

MiRNA content was also investigated in cEVs isolated from peritoneal lavage fluid and ascites of CRC patients and control individuals. Such global characterization of cEV-associated miRNAs provided a list of 210 miRNAs whose abundance is significantly altered in CRC patients, most of which were less abundant. From this altered pattern of miRNA accumulation, the authors could identify a 10-miRNA signature with clinical value for CRC detection (Roman-Canal et al., 2019).




Circulating Epigenetic Biomarkers in Blood vs. Alternative Fluids

As we have already described, nowadays there are several body fluids that can serve as liquid biopsies to interrogate epigenetic biomarkers in CRC. Beyond the great value of blood samples as a source of tumor material, stool, and other alternative liquid biopsies showed great potential to analyze clinically relevant biomarkers. Although liquid biopsy has the advantage of being non-invasive and accessible, the diagnostic utility of the different epigenetic biomarkers can be conditioned by the type of body fluid and biomarker analyzed. For example, the detection of some epigenetic biomarkers can be more sensitive in stool than plasma samples. Thus, some studies compared the performance of methylation biomarkers in plasma and stool in parallel, finding relevant differences. This is the case of SEPT9 methylation, which was evaluated in stool and plasma from patients with adenomas and malignant CRC tumors. Both strategies showed similar sensitivity and specificity for the detection of CRC at all stages, however, the methylation levels of SEPT9 in stool showed higher sensitivity for detecting adenomas and early CRC tumors, indicating that the methylation analysis of this gene in stool can improve CRC screening (Liu Y. et al., 2020). The higher diagnostic accuracy observed in stool respect to blood samples could be explained due to biomarkers can be released directly from tumor cells to the intestinal lumen (Osborn and Ahlquist, 2005). Similar results were obtained for the methylation analysis of VIM. Although in advanced CRC this biomarker showed similar diagnostic utility in both types of samples, in early stages the methylation of VIM offered higher diagnostic accuracy in stool than in plasma (Chen et al., 2005; Itzkowitz et al., 2007; Li et al., 2009). On the other hand, in independent studies the levels of methylated SFRP2 in stool and plasma showed similar results in terms of sensitivity and specificity to detect adenomas (Zhang et al., 2014; Bartak et al., 2017). MiRNA biomarkers can also show differences between stool and blood samples. Thus, although the analysis of miR-92a expression was described as a good diagnostic tool in both types of fluids, the sensitivity of miR-92a for adenomas detection was higher in blood than stool (Ng et al., 2009; Wu et al., 2012). In addition, miR-21 was found to have a similar value for discriminating CRC patients from advanced adenomas in blood and stool, but in stool samples the data variability was higher (Peng et al., 2017). In this sense, it is important to mention that stool samples represent a very heterogeneous biological material difficult to normalize among individuals for the quantitative analysis of miRNAs. Standardization of procedures from stool collection and amount of starting material to RNA extraction and detection methods, have been proposed for the detection of CRC with fecal miRNAs (Marcuello et al., 2019).

Similar to stool samples, urine represents a completely non-invasive body fluid that can be collected without pain or risk for the patient, making the sample very suitable for mass-screening of epigenetic biomarkers in CRC. This fluid has shown promising results to analyze the methylation of some genes, such as NDRG4, which provided higher diagnostic power to detect CRC than the same biomarker analyzed in blood and stool (Xiao et al., 2015). Additionally, saliva also has some advantages as a diagnostic tool in comparison with blood samples. Its collection is even less invasive than blood and without causing any discomfort for the patient. Recently, miR-21 expression was assessed in peripheral blood and saliva samples obtained from patients with CRC at different stages and healthy controls. Although miR-21 levels in both saliva and plasma, showed diagnostic value for CRC screening, the analysis of saliva demonstrated higher sensitivity and specificity than blood (Sazanov et al., 2017).

Overall, the selection of the most appropriated body fluid source to analyze the different tumor epigenetic marks will depend on the specific biomarker, the clinical context and the level of clinical validation, which is nowadays higher in blood and stool samples than in other alternative body fluids.




CONCLUSIONS AND FUTURE PERSPECTIVES

The interest in epigenetic alterations associated with CRC development and progression as potential clinical biomarkers or therapeutic targets has increased significantly in recent years. In the present review, we provide an overview of the different epigenetic mechanisms that regulate key steps of CRC development. Because of the clear advantage of epigenetic analysis in liquid biopsies as a non-invasive method for the dynamic characterization of CRC, we also summarize the techniques currently applied to characterize epigenetic modifications in liquid biopsy, and describe the circulating epigenetic biomarkers identified in different body fluids and their clinical potential for the personalized management of CRC.

There is a wide range of epigenetic mechanisms that are altered in CRC, including DNA methylation and hydroxymethylation, nucleosome positioning, histone modifications, and the expression of different ncRNAs (miRNAs, lncRNAs, and circRNAs). All these alterations can be explored in different fluid samples such as blood, stool, urine, or saliva, and represent a valuable source of clinical biomarkers. In fact, as detailed in this review, the differential methylation status of several gene promoters in CRC constitutes the rationale of several commercialized screening tests, such as Cologuard or Epi ProColon. However, substantial optimization is required prior to the general implementation of circulating epigenetic markers in the clinic to guide the management of CRC patients.

Indeed, some technical factors clearly hamper the potential translation of circulating biomarkers into the clinical routine. For example, CTCs, cNAs, and cEVs released by tumor and metastases into body fluids are usually poorly concentrated with respect to circulating non-tumor elements. Therefore, the methodology employed for their detection must be very sensitive in both localized and advanced CRC. On the other hand, new NGS-based strategies, together with ddPCR-based approaches, display improved sensitivity for the detection of epigenetic signatures in cfDNA, opening new avenues for early diagnosis of CRC. However, these approaches usually require sophisticated laboratory equipment, and are too laborious and expensive to be generically implemented into the clinical routine. Epigenetic patterns are starting to be explored also in CTCs, but mainly with the aim of characterizing the specific signatures associated with the disseminative behavior of these tumor cells, due to the difficulty of isolating CTCs even in metastatic patients. Together with their sensitivity, the specificity of epigenetic biomarkers represents a critical factor affecting their clinical utility. In fact, poor specificity of screening tests would result in unnecessary invasive evaluations and undesired side effects.

Molecular intratumoral heterogeneity also represents a clinical and technical challenge for the translation of epigenetic biomarkers in the clinical setting. It is well-acknowledged that CRC tumors are composed of multiple tumor clones with different biological properties. This heterogeneity also has an impact on the variability of several epigenetic marks, with possible clinical implications. Therefore, technical improvement is required for the study of epigenetic changes in single CTCs, which will be of great value to achieve a better understanding of CRC biology.

Another important aspect is the need for standardized protocols for sample collection, processing, and storage to improve the reproducibility of studies. In particular, sample collection and pretreatment are key steps for methylation studies, and a source of heterogeneity (Pharo et al., 2016; Merker et al., 2018; Zavridou et al., 2018). Therefore, efforts should be made to harmonize pre-analytical and analytical protocols according to the epigenetic alteration, circulating element, or body fluid under investigation. Hopefully, this standardization will be possible in the near future thanks to the commitment of international initiatives and scientific societies.

A major consideration for the clinical translation of epigenetic biomarkers is the cost effectiveness of the analyses. Nowadays, most technologies consist in time-demanding, mainly NGS-based approaches, which include library preparation and bioinformatic interpretation. However, in the future, these strategies should be associated with more adjusted costs and user-friendly bioinformatic solutions. To this purpose, it would be convenient to stimulate the technological development and commercial interest of epigenetic-based tests, thereby creating a competitive environment that will lead to significant benefits in terms of pricing and effectiveness.

Of note, the scientific community have focused their attention on the great potential of epigenomic approaches in the analysis of liquid biopsy for diagnostic purposes. For instance, one of the emerging trends is the use of broad panels of methylated biomarkers in cfDNA for pan-cancer detection. Moreover, recent studies on cfDNA have revealed the importance of NGS-based approaches for the analysis of methylation signatures, nucleosome positioning, or fragmentation footprints, opening a new scenario for epigenetics in liquid biopsy (Snyder et al., 2016; Liu et al., 2018; Cristiano et al., 2019; Liu M. C. et al., 2020). In addition, there is great interest in increasing the knowledge of the epigenetic characteristics of CTCs and cEVs also in terms of other epigenetic layers, such as 5hmC levels, differential presence of various types of ncRNAs, and epitranscriptomic modifications.

The methylation analysis of SEPT9 (Epi proColon test) was the first blood-based assay approved by the FDA (Pickhardt, 2016; Issa and Noureddine, 2017), opening great opportunities for the clinical applications of circulating epigenetic biomarkers. One of the most challenging goals to be addressed is the clinical validation of the numerous epigenetic biomarkers that have provided promising results but have not yet reached a routine use, in order to assess their prognostic value for the outcome of patients with CRC. Indeed, the translation of the results obtained with epigenetic biomarkers into diagnostic tools is still limited, probably due to the lack of standardization and the limited number of large independent cohorts that have been analyzed. Therefore, more clinical trials, including the study of the dynamics of these epigenetics biomarkers, are warranted to validate their impact in terms of survival benefit. Similarly, numerous studies have shown that epigenetic alterations can be reversed through pharmacological intervention. However, evidence supporting the benefit of epigenetic modifiers in patients with CRC is still faint (Rezapour et al., 2019).

In summary, epigenetic circulating biomarkers have demonstrated a great potential for diagnosis of CRC, as well as for monitoring the progression and therapy response of CRC patients in a non-invasive and dynamic way. However, although significant progress has been made in the clinical translation of these biomarkers in recent years, further research is required to overcome some technologic and clinical barriers. Indeed, the translation of circulating epigenetic biomarkers into the clinical setting will require large multicenter studies to demonstrate the clinical benefit of their use. Such studies should be carried out in the near future and are expected to yield valuable results, toward a more personalized management of CRC patients.
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Prostate cancer is one of the leading causes of death despite an astoundingly high survival rate for localized tumors. Though prostate specific antigen (PSA) test, performed in conjunction with digital rectal examinations, is reasonably accurate, there are major caveats requiring a thorough assessment of risks and benefits prior to conducting the test. MicroRNAs, a class of small non-coding RNAs, are stable molecules that can be detected in circulation by non-invasive methods and have gained importance in cancer prognosis and diagnosis in the recent years. Here, we investigate circulating miR-940, a miRNA known to play a role in prostate cancer progression, in both cell culture supernatants as well as patient serum and urine samples to determine the utility of miR-940 as a new molecular marker for prostate cancer detection. We found that miR-940 was significantly higher in serum from cancer patients, specifically those with clinically significant tumors (GS ≥ 7). Analysis of receiver operating characteristic curve demonstrated that miR-940 in combination with PSA had a higher area under curve value (AUC: 0.818) than the miR-940 alone (AUC: 0.75) for the diagnosis of prostate cancer. This study provides promising results suggesting the use of miR-940 for prostate cancer diagnosis.
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INTRODUCTION

Prostate cancer is one of the leading causes of cancer related death among men in the US despite the advances in biomarkers (1). About 20% of all estimated new cases and 10% of estimated deaths in men are expected to be due to prostate cancer (2). Though many prostate cancers are slow growing, some forms are very aggressive and metastatic, resulting in death. Depending on the racial background and family history, some men are advised to undergo digital rectal exam (DRE) and serum total prostate specific antigen (PSA) screening at as early as 40 years of age. Some people inherently have high levels of PSA as a result of enlarged prostate, resulting in extensive evaluation with repeat biopsies. Most patients with abnormal PSA have insignificant prostate cancer, thus PSA screening has the potential for over-diagnosis and unnecessary treatments (3). Additionally, a report by U.S. Preventive Services Task Force recommended against PSA-based screening unless men express a preference for screening after being informed of and understanding the benefits and risks (4–6). Though prostate cancer antigen 3 (PCA3) urine test is under consideration as a better prognostic marker, there is insufficient evidence of extensive improvements in sensitivity and specificity compared to PSA (7, 8). Additionally, though the test marginally improves the diagnostic accuracy of prostate cancer, it does not predict short-term or long-term outcomes or the need for biopsies (7, 9–11). Further, the PCA3 test does not necessarily help distinguish aggressive from indolent disease (12, 13). Thus, there is a need for a more reliable and cost-effective tool for prostate cancer screening.

MicroRNAs (miRNAs) are a class of small non-coding RNA that regulate gene expression post-transcriptionally (14, 15). Various studies report miRNAs to be highly deregulated in prostate cancer (14, 16, 17). Additionally, miRNAs are highly stable in the serum, providing potential for using these circulating molecules as molecular diagnostic markers of cancer (17–21). The miRNA signatures are also helpful in determination of the primary site in tumors of unknown origin (22–24). Use of the miRNAs as blood-based markers has tremendous potential when used in combination with the existing PSA screening techniques for the status of the disease—cancer or not (25–27), and course of treatment (28–31).

We have identified miR-940, expressed on chromosome 16 in humans, as a novel miRNA that impedes prostate cancer progression in an in vitro system by regulating MIEN1 (32). Various other groups have shown dysregulation of miR-940 in other cancers. In hepatocellular carcinoma, glioma, non-small cell lung carcinoma, pancreatic ductal adenocarcinoma, triple negative breast cancer, and ovarian cancer, miR-940 inhibits cancer progression (33–39); while the opposite effects are observed in endometrial and cervical cancers (40–42).

Here, we aim to determine if circulating miR-940 could be used for early detection of prostate cancer and to distinguish between the clinically significant (GS ≥ 7) and insignificant (GS = 6) tumors, leading to improved management. Analysis of miR-940 in the prostate cancer and immortalized normal cell culture supernatants and serum samples from normal donors and cancer patients provides promise for considering miR-940 as a potential biomarker for prostate cancer. MiR-940 distinguishes between clinically insignificant and significant tumors, but owing to the small sample cohorts in the various groups, the statistical significance we observed is not appreciably better than the existing test (PSA) characteristics (43). Interestingly, we were also able to detect miR-940 in the urine of patients with cancer of GS ≥ 6; but this was at much lower levels than in the serum and was not different between clinically insignificant and clinically significant tumor samples suggesting a higher probability of success in prostate cancer diagnosis when using serum for miR-940 detection.



MATERIALS AND METHODS


Cell Lines and Cell Culture

Human prostate carcinoma cells DU-145 (ATCC HTB-81) was maintained in RPMI 1640 media with 10% fetal bovine serum (Life Technologies). Immortalized non-tumorigenic prostate epithelial cell line PWR-1E (ATCC CRL-11611) was maintained in Keratinocyte-SFM (Life Technologies) supplemented with bovine pituitary extract (25 μg/ml) and recombinant epidermal growth factor (0.15 ng/ml). Cells were cultured at 37°C with 5% CO2.



Exosome Isolation From Cell Culture Supernatant

Exosomes from cell culture supernatant were isolated as described previously (44). Briefly, the cells were grown in serum free medium for at least 24 h. The conditioned medium was transferred to conical tubes and centrifuged at 300 × g for 10 min at 4°C to pellet the cells. Next, the supernatant was transferred to ultracentrifuge tubes and centrifuged at 16,500 × g for 20 min at 4°C to further remove cells and cell debris. The supernatant was passed through a 0.2 μm filter to remove particles larger than 200 nm. Next, the filtered supernatant was transferred to new ultracentrifuge tubes and centrifuged at 120,000 × g for 70 min at 4°C to pellet the exosomes. The supernatant was discarded and resuspended in TRIzol and processed for RNA isolation.



Serum and Urine Sample Collection From Normal and Prostate Cancer Patients

Serum samples (n = 32) from prostate cancer patients who had not undergone any treatment at the time of sample collection were obtained by Dr. Yair Lotan between 2001 and 2010 and scored based on pathology scoring criteria at the time of collection. Of this pool, the pathological Gleason Score was ≥ 7 in 25 patients and Gleason Score 6 in 7 patients. Normal serum samples (n = 25) was collected by the University of North Texas Health Science Center, Fort Worth, TX, through a collaboration with Dallas Methodist Hospital at Dallas, TX, during prostate cancer education and screening program from healthy males, who at the time of sample collection had no obvious indication of prostate cancer. The collection process was the standard blood draw procedure, performed by a well-trained phlebotomist at the respective sites. The urine samples were collected from patients at the time of their biopsy by Dr. Yair Lotan in 2015. Subjects were consented to the study and no personal health information was revealed. In short, for serum collection, venous blood was collected from each patient and centrifuged. Similarly, for urine miRNA, urine was collected and centrifuged. The supernatants (serum and urine) were recovered, aliquoted and stored at −80°C until further use. The study protocol was approved by the Institutional Review Boards of the University of North Texas Health Science Center, Fort Worth, TX (IRB # 2007-110, and 2013-016) and the University of Texas Southwestern Medical Center, Dallas, TX (IRB # STU 032011-187).



RNA Isolation and qPCR

Total RNA was isolated from the exosomes collected using TRIzol (Life Technologies) according to the standard protocol. Total RNA from the serum was isolated using the miRVANA PARIS kit (Life Technologies), according to the instructions provided by manufacturer. Equal amount of quantified RNA was used for the first step of cDNA synthesis using NCode VILO miRNA cDNA Synthesis Kit (Life Technologies). For the expression of the miRNA, first the miRNA specific forward primers (mature and precursor) and normalization control specific forward primers were designed as described by Kramer 2011 (45) using Primer 3 (46) software and synthesized by Integrated DNA Technologies (Coralville, IA). The specificity of both mature and precursor primers were further confirmed by NCBI BLAST software (47). Next, using EXPRESS SYBR GreenER miRNA qRT-PCR Kits (Life Technologies), the qPCR for the miRNA and controls were carried out, according to the protocol provided by manufacturer on a Mastercycler ep gradient S realplex2 thermal cycler (Eppendorf). Normalization of samples was carried out with respect to RNU6-2 expression. The average of the ΔCt values of all the normal samples was used to obtain the ΔΔCt values for each individual sample (normal and cancer). This ΔΔCt was then used to determine the fold change (the normalized expression values). For urine analysis, equal amounts of urine samples (625 μL per sample) was used to isolate the total RNA using miRVANA PARIS Kit, according to the manufacturer's protocol. In brief, we measured and transferred the aqueous phase, post-phenol-chloroform centrifugation, into two tubes, equally. Then, one of the tubes was precipitated with 1.25 volumes of room temperature 100% ethanol to extract total RNA from the sample and the other tube with 0.33 volume of room temperature 100% ethanol to extract enriched small RNAs. The qPCR analysis was performed as described above. ΔCt values for qPCR were obtained as Ct of miR-940 in enriched fraction—Ct of miR-940 in total RNA fraction and then compared to the averages obtained from the clinically insignificant (GS = 6) samples.



Statistical Analyses

Column graphs were generated as mean ± standard error of means (SEM) where applicable. The Scatter plots were generated as mean ± SEM. and p-value was calculated according to unpaired t-test with or without Welch's correction according to the distribution using GraphPad Prism 8 (GraphPad Software, CA). Receiver operating characteristic (ROC) curve and area under the curve (AUC) value were generated based on the sensitivity and the specificity of the different data points by the GraphPad Prism 8. Sensitivity and the specificity values for the ROC curves with individual predictors (PSA or miR-940) are calculated empirically. However, for combined predictors (PSA and miR-940), sensitivity and the specificity values cannot be obtained empirically. Instead, these values were calculated by fitting a logistic regression model with PSA and miR-940 as predictors. Spearman correlation coefficient between PSA and miR-940 was also calculated in GraphPad Prism.




RESULTS


Prostate Cancer Cells Secrete More miR-940 Than Normal Cells

We have previously demonstrated the role of miR-940 in prostate cancer progression via the regulation of MIEN1 (32). Here, we hypothesized that miR-940 is a secretory miRNA that could be used as a non-invasive molecular marker for a positive diagnosis of prostate cancer. To test this, we evaluated the expression of miR-940 in the exosomes derived from the serum/supplement free cell culture supernatants of PWR-1E and DU-145 cells by qPCR. Higher levels of both the precursor (Pre-miR-940) and mature (miR-940) miRNA were detected in the exosomes derived from the DU-145 cancer cells compared to the PWR-1E immortalized normal cells (Figure 1A). This was in stark contrast to the lower expression of miR-940 in DU-145 cell lysate compared to PWR-1E cell lysate as reported in our previous study (32). Since, the expression of miRNAs detected in both cell lines were isolated from the serum/supplement free cell culture supernatants, the observed differences are biologically relevant and not an artifact arising from intrinsic differences in the growth media for the two cell lines. Next, we quantified the proportion of miR-940 released in the exosomes to their levels within the cells for both the cell types. The ratio indicated that a higher proportion of miR-940 was secreted into the supernatant from DU-145 cells (Pre-miR-940: ~40-fold more; miR-940: ~3-fold more) than from PWR-1E (Figure 1B). This inverse expression pattern of miR-940 within and outside the cells suggested that miR-940 could be secreted out of the cells during cancer progression, in order to prevent the function of miR-940 mediated suppression of cancer, similar to what has been reported in ovarian cancer (48).


[image: Figure 1]
FIGURE 1. Expression of miR-940 in cell culture supernatant. (A) Higher levels of both precursor (Pre-miR-940) and mature (miR-940) miRNA are detected in the exosomes derived from the cell culture supernatant of the DU-145 cancer cells compared to the normal PWR-1E cells as measured by qPCR (normalized to RNU6-2). (B) Ratio of miR-940 from the secreted exosomes to miR-940 within the cells, as determined by qPCR, is plotted as a fold change in the normal and cancer cells. The experiment was repeated two independent times. #p-value ≤ 0.1; *p-value ≤ 0.05.




Circulating miR-940 Is High in Serum Samples of Prostate Cancer Patients

The expression of miR-940 was next assessed in a cohort of serum samples obtained from healthy or cancer patients with varying PSA levels: 0.01–15.10 ng/mL in normal samples and 2.00–38.67 ng/mL in cancer serum. As shown in Figure 2A, the mean concentration of serum PSA levels in normal controls was 4.64 ± 0.86 ng/mL (n = 25), whereas that in prostate cancer patients was 12.95 ± 1.84 ng/mL (n = 32, p-value = 0.0002). Similarly, the levels of miR-940 were significantly higher in serum from cancer (n = 32, 2.07 ± 0.18 fold, p-value = 0.0008) patients compared to the normal (n = 25, 1.24 ± 0.14 fold) serum (Figure 2B). The area under the curve (AUC) for a receiver operating characteristic (ROC) curve determining the sensitivity and specificity of the test with miR-940 in serum as the disease indicator, is 0.75 [Figure 2C; 95% confidence interval (CI) = 0.622 to 0.877, p-value = 0.0013] and for PSA is 0.79 (95% CI = 0.670–0.909, p-value = 0.0002). The combination of the conventional prostate cancer serum biomarker of PSA and miR-940 generated an increased diagnostic AUC value of 0.818 (95% CI = 0.710–0.925), which is better than the PSA or miR-940 AUC alone. We have also compared model fits using logistic regression (PSA only vs. PSA + miR-940 as predictors). Under the null hypothesis of no improvement by adding miR-940 as a predictor, the p-value is 0.03, indicating statistical significance. Additionally, Spearman correlation coefficient between miR-940 fold-change and PSA is 0.3914 (0.1379–0.5967) with a significance of 0.0026, indicating that the use of miR-940 along with PSA is likely to improve the diagnostic accuracy of prostate cancer detection.
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FIGURE 2. The expression of miR-940 and PSA in serum samples of prostate cancer patients and normal healthy males. (A) Scatter plot analysis of PSA expression in serum samples of normal healthy (n = 25) controls and prostate cancer (n = 32) patients. The data are expressed as the mean ± SEM (***p-value = 0.0005; two-tailed Student's t-test). (B) Scatter plot analysis of miR-940-fold expression in serum samples of healthy normal controls (n = 25) and prostate cancer patients (n = 32). The data are expressed as the mean ± SEM (***p-value = 0.0013; two-tailed Student's t-test). (C) ROC curve for (B) depicts the sensitivity (true positive: cancer in reality and according to test variable; i.e., fold change in miR-940) and specificity (100%—false positive: 100%—normal in reality with fold change in miR-940 predicting cancer) for the use of secreted miR-940 as an independent variable to determine cancer vs. normal states. The AUC values are shown on the graph.




Serum miR-940 Can Potentially Distinguish Well-Differentiated From Poorly Differentiated Tumors

We classified the tumor serum further into moderately-poorly differentiated clinically significant (GS ≥ 7; PSA 2.0–38.67 ng/mL) and well-differentiated clinically insignificant (GS = 6; PSA 4.1–18.0 ng/mL) tumors, based on the pathological Gleason scoring rendered to the tumors during biopsy. There was an overall significant increase in miR-940 in moderately and poorly differentiated (n = 25, 2.24 ± 0.22 fold, p-value = 0.0148) tumor serum samples compared to clinically insignificant (n = 7, 1.49 ± 0.17-fold) tumors (Figure 3A). Similarly, the mean concentration of serum PSA levels in clinically insignificant tumors was 6.91 ± 1.86 ng/mL (n = 7), whereas that in clinically significant tumors was 14.65 ± 2.19 ng/mL (n = 25, p-value = 0.0134; Figure 3B). The degree of prediction using miR-940, in these well-differentiated and poorly differentiated samples, was however not better than the prediction based on PSA (Figure 3C). AUC for miR-940 ROC curve is 0.731 (95% CI = 0.541–0.921, p-value = 0.0649), while AUC for PSA ROC curve is 0.751 (95% CI = 0.566–0.936, p-value = 0.0449) and the combined (miR-940 + PSA) AUC is 0.783 (95% CI = 0.610–0.956). In this case, the improvement in model fit for logistic regression is not statistically significant (p-value = 0.18). The AUC for the ROC curve, however, increased to 0.778 (95% CI = 0.645–0.909, p-value = 0.0004) from the previously observed 0.75 (Figure 2C), when we combined the normal and clinically insignificant tumors (Normal + GS 6, n = 32, 1.29 ± 0.12-fold) into one category and compared them to clinically significant tumors (GS ≥ 7, n = 25, 2.24 ± 0.22-fold, p-value = 0.0006) for miR-940 (Figures 3D,F). In addition, AUC for PSA ROC curve was found to be 0.804 (95% CI = 0.693–0.916; p-value = 0.0001), when we combined the normal and clinically insignificant tumors (Normal + GS 6, n = 32, 5.14 ± 0.79 ng/mL) and compared them to clinically significant tumors (GS ≥ 7, n = 25, 14.65 ± 2.19 ng/mL, p-value = 0.0003) for PSA alone (Figure 3E), and similarly increased to 0.834 (95% CI = 0.726–0.942) for the combined (miR-940 + PSA) ROC curve (Figures 3E,F). In this case, the improvement in model fit for logistic regression is found to be statistically significant (p-value = 0.01). Comparing the normal miR-940 expression levels (n = 25, 1.24 ± 0.14-fold) to well-differentiated tumor serum (GS = 6, n = 7, 1.49 ± 0.17-fold) samples did not yield any significant difference (p-value = 0.2931). So, we next excluded the clinically insignificant tumor samples from the analysis to test the diagnostic accuracy of miR-940 levels between normal and clinically significant tumors. We observed that the miR-940 levels in serum from moderately-poorly differentiated tumors were significantly elevated (GS ≥ 7, n = 25, 2.24 ± 0.22 fold, p-value = 0.0005) compared to their levels in normal serum (n = 25, 1.24 ± 0.14-fold, Figure 3G), leading to a further improved AUC of 0.79 (Figure 3I; 95% CI = 0.658–0.922, p-value = 0.0004) for miR-940. Similarly, PSA levels were also significantly elevated in serum samples of clinically significant tumors (GS ≥ 7, n = 25, 14.65 ± 2.19 ng/mL, p-value = 0.0001) compared to normal sera (n = 25, 4.65 ± 0.86 ng/mL; Figure 3H). The AUC value was increased to 0.819 (95% CI = 0.705–0.933, p-value = 0.0001) for PSA, while improving the combined miR-940 and PSA value to 0.851 (95% CI = 0.748–0.955, p-value = 0.02; Figure 3I). With the use of a logistic regression model, we found that the combination of miR-940 along with PSA are able to reliably discriminate the clinically significant samples and healthy control samples, and are slightly better than PSA alone.
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FIGURE 3. Secreted miR-940 and PSA from serum is significantly higher in patients with clinically significant tumors. (A) Serum from patients who had GS 7 and above in their biopsy were grouped together as clinically significant tumor serum (GS ≥ 7, n = 25) and the ones with biopsy GS 6 as clinically insignificant tumor serum (GS = 6, n = 7). The fold change in the miR-940 was quantified using qPCR. The data are expressed as the mean ± SEM (*p-value = 0.0148; two-tailed Student's t-test). (B) Scatter plot analysis of PSA expression in serum samples of clinically insignificant (n = 25) and clinically significant (n = 32) prostate cancer patients. The data are expressed as the mean ± SEM (*p-value = 0.0134; two-tailed Student's t-test). (C) ROC curve for both miR-940, PSA, and combined (miR-940 and PSA) comparing clinically insignificant to clinically significant tumors. (D) Scatter plot analysis of miR-940 expression in serum samples of combined normal and clinically insignificant (Normal + GS 6, n = 32) tumors and clinically significant tumors (GS ≥ 7, n = 25) patients. The data are expressed as the mean ± SEM (***p-value = 0.0006; two-tailed Student's t-test). (E) PSA expression in serum samples of combined normal and clinically insignificant (Normal + GS 6, n = 32) tumors and clinically significant (GS ≥ 7, n = 25) tumors patients. (***p-value = 0.0003; two-tailed Student's t-test) (F) ROC curve for fold change in miR-940 to determine clinically significant cancers (GS ≥ 7) vs. normal and clinically insignificant cancers (healthy controls + GS = 6). (G) Scatter plot analysis of miR-940 expression in serum samples of normal (n = 25) healthy controls and clinically significant tumors (GS ≥ 7, n = 25) patients. The data are expressed as the mean ± SEM (***p-value = 0.0005; two-tailed Student's t-test). (H) PSA expression in serum samples of normal (n = 25) controls and clinically significant tumors (GS ≥ 7, n = 25) patients. (***p-value = 0.0002; two-tailed Student's t-test) (I) ROC curve for fold change in miR-940 to determine clinically significant cancers (GS ≥ 7) vs. normal (healthy controls).




Circulating miR-940 Is Detected in Urine Samples of Prostate Cancer Patients

In this pilot study, we also quantified both precursor and mature miR-940 in the urine sample of prostate cancer patients. Although there were significantly lower amounts of RNA detected in the urine compared to the blood in general, we were still able to detect traces of miR-940, but this was not significantly different between clinically insignificant and clinically significant tumors (Figure 4; Pre-miR-940: 1.15 ± 0.45-fold and 3.11 ± 2.13-fold; miR-940: 1.04 ± 0.21-fold and 1.12 ± 0.42-fold from clinically insignificant and significant tumors, respectively).
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FIGURE 4. The expression of miR-940 in urine of prostate cancer patients. Relative expression of Pre-miR-940 and miR-940 in the urine from clinically insignificant (GS ≥ 7) prostate cancer patients relative to clinically insignificant (GS = 6) patients (n = 3 and 5 respectively).





DISCUSSION

The current standard for prostate cancer detection includes DRE with PSA, followed by biopsies, for confirmation of the clinical diagnosis (4–6). With the relatively low diagnostic accuracy of PSA, and secondary infections associated with biopsy, there has been a clinical deadlock in prostate cancer diagnosis. To overcome this predicament, extensive research is underway to find reliable non-invasive markers which will not only increase the precision of diagnosis but also reduce patient discomfort. This study presents the possible use of circulating miR-940 as a secondary diagnostic biomarker for prostate cancer (in addition to the PSA). In this pilot study we have shown that miR-940 levels are high in serum from cancer patients compared to healthy controls. Although, we have primarily used equal amount of total RNA from different serum samples to detect miR-940 levels, we have also normalized to RNU6-2 (49, 50). Given that RNU6-2 is not a miRNA itself and could be released and expressed at different levels between normal and cancer patients, based on the results, we could also speculate that the miR-940/RNU6-2 combination in cancer serum is higher than in normal serum. We acknowledge that our study also has some limitations including the relatively small sample sizes and the lack of follow up information of the patients. Also, although some of our healthy controls had high PSA with no history of prostate cancer diagnosis, they did not have a biopsy. Hence, further studies with patients who demonstrate elevated PSA but a negative biopsy and/or more samples with normal PSA as the healthy control group are needed to obtain a better diagnostic value for miR-940 by itself. Despite these drawbacks, the strong correlation of PSA to circulating miR-940 in the serum still suggests potential improvement in diagnostic accuracy for prostate cancer.

Our previous study has shown miR-940 to be highly expressed in normal cells and tissues compared to cancer counterparts (32). The expression of miR-940 in the serum is contradictory to this intracellular pattern as observed in a study conducted in breast cancer where 28 miRNAs were opposing in terms of their expression patterns between the tissue and the serum (51). This may be attributed to the many ways miRNAs are trafficked between cells or exported out of the cells, if their intracellular targets are oncogenes or tumor suppressors or to facilitate cell-cell communication (52–54). There are contradicting evidences for the presence of miR-940 in the serum: while some did not observe detectable levels of miR-940 (25), other detected miR-940 in circulation (55–57). Although we assume that the miR-940 detected in the serum is primarily from the prostate cells, we cannot with absolute certainty exclude the miRNA secretion from other cells. However, since the primary difference between the cohorts of healthy or prostate cancer patient samples is the prostate cancer disease status, we assume that at least a larger part of the secreted miRNA could be associated with the cancer cells.

Here, we speculate a bimodal role for miR-940 that could explain its increase in serum from cancer patients: (1) miR-940 is exported out of the cancer cells to prevent the down regulation of MIEN1, and other proteins predicted as targets inside the cell that aid in cancer progression (32–34, 36, 58) and (2) the secreted miR-940 facilitates the microenvironment remodeling to allow cancer progression (40, 59).

In the recent years, a few studies have identified the contradictory roles of circulating miR-940 in various cancers, either its increase or decrease is associated with cancer diagnosis (25, 33, 40, 55–57, 59, 60). Since the origin of the circulating miRNAs in serum cannot be identified, the use of just miR-940 in the serum has to be made with utmost caution and supported by other tests in order to maximize its use as a diagnostic biomarker. Here, even though we show that the miR-940 levels by themselves can distinguish cancer from normal, we still use PSA as a supportive diagnostic variable and suggest that the use of miR-940 with PSA will be more powerful than using PSA alone for the diagnosis of prostate cancer. Considering that this study strongly alludes to miR-940 being a biomarker for prostate cancer, larger scale validations are warranted.
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Tumor in situ fluid (TISF) refers to the fluid at the local surgical cavity. We evaluated the feasibility of TISF-derived circulating tumor DNA (ctDNA) characterizing the genomic landscape for glioma. This retrospective study included TISF and tumor samples from 10 patients with glioma, we extracted cell-free DNA (cfDNA) from the TISF and then performed deep sequencing on that. And we compared genomic alterations between TISF and tumor tissue. Results showed that the concentration of cfDNA fragments from the patients for TISF ranged from 7.2 to 1,397 ng/ml. At least one tumor-specific mutation was identified in all 10 patients (100%). Further analysis of TISF ctDNA revealed a broad spectrum of genetic mutations, which have been reported to have clinical relevance. The analysis of concordance between TISF and tumor tissue reflected the spatiotemporal heterogeneity of glioma. Collectively, TISF ctDNA was a powerfully potential source for characterizing the genomic landscape of glioma, which provided new possibilities for precision medicine in patients with glioma.
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Introduction

Glioma is a tumor with high molecular heterogeneity, its constantly evolving genetic landscape can be a huge obstacle to the clinical management of patients (1). Studies about sequential glioma biopsies have unearthed enormous divergence of the cancer genome between the initial and recurrent tumor from the same patient (2, 3). The need for precision medicine is to characterize the real-time molecular status of the tumor, which is believed to have therapeutic significance for glioma patients (4). However, serial biopsies constitute a high risk to patients and are not realistic in clinical practice.

Liquid biopsy, defined as biofluids used for molecular diagnostics (5), has brought new hope and possibilities to precision medicine. For example, blood-based circulating tumor DNA (ctDNA) detection has proved to be of great clinical significance for a variety of solid tumors (5), such as breast (6), gastric (7), and esophageal (8) cancers. However, regarding the CNS, identifying detectable ctDNA in plasma remains challenging (9). Current studies reported that cerebrospinal fluid (CSF) could be a promising reservoir of ctDNA for brain glioma (10, 11), but with the concomitant imperfection that tumor shedding DNA to the CSF is affected by tumor burden and tumor abutting CSF (11).

The body fluid for liquid biopsy should include any conceivable stable-acquired fluid collection (12). The surgical resection for glioma always creates a cavity at the tumor site, inside exists fluid that connects or does not connect with the CSF reservoir. Here, we coined the term “Tumor in situ fluid (TISF)” to describe the fluid in the local surgical cavity. It is known that most gliomas relapse at the local site (13, 14), thus tumor-shed biomarkers would congregate in TISF over the process of treatment resistance and tumor progression. Moreover, with an intraoperatively implanted reservoir, obtaining TISF postoperatively is clinically feasible and uninjurious. Based on this hypothesis, we retrospectively investigated whether ctDNA from TISF could be a new source of liquid biopsy for precision medicine for patients with glioma.



Materials and Methods


Patients and Ethics Statement

This study included tumor in situ fluid (TISF) and tumor samples from 10 patients who were diagnosed as glioma (WHO grade III or IV) and treated in Henan Provincial People’s Hospital (HPPH). All patients received surgical treatment with a reservoir implanted into the surgical cavity intraoperatively and TISF were collected after surgery. The retrospective study was approved by the institutional review board and ethics committee of HPPH (Zhengzhou, China). Written informed consent was signed by all patients and/or their legal representatives.



Sample Collection

As mentioned above, a reservoir for postoperative local chemotherapy was indwelled into the resection cavity during the surgery for every patient. After surgery, 0.5 to 1 ml TISF was collected for every patient using the indwelled reservoir (Figure 1). Unstained paraffin-embedded tumor tissues (UPETT) were collected, and tumor DNA was isolated for 9 of the 10 cases (90%). Blood samples (5 ml) for germline DNA control from each patient were also obtained.




Figure 1 | A diagram for the tumor in situ fluid (TISF) collection. A reservoir was implanted into the resection cavity during the resection surgery. The dome end was placed beneath the scalp attached to the catheter that was inserted within the brain leading to the tumor resection-created cavity. A small amount of fluid could be extracted with a disposable milliliter syringe from the resection cavity via this reservoir postoperatively.





Isolation of Tumor DNA and Germline DNA

As described elsewhere (10), EDTA tubes containing biofluids (TISF or CSF or blood) were centrifuged at 1,900g for 10 min, after that, the supernatants from those were additionally centrifuged at 16,000g for 10 min. And then samples were stored at −80°C before extraction. Genomic DNA was extracted from UPETT with the QIAamp DNA Tissue & Blood Kit (Qiagen; Germantown, MD, USA). Cell-free DNA (cfDNA) was extracted from biofluids using the MagMAX™ CellFree DNA Isolation Kit (ThermoFisher Scientific; Waltham, MA, USA). Finally, all segregated DNA was quantified using the Qubit 2.0 Fluorometer with the Qubit dsDNA HS Assay kit (Life Technologies; Carlsbad, CA, USA) following the advised protocol.



NGS Library and Sequencing Data Analysis

As described elsewhere, the DNA libraries were captured with a designed panel of 68 genes for brain tumors (GenetronHealth; Beijing, China) (10), those genes containing major brain tumor-related genes. The DNA sequencing was based on novaseq high-throughput sequencing platform.



Statistical Analysis

The log-rank test was used to compare the survival difference between different groups, and the nonparametric Mann Whitney test was for difference analysis between the two groups.




Result


Patient Characteristics

This cohort included seven female and three male who were diagnosed as WHO grade III or IV glioma, Specifically, six IDH wild-type glioblastoma (GBM) (60%), three IDH mutant low-grade (III) glioma and 1 IDH mutant GBM (40%) according to the 2016 WHO brain tumor classification with IDH status (15). The mean age was 52.7 years (33–66 years). Four tumors were located at the frontal lobe, three at the temporoparietal lobe, two at the temporal lobe, and the last one at the thalamus. Patients’ characteristics were summarized in Table 1. All patients received concurrent chemoradiotherapy (CRT) followed by adjuvant temozolomide (TMZ) combining with local Methotrexate chemotherapy after surgery. Clinical courses of patients were presented in Figure 2.


Table 1 | Patients characteristics.






Figure 2 | Clinical courses of included patients. Each patient began from the primary surgery (Biopsy). TISF, tumor in situ fluid; CRT, concurrent chemoradiotherapy; TMZ, adjuvant temozolomide chemotherapy; BEV, bevacizumab.





TISF ctDNA Represented the Genetic Landscape of Glioma

The concentration of cfDNA from TISF ranged between 7.2 and 1,397 ng/ml (Figure 3C), which was high enough to minimize analytic errors in subsequent analysis. In total, 83 alterations of 37 different genes were detected. The average number of mutations detected in the TISF-derived ctDNA of respective individuals was 7.55 ± 6.79 (range, 1 to 22). The most frequently altered genes were TP53 (50%), SETD2 (40%), NF1 (30%), PTEN (30%), RELA (30%), DAXX (30%), EGFR (30%), and FAT1 (30%). The most common category of mutation was missense mutation (65.1%), followed by frame-shifting mutation (18.1%) and nonsense mutation (13.3%) (Figure 3A).




Figure 3 | Analysis of tumor DNA from TISF and tumor tissue. (A) the mutational landscape for both TISF and tumor tissue. For each patient, the left column represented TISF-derived ctDNA and the right column represented tumor tissue, patient 4 just had one column for the TISF. (B) Concordance of tumor DNA between TISF and tumor tissue. The percentage of shared mutations varied from 0% to 100% (median 30.0%). (C) Cell-free DNA (cfDNA) levels from TISF. The concentration of cfDNA from TISF ranged between 7.2 and 1397 ng/ml. For patient 9, the second time TISF cfDNA experienced a significant increase. (D) Survival curve for patients with different IDH status. In all 10 patients (including 6 IDH wild type and 4 IDH mutant gliomas), the IDH status was accordant between the TISF and tumor tissue (100%). Median overall survival after the primary surgery was 14.2 and 32.2 months (P = 0.0038) for TISF wild-type IDH and TISF mutant IDH glioma, respectively.



To identify whether TISF ctDNA could reflect the genome alterations of glioma, we analyzed the sequencing results in depth. Firstly, IDH status was included to determining the diagnosis for glioma in the WHO 2016 classification (15). We examined whether this genetic alteration could be detected in the TISF and matched that of the tumor tissue. In all 10 patients (including six IDH wild type and four IDH mutant gliomas), the IDH status was accordant between the TISF and tumor tissue (100%). Median overall survival after the primary surgery was 14.2 and 32.2 months for wild-type IDH and mutant IDH glioma (P = 0.0038), respectively (Figure 3D).

Further analysis of TISF ctDNA revealed a broad spectrum of genetic mutations which have been reported to have clinical relevance. For example, mutations of PTEN, TSC2, TSC1, NF1, and PIK3CA have been demonstrated activating PI3K/AKT/mTOR pathways, which will then boost the growth and progression of the tumor (16); FAT1 alteration is reported closely related to Wnt signaling pathway (17); modification on tumor suppressor genes, including TP53, BRCA1, BRCA2, CHEK2, and PTCH1 and on cell cycle genes, such as CDKN2A (18, 19). Many of these mutations are promising targets of precision therapeutic regimens (Table 2). Additionally, TMZ as an alkylating agent can induce the mutations of mis-match repair (MMR) genes, which is related to treatment resistance (20). We identified MMR gene mutations (MSH2, MLH1, and PMS2) in three patients (patients 3, 5, and 7), including two IDH wild-type GBM and one IDH-mutant GBM, all of them received systematic TMZ treatment previously, and we did not detect this signature in their tumor tissues.


Table 2 | Potential beneficial targeted medicine for patients.



Collectively, these results indicated that ctDNA from TISF was capable to characterize the genomic landscape of glioma during its progression process.



Concordance Between TISF and Tumor Tissue

We compared the sequencing results of tumor DNA from TISF and UPETT for nine patients (Figure 4). The median interval between biopsy (surgery) and the first TISF collection was 10.8 months (3.2–16.4 months). The percentage of shared mutations varied from 0% to 100% (median, 31.6%) (Figure 3B). We further divided the 9 patients into 2 groups: group H (n=5, patients 1, 2, 8, 9, 10) included patients with low-grade glioma ((WHO grade III)) or underwent a short interval between TISF collection and tumor tissue biopsy (less than 4 months); group L included the remaining four patients (patients 3, 5, 6, 7). Subsequently, the median for the percentages of shared mutations of group H came at 54.5% (31.6%–100%), and the median for group L became 8.3% (0–25%), there was a significant difference between the two groups (P = 0.0159) (Figure 3B).




Figure 4 | Follow-up MRI showed tumor progression. All patients received serial MRI as the standard of care. As presented in the images and the illustrative flowchart, A1–E1 stand for a postoperative representative timepoint, at which we could not notice an obvious sign of tumor progression on the MRI scans, but at which we suspected tumor progression according to the comprehensive conditions of patients, then TISF was collected, in which tumor-specific ctDNA mutations were detected. 2–4 months later, as shown in the images A2–E2, definite radiologic sign of tumor recurrence appeared. This is interesting but we still presume that the simple signature of ctDNA-positive in TISF could not be a biomarker for early predicting the recurrence of glioma, because of the special location of TISF, which is at the local site of the tumor. The tumor progression should be determined by a specific genetic analysis.



Despite those considerable divergences between TISF and tumor tissue, for some key genes, on the other hand, high concordance was observed between TISF and tumor tissue, one is the above-mentioned IDH1, another example is the PTEN mutation (three patients, 100%) which can activate the PI3K/AKT/mTOR signaling pathways (18). Furthermore, for patient 9 (WHO grade III anaplastic oligodendroglioma), we collected another TISF for ctDNA analysis at 26.6 months after surgery. We observed more shared mutations with tumor tissue than the first TISF (3 vs. 0) and higher accordance (60% vs. 0).



TISF ctDNA Was Before Imaging Progression

Postoperatively, all patients had serial follow-up MRI. We noticed that TISF collection was performed at time points when apparent signs could not be spotted on the MRI scans for five patients. And it was until 2 to 4 months after TISF collection when doubtless recurrence signs could be observed on the images (Figure 4). However, we presumed that shedding DNA to TISF was a universal property of glioma because of the special location of TISF, thus ctDNA-positive in TISF could not be a biomarker for predicting the recurrence of glioma, and tumor progression should be determined by the specific genetic results as described above.




Discussion

Dynamically characterizing the heterogeneity of glioma with liquid-based biomarkers is a powerful tool for precision medicine, which has been increasing the likelihood of curing malignancies (5). Here we originally demonstrated the feasibility of TISF as a steady source of liquid biopsy for glioma, providing new insight to precision medicine for brain tumors.

We identified abundant alterations derived from glioma in TISF, in-depth analysis proved that those mutations could reflect the genomic landscape of glioma during the treatment process. The landscape included PI3K/AKT/mTOR pathways-related genes, tumor suppressor genes, cell cycle genes, etc. This evidenced that multiple mechanisms contribute to the genesis and development of glioma, many of them are potential targets of precision therapies (Table 2).

In a previous CSF-based liquid biopsy study, Miller et al. observed a considerable divergence of shared mutations between CSF samples and tumor tissues (0–100%) across patients. Meantime, they found that samples collected at a closer interval (<3 weeks) had a higher percentage of shared mutations (79%) than those collected at a longer interval (>1,000 days) (29%) (11). Here we observed a comparable phenomenon in this pilot study. All samples were collected at a long interval (>3 months) and the percentage of shared mutations varied considerably from 0% to 100% (median, 31.6%). Interestingly, when we divided patients into two groups, i.e., group H containing patients with low-grade glioma or with a shorter interval (<4 months) and group L including the remaining patients, the fact came that group H had a higher percentage of shared mutations (median 54.5%) than group L did (median 8.3%). Several scenarios might account for these divergences. One is the spatial heterogeneity of glioma, i.e., the observation that tumor cells can show distinct genetic characteristics and one tumor biopsy usually only represents a part of tumor heterogeneity. Two is the temporal heterogeneity of glioma, which refers to that tumor can develop clonal and subclonal evolution with time, as it did in patient 9, who received two-time TISF ctDNA collection, we observed higher concordance with tumor tissue and higher cfDNA level than of the first TISF. This dynamic variation was expected correlated with the decrease in tumor burden attributed to the surgical resection and then the gradually clonal together with subclonal progression of the tumor. Another factor is due to the therapeutic pressure, which typically affects the genetic evolution of a tumor (21, 22). For example, it has been elucidated that TMZ application can induce the MMR deficit with the hypermutation ensuring in the glioma genome, which then gives contributions to the TMZ treatment resistance (20). We observed MMR gene mutations in three patients in our cohort, which was attributed to TMZ treatment. Despite those divergences and dynamics, we also noted that certain mutations were present in both tumor tissue and TISF, such as IDH1 and PTEN, which support the perspective that certain mutations or pathways occurred at the early stage of tumorigenesis and contribute to the tumor growth and progression throughout the life of the tumor (22, 23). In a word, these phenomenon and features of the tumor greatly evidenced the urgent need of precision characterization of genomic status for glioma in real time. Future frequent TISF-based liquid biopsies would be able to depict the genomic dynamics under therapeutic pressure and based on that to guide the modification of treatment combinations.

Imaging-based assessment of tumor progression for glioma cannot overcome the hysteresis and cannot reflect the molecular status of the tumor, which makes it impossible for clinicians to monitor the microscope progression of glioma from the early stage of postoperative management. In this study, we noted that detectable mutations of ctDNA from TISF were prior to clear evidence of radiologic recurrence. It was interesting but we still presumed that the simple signature of ctDNA-positive in TISF could not be a biomarker for early predicting the recurrence of glioma, because of the special location of TISF, which is at the local site of the tumor. It could be a universal property of glioma to shed tumor DNA into TISF at any stage. And we hypothesized that potential biomarkers would appear locally in high concentrations in TISF and might then be found diluted in the CSF and eventually plasma, the latter two signatures might be the adverse prognostic factors. The tumor progression should be determined by a specific genetic analysis.

In conclusion, we proved the feasibility of TISF ctDNA for characterizing the genomic landscape of glioma, this original insight provided new perspectives and possibilities for precision medicine in patients with glioma.
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Background

Plasma miRNAs are emerging biomarkers for colon cancer (CC) diagnosis. However, the lack of robust internal references largely limits their clinical application. Here we propose a ratio-based, normalizer-free algorithm to quantitate plasma miRNA for CC diagnosis.



Methods

A miRNA-pair matrix was established by pairing differentially expressed miRNAs in the training group from GSE106817. LASSO regression was performed to select variables. To maximize the performance, four algorithms (LASSO regression, random forest, logistic regression, and SVM) were tested for each biomarker combination. Data from GSE106817 and GSE112264 were used for internal and external verification. RT-qPCR data acquired from another cohort were also used for external validation.



Results

After validation through four algorithms, we obtained a 4-miRNA pair model (miR-1246 miR-451a; miR-1246 miR-4514; miR-654-5p miR-575; miR-4299 miR-575) that showed good performance in differentiating CC from normal controls with a maximum AUC of 1.00 in internal verification and 0.93 in external verification. Tissue validation showed a maximum AUC of 0.81. Further external validation using RT-qPCR data exhibited good classifier ability with an AUC of 0.88.



Conclusion

We established a cross-platform prediction model robust against sample-specific disturbance, which is not only well-performed in predicting CC but also promising in the diagnosis of other diseases.





Keywords: colon adenocarcinoma, miRNA, circulation miRNA, miRNA-pair, miRNA standardization



Introduction

With 1.9 million new cases, colon cancer (CC) ranks third among all cancers in incidence worldwide (1). The number of CC patients grows rapidly during the past decade, which has become a major global health problem (2). Early-stage CC patients could be cured by minimally invasive surgery and showed a 5-year survival rate of 74% (3). Thus, detection of CC at a resectable stage is a long-term pursuit of gastroenterologists (4).

Plasma microRNAs (miRNAs), representing an emerging direction of liquid biopsy, are bringing new insights to early detection of CC. Many efforts have been made to evaluate plasma miRNAs to predict CC (5, 6). Among the main existing miRNA detection methods, omics tools such as miRNA-sequencing and miRNA chip are costly and not suitable for large-scale population cancer screening. Real-time quantitative PCR (RT-qPCR) is a cost-effective alternative to the omics tools in miRNA detection. However, the absence of a proper standardization method for RT-qPCR data of plasma miRNA largely limited its reliability and repeatability in quantification assays (7). Thus, although dozens of miRNA biomarkers have been proposed in different labs, few of them were reproducible by other researchers and could eventually be applied to large-scale population screening of cancers.

In this study, we proposed a miRNA paired ratio-based standardization method for plasma miRNA quantification. We calculated the ratio of two given miRNAs in the same plasma sample, used this ratio as a new kind of variables, and constructed a prediction system based on these ratios to predict risks of CC. This ratio-based system performed well in both miRNA chip data and RT-qPCR data by eliminating possible sample-specific disturbance. We believe that this system is not only well-performed in predicting CC but also promising in the diagnosis of other diseases.



Materials and Methods


Patients Cohorts

Plasma miRNA chip data from GSE106817 (8) and GSE112264 (9) in GEO database were obtained for analysis. GSE106817 was divided into a training group and a testing group by random number. GSE112264 was used for external verification. Furthermore, miRNA chip data of tissue samples from GSE115513 (10) was also used for validation in tissue samples. 104 plasma samples of CC patients and normal controls from Beijing Friendship Hospital were collected for RT-qPCR data validation. Clinical details of these subjects were shown in Supplementary File 1. All participants had signed the informed consent, and this study was approved by the ethics committee of Beijing Friendship Hospital. Flowchart of this study was shown in Figure 1.




Figure 1 | Flowchart of study. Flowchart of this study. In short, we calculated the ratio of two given miRNAs in the same plasma sample, used this ratio as a new kind of variables, constructed a prediction system based on these ratios to predict risks of CC, and validated these models in internal level, external level, tissue level and RT-qPCR level.





Differentially Expressed miRNA Analysis and miRNA-Pair Matrix Construction

Differentially expressed (DE) miRNA analysis was performed to training group derived from GSE106817 using “limma” package (11) in R 3.5.2. Then, miRNA paired ratios were calculated from any two DE miRNAs expression values in the same sample. Subsequently, univariate logistic regression was used to exclude pairs not associated with cancer occurrence and constructed a final miRNA-pair matrix for the training group.



Prediction Model Construction

LASSO regression was performed to select variables in the miRNA-pair matrix using “glmnet” package (12) in R 3.5.2. Models enrolled 1, 2, 3, 4 miRNA-pairs were successively established by a step-wise variable selection process by controlling lambda values in a LASSO regression. Then, the logistic prediction model for each of these models were constructed by “glm” function in R. Random forest models were established by “randomForest” package. Support vector machine (SVM) models were designed using “e1071” package. Furthermore, area under the curve (AUC) of all these prediction models were calculated to evaluate their performance.



Internal and External Verification by miRNA Chip Data

The testing group of GSE106817 was used for internal verification of the models. Receiver operator characteristic (ROC) curves of these models were drawn by using “plotROC” package (13) and “ggplot2” package. GSE112264 was used for external verification of these models. Furthermore, we also evaluated the diagnostic validity of those models in tissue miRNA chip data from GSE115513. AUC values of internal and external verification for each model were calculated.



RT-qPCR Validation

104 plasma samples from Beijing Friendship Hospital were used for external validation (Supplementary File 1). Total RNA isolated from plasma was obtained using TRIzol following the manufacturer’s protocol (Takara, Shiga, Japan). Total RNA was reverse-transcribed and cDNA was synthesized using miR-specific stem-loop RT primers and components of the High-Capacity cDNA Reverse Transcription kit (Takara, Shiga, Japan, RR036a). The amplification of cDNA was performed in 10-μl reaction system following the SYBRGREEN life assays manufacturer’s instructions. Primers used in RT-qPCR validation were shown in Supplementary File 2.



GSEA Analysis, Gene Ontology Analysis and KEGG Pathway Analysis

Target genes of selected miRNAs were predicted by TargetScan (14). Gene ontology analysis was then performed to identify ontologies (MF, molecular functions; BP, biological processes; CC, cellular component) enriched in the target genes of those miRNAs using clusterProfiler (15) package in R software. KEGG pathway and GSEA enrichment analysis (16) was also performed to find out the potential pathways which may be affected by those miRNAs.



Statistical Analysis

All statistical analyses were calculated by R software (version 3.5.2; https://www.r-project.org/). DE miRNAs were identified by “limma” package (version 3.38.3). ROC curves were graphed using “plotROC” package (version 2.2.1). LASSO regression was performed using “glmnet” package (version 2.0-18). Random forest regression and SVM were performed using “randomForest” package (version 4.6-14) and e1071 package (version 1.7-2). Statistical significance was defined as P <0.05.




Results


DE miRNA Identification and miRNA-Pair Matrix Construction

387 DE miRNAs were identified after DE analysis in the training group (91 CC and 157 NC) of GSE106817 (Figure 1). Any two of these 387 DE miRNAs were paired, which constructed a miRNA-pair matrix containing 74,691 miRNA-pairs. Univariate logistic regression was subsequently performed to screen for cancer-related miRNA-pairs. Finally, a miRNA-pair matrix with 61,939 miRNA-pairs was obtained.



Prediction Model Construction and Internal Verification by miRNA Chip Data

LASSO regression was performed to select the most effective variables from all miRNA-pairs to construct multivariate prediction models. Models included 1, 2, 3, 4 miRNA-pairs were established successively by a step-wise variable selection process in a LASSO regression, which is shown in Table 1 (Figure 2A).


Table 1 | Gene models established by LASSO regression.






Figure 2 | Internal validation of four models by four methods. (A) Models included 1, 2, 3, 4 miRNA-pairs were established successively by a step-wise variable selection process in a LASSO regression. AUC levels of them were all more than 0.97. (B) Internal validation of 1-gene pair model using LASSO regression, random forest, logistic regression and SVM methods. (C) Internal validation of 2-gene pair model. (D) Internal validation of 3-gene pair model. (E) Internal validation of 4-gene pair model.



Plasma miRNA chip data of 24 CC and 73 NC from the testing group was used for internal validation. To fully maximize the performance of these models, four methods (LASSO regression, random forest, logistic regression and SVM) were simultaneously tested. High AUC results of at least 0.9 in each model were obtained, which suggested a good efficacy in CC detection (Figures 2B–E).



External Verification of Prediction Models by miRNA Chip Data

Another dataset (GSE112264) with plasma miRNA chip data of 50 CC and 41 NC was used for external verification. Four algorithms (LASSO regression, random forest, logistic regression and SVM) were applied to validate each of these models, and we finally obtained high AUC levels of over 0.7 in each model (Figures 3A–D). Especially, for the 4-miRNA-pair models, AUC of different algorithms was 0.8556, 0.9346, 0.7985, 0.7759, respectively (Figure 3D). Those results suggested a good reproducibility of our models in different cohorts.




Figure 3 | External validation of four models using miRNA chip data. (A) External validation of 1-gene pair model using LASSO regression, random forest, logistic regression and SVM methods. (B) External validation of 2-gene pair model. (C) External validation of 3-gene pair model. (D) External validation of 4-gene pair model.





Tissue Verification of Prediction Models by miRNA Chip Data

Generally, 3-miRNA-pair models and 4-miRNA-pair models with an AUC >0.8 could be considered as possibly applicable in clinical scenarios. To better understand their rationality, we further validated those constructed models in a tissue sample-derived miRNA chip dataset (GSE115513). For 3-miRNA-pair models, the SVM method could reach an AUC value of 0.71, while the AUC value of the logistic regression was 0.80 (Figure 4A). For 4-miRNA-pair models, the logistic regression method could reach an AUC value of 0.81 (Figure 4B). Those results exhibited reliable diagnostic performance of our prediction models in tissue samples.




Figure 4 | External validation of prediction models in tissue samples. (A) Tissue validation of 3-gene pair model using logistic regression and SVM methods. (B) Tissue validation of 4-gene pair model using logistic regression and SVM methods.





Validation for Potential Clinical Application by RT-qPCR

Next, we conducted RT-qPCR assays to validate those models. For the 3-miRNA-pair model, SVM method could reach an AUC value of 0.71, which could boost to 0.82 when taking clinical information such as age and gender into consideration. However, logistic regression models gave a lower AUC level as compared to SVM (Figure 5A). For the 4-miRNA-pair model, AUC of SVM was 0.78 and could increase to 0.88 when adding age and gender into this model (Figure 5B).




Figure 5 | External validation and subgroup analysis of selected models using plasma miRNA q-PCR data from Beijing Friendship Hospital. (A) External validation of 3-gene pair model using logistic regression and SVM methods. Red and blue lines represent adding patients’ age and gender into consideration. (B) External validation of 4-gene pair model. (C) ROC assessment of 3-gene pair model predicting early cancer. (D) ROC assessment of 4-gene pair model predicting early cancer. (E) ROC assessment of 3-gene pair model predicting advanced CC. (F) ROC assessment of 4-gene pair model predicting advanced CC.



Then we performed subgroup analysis focusing on early CC patients and advanced CC patients, respectively. An AUC of 0.83 in the 3-miRNA-pair SVM model and an AUC of 0.92 in the 4-miRNA-pair SVM model were obtained when applying those models to distinguish 16 early CC patients from 48 normal controls (Figures 5C, D). Similarly, a sub-cohort consists of 40 advanced CC patients and 48 normal controls was also analyzed. The AUC reached to 0.81 in the 3-miRNA-pair SVM model and 0.85 in the 4-miRNA-pair SVM model (Figures 5E, F). The comparable efficiencies between detecting early CC and advanced CC are inspiring, but the sample size is too small to draw a definite conclusion.



GSEA Analysis, GO Analysis and KEGG Pathway Analysis for the Involved miRNAs

Target genes of selected miRNAs were predicted by TargetScan based on their seed positions, which were shown in Table 2. GSEA analysis was then applied and showed target genes were mostly related to colorectal adenoma and colorectal cancer (Figures 6A, B).


Table 2 | Target gene analysis of miRNAs in prediction model.






Figure 6 | GO analysis and KEGG pathway analysis. (A, B) GSEA analysis showed target genes were mostly related to colorectal adenoma and colorectal cancer. (C) KEGG analysis showed that target genes of miR-4299 were mainly involved in HSV-1 infection and MAPK signaling pathway. DEF. GO analysis showed that these target genes were involved in regulation of cell morphogenesis (D), neuronal cell body (E) and small GTPase binding (F). *: RNA polymerase II−specific.



KEGG analysis and GO analysis were also performed to find out gene functions and pathways affected by these miRNAs. KEGG analysis showed that target genes were mainly involved in HSV-1 infection and MAPK signaling pathway (Figure 6C). GO analysis showed that they were involved in regulation of cell morphogenesis (biological processes, Figure 6D), neuronal cell body (cellular component, Figure 6E), and small GTPase binding (molecular functions, Figure 6F).




Discussion

Early detection of CC is clinically crucial but technically difficult, since the patients are hardly to exhibit any symptoms until turning into advanced stages (17). Traditional biomarkers (e.g., CEA and CA19-9) showed low sensitivity and specificity in cancer detection, which may cause missed and delayed diagnosis. Recently, an increasing number of researches focused on new biomarker types, such as plasma miRNAs (18). Plasma miRNAs are stable under various storage conditions and resistant to degradation, which made them good candidates for cancer biomarkers (6). For example, Vychytilova-Faltejskova et al. enrolled 144 colon cancer patients and 96 healthy controls, and sequencing 20 libraries each containing pooled RNA of 12 different cases (19). They constructed models by logistic regression and validated them in RT-qPCR data of 427 patients. This study had a large sample size and recorded many clinical details; however, only logistic regression was used for model construction, and the normalization method used in serum miRNA RT-qPCR quantification wasn’t provided. María et al. enrolled 123 patients (63 with CRC, 60 with advanced adenomas) and 73 healthy controls, and identified 6 plasma miRNAs for CRC detection, which also represented good classifier abilities to advanced adenomas (20). This study had large sample volume and selected a relatively stable miRNA (miR-16) as internal reference; however, a proper modeling algorithm could make its diagnostic value better.

Among all detection methods, RT-qPCR is a proper method for clinical application for its low-cost as compared to miRNA-seq and miRNA chips (21). However, its accuracy was often questioned due to the low concentration of miRNAs in plasma and no reliable normalizer for quantification. There are two regular methods for plasma miRNA standardization. The most popular method is using traditional reference genes, such as U6 (22) and miR-16 (23), which have been considered stably expressed in human cells. However, even those reference miRNA could be dysregulated and exhibited a altered abundance in the circulation system in a disease-specific manner (24, 25). Consequently, those reference RNAs are not suitable for data normalization in circulating miRNA quantification. Spike-in exogenous miRNAs such as cel-miR-39, cel-miR-54, SV40 were also used as external references to partially eliminate deviations from experimental processes. However, these external controls could not correct sample specific deviations (26). Here we proposed a miRNA-pair ratio-based algorithm to quantitate plasma miRNA. We calculated the ratio of any two candidate miRNAs in the same sample, and taking these ratios as new variables to predict cancer occurrence. Considering that expression levels of two miRNAs were simultaneously measured under same conditions, their ratio could reflect true fold change ratio by canceling disturbance of different reference genes, which has been mathematically proved (27).

The thought using miRNA ratios to establish a prediction system for disease evaluation began in 2011. Mattia Boeri et al. performed a miRNA ratio signature study and found that signatures of miRNA ratios could reflect the prognosis of lung cancer patients with an AUC value >0.85 (28). However, the small sample size and a lack of demonstration of theoretical rationality largely weaken the confidence of their results. Then, Yu et al. mathematically verified miRNA-pair ratios to be independent of internal or external controls, which means miRNA ratios would remain stable no matter what inference genes were chosen (27). Thus, using miRNA-pair ratios instead of miRNA quantification could fully eliminate both experimental processes derived deviations and sample specific deviations. Here, for the first time, we constructed a full pipeline by using miRNA-pair ratio to construct prediction models for cancer diagnosis. Enrolled three independent cohorts with both miRNA profiling and RT-qPCR data, we rigorously proved the robustness and cross-platform stability of this approach.

Our results suggested that a 4-miRNA-pair model could well differentiate CC patients from healthy controls with an AUC of 0.78. Stability is the major advantage of this algorithm. No matter which detection method was adopted and which reference gene was chosen, miRNA ratios would remain stable in a certain sample. Here we found that our prediction models could stay effective in both miRNA chip verification and RT-qPCR validation. This cross-platform property makes it more easily to be clinical applied, creates an opportunity for its further application in new detection methods such as microfluidics and thermophoresis.

Although we have assessed this new method in the field of cancer diagnosis and achieved good classifier ability, there were still many other fields worth exploring such as distinguishing chemotherapy/radiotherapy-sensitive CC patients, diagnosis of other cancers or noncancerous diseases, monitoring therapeutic responses. Moreover, although we have analyzed the potential pathways and biological processes involved in these miRNAs, inner connections and biological interaction between those miRNA-pairs still need in-depth investigation.

In conclusion, we have established a cross-platform prediction model robust against sample-specific disturbance, which is not only well-performed in predicting CC but also promising in the diagnosis of other diseases.
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Purpose: Monocarboxylate transporter 4 (MCT4) can influence the amount of lactate in the tumor microenvironment and further control cancer cell proliferation, migration, and angiogenesis. We investigated for the first time the expression of MCT4 in circulating tumor cells (CTCs) derived from early stage Non-Small Cell Lung Cancer patients (NSCLC) and whether this is associated with clinical outcome.

Experimental Design: A highly sensitive RT-qPCR assay for quantification of MCT4 transcripts was developed and validated and applied to study MCT4 expression in CTC isolated through the Parsortix size-dependent microfluidic device from 53 and 9 peripheral blood (PB) samples of NSCLC patients at baseline (pre-surgery) and at relapse, respectively, as well as the “background noise” was evaluated using peripheral blood samples from 10 healthy donors (HD) in exactly the same way as patients.

Results: MCT4 was differentially expressed between HD and NSCLC patients. Overexpression of MCT4 was detected in 14/53 (26.4%) and 3/9 (33.3%) patients at baseline and at progression disease (PD), respectively. The expression levels of MCT4 was found to increase in CTCs at the time of relapse. Kaplan-Meier analysis showed that the overexpression of MCT4 was significantly (P = 0.045) associated with progression-free survival (median: 12.5 months, range 5–31 months).

Conclusion: MCT4 overexpression was observed at a high frequency in CTCs from early NSCLC patients supporting its role in metastatic process. MCT4 investigated as clinically relevant tumor biomarker characterizing tumor aggressiveness and its potential value as target for cancer therapy. We are totally convinced that MCT4 overexpression in CTCs merits further evaluation as a non-invasive circulating tumor biomarker in a large and well-defined cohort of patients with NSCLC.

Keywords: liquid biopsy, CTCs, NSCLC, MCT4, RT-qPCR, EMT 3


INTRODUCTION

Lung cancer remains the most commonly diagnosed cancer and the leading cause of cancer death globally. Non-Small Cell Lung Cancer (NSCLC) is the common histological subtype of the disease, accounting for 85% of all lung cancer diagnoses (Molina et al., 2008). Almost 45% of patients with operable early stage NSCLC relapse within the first 18 months and the probability of patients’ survival depends on the possibility of early detection of relapse (Siegel et al., 2015). The use of targeted therapy such as tyrosine kinase inhibitors (TKIs) and/or immunotherapy has led to unprecedented survival benefits in selected patients (Wu et al., 2020). Moreover, the use of therapeutic modalities against the Minimal Residual Disease (MRD) and before the development of clinically detectable metastatic lesions seems to be emerged as an important advancement in the management of early stage NSCLC. Indeed, it has been recently reported that the administration of Osimertinib in the context of adjuvant treatment in resected EGFR mutant NSCLC significantly reduced the relapse rate and prolonged the overall survival (Wu et al., 2020). The possibility of probing the early detection of NSCLC via a blood draw –termed as “liquid biopsy”- has attracted remarkable interest among the oncology community (Pawlikowska et al., 2019; Tamminga et al., 2019; Frick et al., 2020). Different tumor-derived components can be isolated from blood, including Circulating Tumor Cells (CTCs), circulating tumor DNA (ctDNA), cellfree RNA (cfRNA), exosomes, and tumor-educated platelets (TEP), providing information about the dynamic tumor profile over time (Heidrich et al., 2020). The FDA has approved the use of ctDNA for the response prediction and monitoring development resistance to EGFR TKI therapy in NSCLC patients (Wang et al., 2017; Zhang et al., 2017).

The application of liquid biopsy in NSCLC is being used for the diagnosis, prognosis and monitoring of disease based on signature molecular markers (Luo et al., 2018). However, the clinical significance of CTC enumeration in NSCLC is yet to be established since due to the EMT process, EpCAM-independent methods are required in order to isolate and characterize CTCs from NSCLC patients. Indeed, molecular characterization of CTCs got potential for the improvement of our knowledge in the field of metastatic process, the identification of new treatment predictive markers and stratification of patients into prognostic groups.

The CellSearch® system, which is the only FDA approved assay for CTC detection in metastatic breast, colorectal and prostate cancers but is able to identify CTCs only in about 23–39% of stage IV NSCLC patients (Krebs et al., 2012). Detection of CTCs in NSCLC has been challenging due to the rarity of these cells in circulation and the presence of non-epithelial characteristics due to epithelial mesenchymal transition (EMT) (Lianidou et al., 2015). EMT is characterized by down-regulation of epithelial markers, such as cytokeratin’s (CKs), and up-regulation of mesenchymal markers like Vimentin (VIM).

Three metabolic properties of cancer cells (a) glucose uptake, (b) lactate secretion and (c) oxygen availability constitute the Warburg effect which attracts the interest of the scientific community for a many years (Warburg, 1956; DeBerardinis and Chandel, 2020). Moreover, Reprogramming Energy Metabolism is an Emerging Hallmark for cancer (Hanahan and Weinberg, 2011). Monocarboxylic acids including lactate play a crucial role in cellular metabolism, and their regulation has become a new target for understanding the pathogenesis of abnormal cellular processes such as oncogenesis (Poole and Halestrap, 1993; Halestrap and Price, 1999). These acids must be rapidly transported across the plasma membrane of cells and this transportation is mediated by proton-linked monocarboxylate transporters (MCTs). MCT4 is highly expressed in glycolytic tissues such as white skeletal muscle fibers, astrocytes, white blood cells, and chondrocytes, and it plays an important role in lactate efflux from cells (Meredith and Christian, 2008). MCT4 can control the amount of lactate in the tumor microenvironment regulating cancer cell proliferation, migration, and angiogenesis. MCT4 expression in the tumor microenvironment has been associated with decreased overall survival (OS) (Nakayama et al., 2012; Baek et al., 2014; Doyen et al., 2014; Zhu et al., 2014), and decreased disease-free survival (DFS) in cancer patients (Curry et al., 2013; Doyen et al., 2014; Zhu et al., 2014). Moreover, MCT4 has been proposed as a new therapeutic target in several tumor types including NSCLC (Kim et al., 2018; Kuo et al., 2020; Puri and Juvale, 2020).

In the current study, we first developed and validated a highly sensitive RT-qPCR assay for the quantification of MCT4 transcripts, and report for the first time that MCT4 is overexpressed in CTC isolated from patients with early NSCLC. We further evaluated whether MCT4 overexpression in CTC is associated with DFS. Our findings indicate that MCT4 overexpression in CTCs should be prospectively evaluated as a potential biomarker for early relapse in patients with resected NSCLC.



MATERIALS AND METHODS


Clinical Samples

Fifty three patients with early stage NSCLC were enrolled in the study and 62 peripheral blood samples (25 mL in EDTA tubes) from these patients were prospectively collected; 53 samples were obtained at baseline (pre-surgery), and 9 samples at the time of relapse whilst 10 peripheral blood samples from healthy donors (HD) were used as controls. For 12 patients that have been randomly chosen, 10 mL peripheral blood from the same blood draws were used to perform CTCs’ IF analysis. The first 5 mL of blood were discarded in order, to avoid contamination from skin epithelial cells. All patients gave a written informed consent to participate in the study, which was approved by the Ethics and Scientific Committee of Thoracic Diseases General Hospital Sotiria. All HD had no known illness or fever at the time of draw, no history of malignant disease, and were ≥35 years old. Clinical samples were collected from 32 men and 21 women (median age: 65.2 years, range: 39–81) and all patients were diagnosed with operable (stage IA–IIIA) NSCLC. 23 patients were diagnosed with adenocarcinoma (ADC), 26 with Squamous Cell Carcinoma (SCC) and 4 with undifferentiated (NOS) NSCLC. Thirty-eight (71.6%) patients had no evidence of disease infiltration in resected lymph nodes (N0 disease). The main patients’ characteristics are summarized in Supplementary Table 1.



CTCs Enrichment Using the Parsortix Size-Based Microfluidic Device

Micro-fluidic device named as Parsortix (ANGLE plc, United Kingdom) (Hvichia et al., 2016) was used to for the isolation of CTCs from 25 mL whole blood. A microscope slide sized disposable cassette was used for the division of blood components (Chudziak et al., 2016; Porras et al., 2018). After that, CTCs were collected in a total volume of 200 μL of PBS into tubes. The isolation of total RNA from enriched CTCs was performed by TRIZOL-LS (Thermo Fisher Scientific, United States), and finally cDNA synthesis of the extracted total RNA was carried out as previously described (Strati et al., 2017; Zavridou et al., 2018).



CTCs Isolation by ISET System

For the isolation of CTCs with the ISET (Isolation by SizE of Tumor cells) platform (Rarecells Diagnostics, France) 10 mL of peripheral blood was used. At first, each sample was diluted in 1:10 ISET buffer (Rarecells Diagnostics) and was incubated for 10 min at room temperature (RT). 100 mL of the diluted sample was filtered using a depression tab adjusted at −10 kPa. Finally, the membrane was dried for 2 h at RT and stored at −20°C. Each membrane spot was used for identification of CTCs after immunostaining and fluorescence microscopy analysis (Kallergi et al., 2016).



RT-qPCR Assay for MCT4 Expression

In silico study for the design of the primers and TaqMan probes for MCT4 and B2M (used as a reference gene) was carefully performed using Primer Premier 5.0 software. In order to ensure the specificity of all primers and probe sequences BLAST analysis was carried out (NCBI, nucleotide BLAST). Moreover, we carefully designed our primers and probes to completely avoid primer–dimer formation, false priming sites, formation of hairpin structures and hybridization to genomic DNA. The sequences of primers and probes are available in Supplementary Table 3.

RT-qPCR was performed in the LightCycler® 480 instrument (Roche, Germany). Detailed optimization experiments were carried out (results not shown). The amplification reaction mixture for MCT4 contained 2 μL of the PCR synthesis buffer (5×), 1 μL MgCl2 (25 mM), 0.2 μL dNTPs (10 mM), 0.15 μL BSA (10 μg/μL), 0.1 μL Hot-Start DNA polymerase (Promega), 0.3 μL of forward and reverse primer (10 μM), 1 μL hydrolysis probe (3 μM) and H2O to a final volume of 10 μL while the amplification reaction mixture for B2M contained 1 μL of PCR synthesis buffer (5×), 1.2 μL MgCl2 (25 mM), 0.15 μL dNTPs (10 mM), 0.3 μL BSA (10 μg/μL), 0.1 μL Hot-Start DNA polymerase (Promega), 0.25 μL of forward and reverse primer (10 μM), 0.83 μL hydrolysis probe (3 μM) and H2O to a final volume of 10 μL. Each experimental procedure included one positive and one negative control. cDNA from MCF-7 cell line was used as a positive control. In order to ensure that amplification of gDNA was completely avoided, four genomic DNAs at high concentrations were used as templates. None of these DNA samples were amplified. B2M was used as a reference gene for RT-qPCR. I n addition, single RT-qPCR was performed for epithelial markers (CK-19, CK-8, CK-18) and for EMT markers (TWIST-1 and VIM) as previously described (Markou et al., 2018; Strati et al., 2019).

RT-qPCR data for MCT4 expression were normalized in respect to B2M expression in the same cDNAs, using the 2–ΔΔCt approach (Livak and Schmittgen, 2001). CTCs isolated through micro-fluidics device are not 100% pure; since the presence of co-isolated PBMC in CTC fractions could affect the specificity of the MCT4 assay, we evaluated this “background noise” by analyzing peripheral blood samples from 10 HD in exactly the same way as patients. We estimated a cut-off based on MCT4 normalized expression in respect to B2M expression in this control group. Using this approach we defined a sample as positive for MCT4 overexpression (MCT4 positive) based on the fold change of MCT4 expression in the CTC fraction in respect to the corresponding fraction in the group of the 10 HD.



Immunostaining and Confocal Imaging

ISET filters were washed with PBS and permeabilized with 0.5% Triton-X-100 in PBS for 10 min at 20°C. Non-specific antibody binding was blocked by incubation with 10% FBS in PBS for 1 h at 20°C. To identify CK, filters were incubated with a cocktail of mouse anti-CK7 antibody (Invitrogen, United States; 1:100 dilution in PBS with 1% FBS) and mouse A45 B/B3 anti-human cytokeratin (Amgen, United States); 1:70 dilution in PBS with 1% FBS) for 1 h at 20°C. Filters were washed (3 × 5 min) with PBS and then incubated with goat anti-mouse Alexa Fluor® 488 secondary antibody (Life Technologies, United States; 1:500 dilution in PBS with 1% FBS) for 45 min at 20°C. Filters were washed (3 × 5 min) with PBS and then incubated with rabbit anti-VIM antibody (Abcam, 1:500 dilution in PBS with 1% FBS) for 1 h at 20°C. After washing (3 × 5 min) with PBS, filters were incubated with goat anti-rabbit Alexa Fluor® 555 secondary antibody (Life Technologies; 1:600 dilution in PBS with 1% FBS) for 45 min at 20°C. Filters were washed (3 × 5 min) with PBS and mounted in Prolong anti-fade mounting medium containing DAPI (Cell signaling, United States). Slides were stored at −20°C before confocal imaging.

Cytospins with H 1299 cells were used as controls (Supplementary Figure 1). One positive control (stained with all antibodies) and two negative controls (omitting one of the first antibodies) were used. Slides were washed with PBS and cells were fixed/permeabilized with ice-cold acetone/methanol (9:1) for 20 min and, thereafter, non-specific antibody binding was blocked by incubation with 5% FBS overnight at 4°C.

All imaging used a Leica (Germany) TCS SP8 confocal microscope with a ×40 oil-immersion objective. In all dual-labeling analyses we confirmed, with the use of the controls, that there was no bleed-through between the two wavelengths. Cyto-morphological criteria proposed by Meng et al. (2004) (such as high nuclear/cytoplasmic ratio, etc.) were used in order to characterize a CK-positive cell as a CTC.



Statistical Analysis

SPSS program was used for the statistical analysis of our data (SPSS Statistics 25.0, company, Armonk, NY, United States). In order to estimate the differences between groups chi-square test of independence or Fisher exact test (SPSS, version 25.0) was used. Kaplan–Meier analysis used to evaluate “time-to-event” data. Parametric and non-parametric tests were used to compare continuous variables between groups. Non-parametric tests were used to analyze the relationship between MCT4 expression and various clinicopathological characteristics for each patient (the Mann–Whitney and χ2-test between 2 groups and the Kruskall Wallis test for 3 or more groups). All P-values are two-sided. A level of P < 0.05 is considered statistically significant unless specified otherwise.



RESULTS

The outline of the study is shown in Figure 1.
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FIGURE 1. Outline of the experimental procedure. (A) Gene expression profiling of CTCs. (B) Phenotypic evaluation of CTCs.



Phenotypic Evaluation of CK and VIM in CTCs

CTCs were detected in 14 of 16 (87.5%) patients with early stage NSCLC. The mean and median numbers of CTCs per patient were 4.6 and 1 (range, 0–20), respectively. The absolute number of CTCs per patient for each distinct phenotype is shown in Table 1. Double-staining experiments (VIM/CK) and confocal laser scanning analysis revealed an heterogeneous expression of CK and VIM. Indeed, CTCs had low expression of CKs (lower than the CK expression in control H 1299 cells) (Supplementary Figure 2); VIM+CKlow CTCs could be detected in 12 out of 16 patients (75%) and VIM–CKlowCTCs in 37.5% (6 of 16) of patients.


TABLE 1. The absolute number of CTCs per patient for CKlowVIM+ and CKlowVIM– phenotype.
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Gene Expression of CTCs Using RT-qPCR


Epithelial Markers

cDNAs isolated from clinical samples were further analyzed for epithelial markers (CK8, CK18, CK19) using our previously developed and analytically validated RT-qPCR assays. At baseline, CK8 expression was detected in 8/53 (15.1%), while CK18 and CK19 were detected in 14/53 (26.4%) and 14/53 (26.4%), respectively. In total, in 27/53 (50.9%) samples were detected at least one CK marker (Figure 2).
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FIGURE 2. Heat map of CK-8/CK-18/CK-19 epithelial markers, VIM, TWIST-1, and MCT4 as quantified by RT-qPCR.




EMT Markers

The expression of EMT markers TWIST-1 and VIM was also evaluated in the same cDNAs, using our previously developed and analytically validated RT-qPCR assay (Markou et al., 2018; Strati et al., 2019). TWIST-1 was overexpressed in 11/53 (20.7%) of samples, while VIM in 35/53 (66%) of samples. In total, at least one EMT marker was detected in 41/53 (77.3%) samples (Figure 2).



MCT4 Expression in CTC of Healthy Individuals and NSCLC Patients

Overexpression of MCT4 transcripts could be detected in 14/53 (26.4%) patient samples. The evaluation of the differences in the expression of MCT4 in CTC between HD and early stage NSCLC patients revealed a significantly higher expression of MCT4. As can be seen in Figure 3, the overexpression of MCT4 differed significantly in patient’s samples compared to HD’s samples (P = 0.036; Figure 3). For a subgroup of these patients (n = 9), peripheral blood samples were available both at baseline and at the time of relapse. In this group, MCT4 overexpression was observed in 6/18 (33.3%) CTC fraction samples [in 3/9 (33.3%) at baseline and 3/9 (33.3%) at disease progression. In two of these three cases both CTC fractions at baseline and time of relapse were found to be positive for MCT4 overexpression. There was one case where MCT4 overexpression was detected only in the baseline, but not at progression disease whereas there was one case where the sample was found to be positive for MCT4 overexpression in the time of relapse. Moreover, there was only one case where the patient was identified to decrease the expression levels of MCT4 at the time of relapse in respect to the baseline sample but it seemed to remain overexpressed (Figure 4).
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FIGURE 3. Expression levels of MCT4 in CTC fractions of HD (n = 10) and early stage NSCLC patients (n = 53).
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FIGURE 4. Relative fold change (2–ΔΔCq) of MCT4 in CTCs of 9 pairs of early stage NSCLC patient samples at the baseline and at the time of relapse.




Prognostic Significance of MCT4 Expression in CTCs

The correlation between the expression levels of MCT4 in CTCs and prognosis was further analyzed. During of follow-up period (median: 12.5, range: 5–31 months) 14/53 (26.4%) NSCLC patients developed metastases. Kaplan–Meier survival analysis demonstrated that patients who overexpressed MCT4 (n = 14) had a significantly shorter DFI than those without MCT4 overexpression (P = 0.045; Figure 5). Moreover, as can been seen in Supplementary Table 2, MCT4 overexpression was not correlated with gender, smoking history, tumor size, lymph node status, and stage of disease in the population studied (P > 0.05).
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FIGURE 5. Kaplan–Meier estimates of DFI of early stage NSCLC patients in respect to MCT4 overexpression in CTCs.




DISCUSSION

Increased rates of glycolysis is one of the molecular mechanisms that has been studied for initiation of cancer cell metastasis (Wang et al., 2015). Warburg et al. (1927) have shown that cancer cells have an increased rate of glucose uptake and favored production of lactate, even in the normoxic conditions. It is well-known that cancer cells in order to avoid apoptosis and cellular acidosis export the intracellular lactate and monocarboxylate transporters (MCTs) play a critical role in this exportation (Halestrap and Price, 1999). This mainly performed through the action of MCT1 and MCT4 that control intracellular pH in cells relying on high glycolysis rates, such as red blood cells, skeletal muscle cells and tumor cells (Halestrap and Price, 1999; Halestrap, 2013). Although the expression of MCT4 in the tumor microenvironment has been associated with poor prognosis (Nakayama et al., 2012; Baek et al., 2014) and MCT4 has been studied as a new therapeutic target (Kim et al., 2018; Puri and Juvale, 2020). Immunofluoresence has been used for the detection of MCT 1 and MCT4 in cancer patient’s CTC by Kershaw et al. (2015) but so far there is no any other reference on MCT4 expression at the mRNA level on CTCs.

In the present study, we evaluated for the first time MCT4 expression in CTC fractions isolated by a size- based EpCAM independent technology (Parsortix) from early stage NSCLC patients using a highly sensitive and specific RT-qPCR assay. MCT4 plays a critical role in energy production, tumor proliferation and invasion since lactic acid is secreted by cancer cells and acidify the tumor microenvironment (Shu et al., 2016). The inhibition of MCT4 protein has been suggested as a novel therapeutic approach for many malignancies including NSCLC (Kuo et al., 2020). Bioinformatic analyses of the TCGA datasets demonstrated that MCT4 is elevated in 9% of lung adenocarcinomas cases. Our findings indicate that MCT4 is overexpressed at 14/53 (26.4%) on CTC fractions of early stage NSCLC patients. A similar positivity rate (26.4%) was also detected for epithelial markers (CK18 and CK19) while the positivity rate was increased (66%) regarding the EMT marker VIM indicating that in NSCLC a large fraction of CTCs is under EMT status which is further supported by the observation that 13 out of 14 (92.8%) of MCT4 overexpressed samples were found to express at least one EMT marker; conversely, the correspondent proportion of blood samples harboring at least one epithelial marker was 50%. These findings are consistent with previous studies demonstrating that the vast majority of CTC in NSCLC patients express EMT markers (Allard et al., 2004; Lecharpentier et al., 2011; Zhang et al., 2019).

The expression of MCT4 in the CTC fraction of patients was significantly higher than that observed in the corresponding “PBMC” fraction of HD (P = 0.036). Moreover, a higher expression level of MCT4 in CTC were observed at the time of tumor relapse. This finding, which is in agreement with the reported increased tumoral expression of MCT4 when the tumor progress to higher grade or metastasis, strongly which suggests that MCT4 expression is associated with the migration and/or invasion of cancer cells (Gerlinger et al., 2012; Choi et al., 2014; Kim et al., 2015).

According to our results, overexpression of MCT4 had a prognostic implication for early stage NSCLC patients, since it was associated with significantly reduced DFI; but conversely, there was no correlation with other patients’ clinic-pathological characteristics. On the contrary, neither the expression of epithelial markers nor EMT markers provided prognostic information for NSCLC patients. However, these observations and conclusions have to be been taken with cautious because of the relatively small number of enrolled patients in the study and the low number of observed relapses during the follow-up period and need further confirmation in larger future studies. In a previous study, Ruan et al. (2017) reported that the expression MCT-4protein in the primary tumor cells was significantly associated with the depth of tumoral invasion (P = 0.034) and with a decreased overall survival (P = 0.001).

In recent years, MCT4 inhibitors are still in the discovery phase. Very recently Kuo et al. (2020) suggested a new therapeutic approach for the control of MCT4 in the aerobic glycolysis-preference NSCLC cell subtype. Moreover, the elimination of lactace secretion could be more effective by developing drugs that co-inhibit MCT1 and MCT4. The experimental approach in vivo or in vitro establishes that not only the inhibition of MCTs can be useful, but also MCTs could serve as vehicles for new anticancer drugs (Baltazar et al., 2014).



CONCLUSION

In conclusion, we show that overexpression MCT4 in CTCs has prognostic significance in early stage NSCLC patients. It would be valuable to extend this study in a prospective large study as well as in different cancers, since most studies so far are based on the expression of MCT4 in paired fresh frozen tissues. Taking into account the importance of MCT4 in cancer, its promising potential as a new specific liquid biopsy prognostic biomarker as well as molecular targets for the development of novel cancer therapeutics, we strongly believe that our results will be of importance for both clinical researchers and those who design novel cancer therapeutics.
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Supplementary Figure 1 | Positive and negative controls of CK/A45/VIM staining. (A) Cytospin with H1299 cells stained with CK/A45 (green) anti-mouse, Alexa 488 anti-mouse, VIM (red) anti-rabbit and Alexa 555 anti-rabbit (positive control). (B) Cytospin with H1299 cells stained with Alexa 488 anti-mouse, VIM (red) anti-rabbit and Alexa 555 anti-rabbit (negative control for CK). (C) Cytospin with H1299 cells stained with CK/A45 (green) anti-mouse, Alexa 488 anti-mouse and Alexa 555 anti-rabbit (negative control for VIM).

Supplementary Figure 2 | Phenotypic characterization of CKlow/CK– CTCs. Patients’ samples were stained with DAPI (blue; first column), CK/A45 (green; second column) and VIM (red; third column). The fourth column shows overlays. Representative images from confocal laser scanning microscopy of (A) CKlow/CK–/VIM– and (B) CKlow/CK–/VIM+ CTCs. Scale bars = 10 μm.

Supplementary Table 1 | Patients clinicopathological characteristics.

Supplementary Table 2 | MCT4 overexpression in respect to patients clinicopathological characteristics.

Supplementary Table 3 | Primers and probe sequence for the RT-qPCR of MCT4.



REFERENCES

Allard, W. J., Matera, J., Miller, M. C., Repollet, M., Connelly, M. C., Rao, C., et al. (2004). Tumor cells circulate in the peripheral blood of all major carcinomas but not in healthy subjects or patients with nonmalignant diseases. Clin. Cancer Res. 10, 6897–6904. doi: 10.1158/1078-0432.CCR-04-0378

Baek, G., Tse, Y. F., Hu, Z., Cox, D., Buboltz, N., McCue, P., et al. (2014). MCT4 defines a glycolytic subtype of pancreatic cancer with poor prognosis and unique metabolic dependencies. Cell Rep. 9, 2233–2249. doi: 10.1016/j.celrep.2014.11.025

Baltazar, F., Pinheiro, C., Morais-Santos, F., Azevedo-Silva, J., Queirós, O., Preto, A., et al. (2014). Monocarboxylate transporters as targets and mediators in cancer therapy response. Histol. Histopathol. 29, 1511–1524. doi: 10.14670/HH-29.1511

Choi, J. W., Kim, Y., Lee, J. H., and Kim, Y. S. (2014). Prognostic significance of lactate/proton symporters MCT1, MCT4, and their chaperone CD147 expressions in urothelial carcinoma of the bladder. Urology 84, 245.e9–245.e15. doi: 10.1016/j.urology.2014.03.031

Chudziak, J., Burt, D. J., Mohan, S., Rothwell, D. G., Mesquita, B., Antonello, J., et al. (2016). Clinical evaluation of a novel microfluidic device for epitope-independent enrichment ofcirculatingtumour cells in patients with small cell lung cancer. Analyst 141, 669–678. doi: 10.1039/c5an02156a

Curry, J. M., Tuluc, M., Whitaker-Menezes, D., Ames, J. A., Anantharaman, A., Butera, A., et al. (2013). Cancer metabolism, stemness and tumor recurrence: MCT1 and MCT4 are functional biomarkers of metabolic symbiosis in head and neck cancer. Cell Cycle 12, 1371–1384. doi: 10.4161/cc.24092

DeBerardinis, R. J., and Chandel, N. S. (2020). We need to talk about the Warburg effect. Nat. Metab. 2, 127–129. doi: 10.1038/s42255-020-0172-2

Doyen, J., Trastour, C., Ettore, F., Peyrottes, I., Toussant, N., Gal, J., et al. (2014). Expression of the hypoxia-inducible monocarboxylate transporter MCT4 is increased in triple negative breast cancer and correlates independently with clinical outcome. Biochem. Biophys. Res. Commun. 451, 54–61. doi: 10.1016/j.bbrc.2014.07.050

Frick, M. A., Feigenberg, S. J., Jean-Baptiste, S. R., Aguarin, L. A., Mendes, A., Chinniah, C., et al. (2020). Circulating tumor cells are associated with recurrent disease in patients with early-stage non-small cell lung cancer treated with stereotactic body radiotherapy. Clin. Cancer Res. 26:2380.

Gerlinger, M., Santos, C. R., Spencer-Dene, B., Martinez, P., Endesfelder, D., Burrell, R. A., et al. (2012). Genome-wide RNA interference analysis of renal carcinoma survival regulators identifies MCT4 as a Warburg effect metabolic target. J. Pathol. 227, 146–156. doi: 10.1002/path.4006

Halestrap, A. P. (2013). The SLC16 gene family - structure, role and regulation in health and disease. Mol. Aspects Med. 34, 337–349. doi: 10.1016/j.mam.2012.05.003

Halestrap, A. P., and Price, N. T. (1999). The proton-linked monocarboxylate transporter (MCT) family: structure, function and regulation. Biochem. J. 343(Pt 2), 281–299. doi: 10.1042/0264-6021:3430281

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation. Cell 144, 646–674. doi: 10.1016/j.cell.2011.02.013

Heidrich, I., Ačkar, L., MossahebiMohammadi, P., and Pantel, K. (2020). Liquid biopsies: potential and challenges. Int. J. Cancer 148, 528–545. doi: 10.1002/ijc.33217

Hvichia, G. E., Parveen, Z., Wagner, C., Janning, M., Quidde, J., Stein, A., et al. (2016). A novel microfluidic platform for size and deformability based separation and the subsequent molecular characterization of viable circulating tumor cells. Int. J. Cancer 138, 2894–2904. doi: 10.1002/ijc.30007

Kallergi, G., Politaki, E., Alkahtani, S., Stournaras, C., and Georgoulias, V. (2016). Evaluation of isolation methods for circulating tumor cells (CTCs). Cell Physiol. Biochem. 40, 411–419. doi: 10.1159/000452556

Kershaw, S., Cummings, J., Morris, K., Tugwood, J., and Dive, C. (2015). Optimisation of immunofluorescence methods to determine MCT1 and MCT4 expression in circulating tumour cells. BMC Cancer 15:387. doi: 10.1186/s12885-015-1382-y

Kim, H. K., Lee, I., Bang, H., Kim, H. C., Lee, W. Y., Yun, S. H., et al. (2018). MCT4 expression is a potential therapeutic target in colorectal cancer with peritoneal carcinomatosis. Mol. Cancer Ther. 17, 838–848. doi: 10.1158/1535-7163.MCT-17-0535

Kim, Y., Choi, J. W., Lee, J. H., and Kim, Y. S. (2015). Expression of lactate/H? symporters MCT1 and MCT4 and their chaperone CD147 predicts tumor progression in clear cell renal cell carcinoma: immunohistochemical and The Cancer Genome Atlas data analyses. Hum. Pathol. 46, 104–112. doi: 10.1016/j.humpath.2014.09.013

Krebs, M. G., Hou, J. M., Sloane, R., Lancashire, L., Priest, L., Nonaka, D., et al. (2012). Analysis of circulating tumor cells in patients with non-small cell lung cancer using epithelial marker-dependent and -independent approaches. J. Thorac. Oncol. 7, 306–315. doi: 10.1097/jto.0b013e31823c5c16

Kuo, T. C., Huang, K. Y., Yang, S. C., Wu, S., Chung, W. C., Chang, Y. L., et al. (2020). Monocarboxylate transporter 4 is a therapeutic target in non-small cell lung cancer with aerobic glycolysis preference. Mol. Ther. Oncolytics 18, 189–201. doi: 10.1016/j.omto.2020.06.012

Lecharpentier, A., Vielh, P., Perez-Moreno, P., Planchard, D., Soria, J. C., and Farace, F. (2011). Detection of circulating tumour cells with a hybrid (epithelial/mesenchymal) phenotype in patients with metastatic non-small cell lung cancer. Br. J. Cancer 105, 1338–1341. doi: 10.1038/bjc.2011.405

Lianidou, E. S., Markou, A., and Strati, A. (2015). The role of CTCs as tumor biomarkers. Adv. Exp. Med. Biol. 867, 341–367. doi: 10.1007/978-94-017-7215-0_21

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta DeltaC(T)) method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Luo, W., Rao, M., Qu, J., and Luo, D. (2018). Applications of liquid biopsy in lung cancer-diagnosis, prognosis prediction, and disease monitoring. Am. J. Transl. Res. 10, 3911–3923.

Markou, A., Lazaridou, M., Paraskevopoulos, P., Chen, S., Swierczewska, M., Budna, J., et al. (2018). Multiplex gene expression profiling of in vivo isolated circulating tumor cells in high-risk prostate cancer patients. Clin. Chem. 64, 297–306. doi: 10.1373/clinchem.2017.275503

Meng, S., Tripathy, D., Frenkel, E. P., Shete, S., Naftalis, E. Z., Huth, J. F., et al. (2004). Circulating tumor cells in patients with breast cancer dormancy. Clin. Cancer Res. 10, 8152–8162.

Meredith, D., and Christian, H. C. (2008). The SLC16 monocaboxylate transporter family. Xenobiotica 38, 1072–1106. doi: 10.1080/00498250802010868

Molina, J. R., Yang, P., Cassivi, S. D., Schild, S. E., and Adjei, A. A. (2008). Non-small cell lung cancer: epidemiology, risk factors, treatment, and survivorship. Mayo Clin. Proc. 83, 584–594. doi: 10.4065/83.5.584

Nakayama, Y., Torigoe, T., Inoue, Y., Minagawa, N., Izumi, H., Kohno, K., et al. (2012). Prognostic significance of monocarboxylate transporter 4 expression in patients with colorectal cancer. Exp. Ther. Med. 3, 25–30. doi: 10.3892/etm.2011.361

Pawlikowska, P., Faugeroux, V., Oulhen, M., Aberlenc, A., Tayoun, T., Pailler, E., et al. (2019). Circulating tumor cells (CTCs) for the noninvasive monitoring and personalization of non-small cell lung cancer (NSCLC) therapies. J. Thorac. Dis. 11, S45–S56.

Poole, R. C., and Halestrap, A. P. (1993). Transport of lactate and other monocarboxylates across mammalian plasma membranes. Am. J. Physiol. 264, C761–C782. doi: 10.1152/ajpcell.1993.264.4.C761

Porras, T. B., Kaur, P., Ring, A., Schechter, N., and Lang, J. E. (2018). Challenges in using liquid biopsies for gene expression profiling. Oncotarget 9, 7036–7053. doi: 10.18632/oncotarget.24140

Puri, S., and Juvale, K. (2020). Monocarboxylate transporter 1 and 4 inhibitors as potential therapeutics for treating solid tumours: a review with structure-activity relationship insights. Eur. J. Med. Chem. 199:112393. doi: 10.1016/j.ejmech.2020.112393

Ruan, Y., Zeng, F., Cheng, Z., Zhao, X., Fu, P., and Chen, H. (2017). High expression of monocarboxylate transporter 4 predicts poor prognosis in patients with lung adenocarcinoma. Oncol. Lett. 14, 5727–5734. doi: 10.3892/ol.2017.6964

Shu, Q. H., Ge, Y. S., Ma, H. X., Gao, X. Q., Pan, J., Liu, D., et al. (2016). Prognostic value of polarized macrophages in patients with hepatocellular carcinoma after curative resection. J. Mol. Med. 94, 155–171.

Siegel, R. L., Miller, K. D., and Jemal, A. (2015). Cancer statistics, 2015. CA Cancer J. Clin. 65, 5–29. doi: 10.3322/caac.21254

Strati, A., Koutsodontis, G., Papaxoinis, G., Angelidis, I., Zavridou, M., Economopoulou, P., et al. (2017). Prognostic significance of PD-L1 expression on circulating tumor cells in patients with head and neck squamous cell carcinoma. Ann. Oncol. 28, 1923–1933. doi: 10.1093/annonc/mdx206

Strati, A., Nikolaou, M., Georgoulias, V., and Lianidou, E. S. (2019). Prognostic significance of TWIST1, CD24, CD44, and ALDH1 transcript quantification in EpCAM-positive circulating tumor cells from early stage breast cancer patients. Cells 8:652. doi: 10.3390/cells8070652

Tamminga, M., de Wit, S., Schuuring, E., Timens, W., Terstappen, L. W. M. M., Hiltermann, T. J. N., et al. (2019). Circulating tumor cells in lung cancer are prognostic and predictive for worse tumor response in both targeted- and chemotherapy. Transl. Lung Cancer Res. 8, 854–861. doi: 10.21037/tlcr.2019.11.06

Wang, R., Lu, Y. Y., and Fan, D. M. (2015). Reasons for cancer metastasis: a holistic perspective. Mol. Clin. Oncol. 3, 1199–1202. doi: 10.3892/mco.2015.623

Wang, W., Song, Z., and Zhang, Y. A. (2017). Comparison of ddPCR and ARMS for detecting EGFR T790M status in ctDNA from advanced NSCLC patients with acquired EGFR-TKI resistance. Cancer Med. 6, 154–162. doi: 10.1002/cam4.978

Warburg, O. (1956). On the origin of cancer cells. Science 123, 309–314. doi: 10.1126/science.123.3191.309

Warburg, O., Wind, F., and Negelstein, E. (1927). The metabolism of tumors in the body. J. Gen. Physiol. 8, 519–530. doi: 10.1085/jgp.8.6.519

Wu, Y. L., Tsuboi, M., He, J., John, T., Grohe, C., Majem, M., et al. (2020). Osimertinib in resected EGFR-mutated non-small-cell lung cancer. N. Engl. J. Med. 383, 1711–1723. doi: 10.1056/NEJMoa2027071

Zavridou, M., Mastoraki, S., Strati, A., Tzanikou, E., Chimonidou, M., and Lianidou, E. (2018). Evaluation of preanalytical conditions and implementation of quality control steps for reliable gene expression and DNA methylation analyses in liquid biopsies. Clin. Chem. 64, 1522–1533. doi: 10.1373/clinchem.2018.292318

Zhang, X., Chang, N., Yang, G., Zhang, Y., Ye, M., Cao, J., et al. (2017). A comparison of ARMS-Plus and droplet digital PCR for detecting EGFR activating mutations in plasma. Oncotarget 8, 112014–112023. doi: 10.18632/oncotarget.22997

Zhang, X., Wei, L., Li, J., Zheng, J., Zhang, S., and Zhou, J. (2019). Epithelial-mesenchymal transition phenotype of circulating tumor cells is associated with distant metastasis in patients with NSCLC. Mol. Med. Rep. 19, 601–608.

Zhu, J., Wu, Y. N., Zhang, W., Zhang, X. M., Ding, X., Li, H. Q., et al. (2014). Monocarboxylate transporter 4 facilitates cell proliferation and migration and is associated with poor prognosis in oral squamous cell carcinoma patients. PLoS One 9:e87904. doi: 10.1371/journal.pone.0087904

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.

Copyright © 2021 Markou, Tzanikou, Kallergi, Pantazaka, Georgoulias, Kotsakis and Lianidou. 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.










	
	ORIGINAL RESEARCH
published: 06 May 2021
doi: 10.3389/fonc.2021.639675






[image: image2]

Characterization of Plasma Cell-Free DNA Integrity Using Droplet-Based Digital PCR: Toward the Development of Circulating Tumor DNA-Dedicated Assays

Geoffroy Poulet1,2†, Fanny Garlan1†, Sonia Garrigou1, Eleonora Zonta1, Leonor Benhaim1,3, Marie-Jennifer Carrillon1, Audrey Didelot1, Delphine Le Corre1, Claire Mulot1,4, Philippe Nizard1, Frederic Ginot5, Audrey Boutonnet-Rodat5, Helene Blons1,6, Jean-Baptiste Bachet1,7,8,9, Julien Taïeb1,6,9, Aziz Zaanan1,6, Vanna Geromel2, Laurence Pellegrina2, Pierre Laurent-Puig1,6, Shu-Fang Wang-Renault1* and Valerie Taly1*


1Centre de Recherche des Cordeliers, INSERM, CNRS, Sorbonne Université, USPC, Université de Paris, Equipe labellisée Ligue Nationale Contre le Cancer, CNRS SNC 5096, Paris, France

2Eurofins-Biomnis, Specialized Medical Biology Laboratory, Lyon, France

3Department of Visceral and Surgical Oncology, Gustave Roussy, Villejuif, France

4CIC-EC4 URC, HEGP, Hôpitaux Universitaires Paris Ouest AP-HP, Paris, France

5Adelis, ID-solutions, Labège, France

6Department of Oncology, European Georges-Pompidou Hospital, AP-HP, Paris Descartes University, Paris, France

7Sorbonne Universités, UPMC Université, Paris, France

8Department of Hepato-gastroenterology, Groupe Hospitalier Pitié Salpêtrière, Paris, France

9AGEO (Association des Gastroentérologues Oncologues), Paris, France

Edited by:
Catherine Alix-Panabieres, Centre Hospitalier Universitaire de Montpellier, France

Reviewed by:
Jillian Phallen, Johns Hopkins University, United States
 Theresa D. Ahrens, University of Copenhagen, Denmark

*Correspondence: Shu-Fang Wang-Renault, shufang.renault@parisdescartes.fr
 Valerie Taly, valerie.taly@parisdescartes.fr

†These authors have contributed equally to this work

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology

Received: 09 December 2020
 Accepted: 16 February 2021
 Published: 06 May 2021

Citation: Poulet G, Garlan F, Garrigou S, Zonta E, Benhaim L, Carrillon M-J, Didelot A, Le Corre D, Mulot C, Nizard P, Ginot F, Boutonnet-Rodat A, Blons H, Bachet J-B, Taïeb J, Zaanan A, Geromel V, Pellegrina L, Laurent-Puig P, Wang-Renault S-F and Taly V (2021) Characterization of Plasma Cell-Free DNA Integrity Using Droplet-Based Digital PCR: Toward the Development of Circulating Tumor DNA-Dedicated Assays. Front. Oncol. 11:639675. doi: 10.3389/fonc.2021.639675



Background: Cellular-cell free-DNA (ccfDNA) is being explored as a diagnostic and prognostic tool for various diseases including cancer. Beyond the evaluation of the ccfDNA mutational status, its fragmentation has been investigated as a potential cancer biomarker in several studies. However, probably due to a lack of standardized procedures dedicated to preanalytical and analytical processing of plasma samples, contradictory results have been published.

Methods: ddPCR assays allowing the detection of KRAS wild-type and mutated sequences (KRAS p.G12V, pG12D, and pG13D) were designed to target different fragments sizes. Once validated on fragmented and non-fragmented DNA extracted from cancer cell lines, these assays were used to investigate the influence of the extraction methods on the non-mutated and mutated ccfDNA integrity reflected by the DNA integrity index (DII). The DII was then analyzed in two prospective cohorts of metastatic colorectal cancer patients (RASANC study n = 34; PLACOL study n = 12) and healthy subjects (n = 49).

Results and Discussion: Our results demonstrate that ccfDNA is highly fragmented in mCRC patients compared with healthy individuals. These results strongly suggest that the characterization of ccfDNA integrity hold great promise toward the development of a universal biomarker for the follow-up of mCRC patients. Furthermore, they support the importance of standardization of sample handling and processing in such analysis.

Keywords: circulating tumor DNA, picoliter-droplet digital PCR, cancer biomarker, apoptosis, necrosis, DNA integrity index, circulating cell-free DNA


INTRODUCTION

The presence of circulating cell-free DNA (ccfDNA) in body effluents has been largely described (1), and increased amounts of ccfDNA have been found in blood samples of patients affected by several disorders (2) including cancer (3, 4). The main sources of ccfDNA in healthy individuals have been described as apoptosis, active cellular release, and necrosis (5). Its integrity (defined as a metric describing size distribution) may differ depending on the involved cell-death mechanism and/or on the cell origin. In particular, it has been suggested that ccfDNA originating from tumor cells presents a different fragmentation profile than the ccfDNA originating from healthy cells (6, 7). Nevertheless, it should be taken into account that ccfDNA extracted from plasma of cancer patients is therefore composed at various proportions of tumor and non-tumor ccfDNA fractions. In recent years, the ccfDNA analysis, and more precisely its tumor fraction (ctDNA) has been largely developed, for the diagnosis, prognosis, follow-up, and treatment management of cancer patients (6, 8). Moreover, recent technological development of sensitive procedures such as droplet-based digital-PCR (ddPCR) or newly optimized next-generation sequencing (NGS) have greatly facilitated such applications (9).

The presence of ctDNA is generally assessed by the detection of tumor-specific genetic or epigenetic alterations (10–12). The quantity of ctDNA is suggested to reflect tumor burden and progression (13). In cancer, it has also been shown that disease-related cell death may lead to specific profiles of circulating nucleic acids (5). The ccfDNA integrity has thus been proposed as a potential non-invasive diagnostic biomarker especially pertinent in cancer (14, 15).

Quantitative PCR (qPCR) analysis based on the measurement of the relative amount of DNA amplicons of different sizes has long been the reference method for DNA integrity assessment (16–18). A wide range of strategies including high-sensitivity electrophoresis fragment separation (19) or NGS (20) has now been developed for such analysis. Even if the characterization of ccfDNA fragmentation profile has gained increasing interest in recent years as a cancer biomarker, contradictory results have been published (6, 16, 21). Such discrepancies could be linked with differences in the strategies used for ccfDNA fragmentation analysis. The latest findings tend to demonstrate a higher fragmentation level for ctDNA than for the non-tumor ccfDNA fraction (15, 21, 22). Using IntPlex, an optimized qPCR technique, Moulière et al. found a larger quantity of smaller fragments in plasma of colorectal cancer (CRC) patients compared with healthy subjects (23). Jiang et al. demonstrated by massive parallel sequencing that the size of ccfDNA in hepatocellular carcinoma (HCC) patients was inversely correlated with the concentrations of ctDNA in plasma (20). Comparing fragment lengths from cell-free DNA between melanoma patients (bearing BRAF V600E allele) and healthy subject (BRAF wild-type allele), Underhill et al. observed that the BRAF V600E mutant allele occurred more commonly at a shorter fragment length than the fragment length of the wild-type allele (132–145 bp vs. 165 bp, respectively) (24). Recently, using a novel technology (BIABooster system) based on electro-hydrodynamic actuation, we also suggested the pertinence of total ccfDNA quantification and size profiling for several cancers including melanoma, CRC, non-small cell lung cancer (NSCLC) and prostate cancer (19). To circumvent potential bias linked to the strategy chosen for ccfDNA integrity characterization and to increase the accuracy of such measurement, there is a growing need for highly sensitive and specific approaches.

In this article, we developed a ccfDNA integrity index (DII) dedicated-ddPCR assays and coupled it to fragment-based analysis by BIABooster system to investigate the pertinence of the characterization of total ccfDNA integrity in mCRC patients and propose its potential use as biomarker for mCRC patients. Moreover, our work also highlighted the crucial importance of the standardization of the preanalytical strategy for ccfDNA integrity investigation.



MATERIALS AND METHODS


Patients and Study Design

Samples from two prospective cohorts of mCRC patients were included for a total of 81 samples. In the AGEO RASANC cohort, 69 patients were included with plasma samples collected in BCT Streck Tube (STRECK, Cat. N°:218997) (25). In the PLACOL cohort, 12 patients were included with plasma sampled in EDTA Tube (Greiner Bio-One International, Cat. No. 456043) (26). The basic clinical characteristics of healthy subjects and mCRC patients included in the study are summarized in Supplementary Table 1. All samples from AGEO RASANC study have been analyzed by NGS with the Panel Colon-Lung Cancer V2 (study results already published) (25). Both studies have received ethical approval from the “Ile-de-France ethics committee,” and the patients provided written informed consent. The research protocols were registered in clinicaltrials.gov (NCT02502656 and NCT01983098 for AGEO RASANC and PLACOL studies, respectively).

For both cohorts, the preanalytic conditions including blood collection tubes and plasma ccfDNA extraction kits were different. We thus added two control groups composed of samples from healthy patients that we processed with the same preanalytic conditions.

The DNA integrity was evaluated by ddPCR in 46 mCRC samples and 49 healthy samples. The size profiling of ccfDNA was investigated by BIAbooster System in 33 mCRC samples and 10 healthy samples. The workflow of the study is summarized in Figure 1.


[image: Figure 1]
FIGURE 1. Workflow of the integrity study. (A) Development of the DII using the PLACOL cohort (n = 11 samples analyzed). DNA hasbeen quantified using, respectively, 60, 86, 164, and 302 bp amplicons. Several combinations have been tested to determine the optimal DNA integrity index. Finally, the 302/60 bp ratio turned out to be the most clinically relevant. (B) Samples from two prospective cohorts of patients presenting a mCRC were included, AGEO RASANC (n = 67) and PLACOL (n = 12) cohort with a total of 81 metastatic CRC samples. Circulating cell-free DNA integrity of 34 patients (AGEO RASANC cohort) and 12 patients (PLACOL cohort) was analyzed by ddPCR, and ccfDNA size profiling of 33 patients (AGEO RASANC cohort) was analyzed by BIAbooster System. As the preanalytic conditions (blood collection tubes, plasma ccfDNA extraction kits) are different for these two prospective cohorts of patients, the corresponding control groups were included; 8.5 ml blood per tube from 59 healthy subjects are used as negative controls and split into two groups (control groups A and B). Thirty-four healthy blood samples were collected in cell-free DNA BCT from Streck, and circulating DNA has been extracted with Maxwell RSC ccfDNA Plasma Kit from the plasma samples associated, and 25 blood tubes were sampled in EDTA tubes and circulating DNA purified by the QIAmp® Circulating Nucleic Acid Kit (Qiagen) from plasma samples associated. Among control A and B healthy subjects' samples, DNA integrity of 49 plasma was analyzed by droplet-based digital PCR, and ccfDNA size profiling of 10 plasma was analyzed by BIAbooster System.


In parallel, to determine the impact of the extraction method on the ccfDNA integrity, two different ccfDNA purification kits used in PLACOL and AGEO RASANC studies (respectively, 1° QIAmp® Circulating Nucleic Acid Kit and 2° RSC Automated Maxwell) have been compared on eight healthy plasmas. The workflow of the study is listed in Supplementary Figure 1.



Plasma ccfDNA Preparation

In the AGEO RASANC and corresponding control group, plasma from healthy individuals or mCRC patients were collected in Cell-Free DNA BCT® | Streck tubes and extracted with the use of the Maxwell RSC ccfDNA Plasma kit (Promega; called Ext.kit 1 in the manuscript) using Maxwell® RSC Instrument.

In the PLACOL study and corresponding control group, plasma from healthy individuals or mCRC patients were collected in EDTA tubes and extracted with the QIAmp® Circulating Nucleic Acid Kit (QIAGEN; called Ext.kit 2 in the manuscript) according to the manufacturer's instructions. See Supplementary Materials and Methods for full protocol description.



Cell Line DNA Extraction, Fragmentation, and Quantification

DNA was extracted from two cell lines SW620 (mutated KRAS c.35G>T, p.G12V) and LoVo cell lines (mutated c.38G>A, p.G13D) using the QIAamp DNA Blood Mini Kit (QIAGEN) according to the manufacturer's instructions and eluted into 200 μl of Tris 10 mM/pH 8 before storage at −20°C.

The extracted DNA was fragmented by sonication (S220 Covaris Focused-Ultrasonicator sonicator) to obtain fragments ranging from 50 to 700 bp. The experimental parameters are described in Supplementary Table 2. The size distribution of fragmented DNA was confirmed by the miniaturized electrophoresis Caliper system, LabChip® GX/GXII Microfluidic system (Perkin-Elmer) using DNA assay 5K reagent kit (Perkin-Elmer) (see Supplementary Figure 2 for size distribution).



Integrity Index Determination
 
Droplet-Based Digital PCR Analysis

Droplet-based digital PCR assays targeting three frequent mutations of the KRAS oncogene (p.G13D, p.G12V, or p.G12D) and its wild-type sequence were designed. These assays allowed to amplify sequences of 60, 86, 164, and 302 bp for both targeted mutant (MT) and wild-type (WT) KRAS sequences (probe bearing a FAM or VIC fluorophore respectively) for each targeted amplicon size (see Figure 2A; Supplementary Table 3). Droplet digital PCR was carried out with the Raindrop system (Raindance Technologies, Bio-Rad) as previously described (25, 26).
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FIGURE 2. Design and validation of ddPCR assays for ccfDNA integrity analysis with the use of fragmented and non-fragmented cell line DNA. Droplet-based digital PCR duplex assays amplifying different sizes of KRAS wild-type (WT) and mutant (MT) fragments (60, 86, 184, and 302 bp) were designed and optimized (A). The LOB for the 302-, 164-, 86-, and 60-bp KRAS assays were, respectively, 0, 0, 3, and 1, irrespective of the mutation status. Fragmented (F) and non-fragmented (NF) DNA from LoVo (B1, C1) and SW620 CRC line (B2, C2) were used. DNA integrity index (DII) were analyzed using 302 bp amplicon (corresponding to the long fragments) and 60, 84, and 184 bp amplicons as short fragments (B1, B2). Percentage of KRAS-mutated alleles for F and NF DNA of each cell lines are given in (C1, C2). Nevertheless, PCR efficiency of the primers has not been determined by qPCR for each amplicon size on fragmented and unfragmented DNA.




Detailed Description of Droplet-Based Digital PCR Assays and DII Calculation

Taqman® Genotyping Master Mix (Life Technologies) at 12.5 μl was mixed with the assay solution containing: 0.75 μl of 40 mM dNTP Mix (New England BioLabs), 0.5 μl of 25 mM MgCl2, 1 μl 25× Droplet Stabilizer (RainDance Technologies), 1.25 μl 20× Assay Mix containing 8 μM of forward and reverse primers, 4 μM of 6-FAM and 4 μM of VIC Taqman®-labeled probes, and cell line DNA or plasma DNA to a final reaction volume of 25 μl.

All PCR assay mixes were prepared as shown in a pre-PCR room to limit risks of contamination. TaqMan® (from Life Technologies-Thermo Fisher Scientific) probes were tested. In classic TaqMan® assay, the probe bearing VIC-fluorophore (λex 538 nm/λem 554 nm) was designed to be specific to the WT allele, while the probe bearing FAM-fluorophore (λex 494 nm/λem 518 nm) was able to specifically hybridize to the mutated sequence. The emulsifications of DNA samples were generated according to manufacturer protocol (Raindance, Bio-Rad Laboratories). The emulsion was thermal cycled following the different PCR programs described in Supplementary Table 4 (PCR programs). After completion, the emulsions were either stored at 4°C or processed immediately to measure the end-point fluorescence signal from each droplet.

A limit of blank (LOB) has been calculated as described previously (1). It is defined by the frequency of positive droplets measured in genomic DNA (non-mutated) (n = 10 minimum). The calculated LOB was subtracted from each sample. The LOB for the 302, 164, 86, and 60 bp KRAS assays were, respectively, 0, 0, 3, and 1, irrespective of the mutation status. Data were analyzed according to manufacturer's instructions (Raindance Analyst Flow-Jo software). Since the number of droplets reveals the quantity of amplifiable target DNA, the fraction of amplifiable DNA in patients' samples could be determined. The number of droplets was determined using the software RainDrop Analyst (Bio-Rad Laboratories). All data were normalized to 5,000,000 droplets (corresponding to the theorical number of droplets generated by automation). A LOB correction (subtraction) has been performed to calculate the final number of positive MT droplets. Starting from the same amount of DNA, amplified fragmented copies of long and short fragments were counted to calculate the DNA Integrity Index. The PCR programs are given in Supplementary Table 4.

Starting from the same amount of DNA, DII was defined as a ratio between the number of amplified copies of long (302 bp) and “short” (60, 86, and 164 bp) DNA fragments. DIIs were calculated separately for WT and MT sequences. An example of DII calculation is as follows:

[image: image]

For samples (i.e., Placol_5 and RASANC_10) that did not present detectable 302 bp fragments for the mutated allele, the DII was evaluated as follows : DII MT < 1/[quantity of fluorescent droplets corresponding to 60 or 86 or 164 bp fragments (MT)]. These two samples were however excluded from final statistical analysis.




BIAbooster Analysis

The size profiles and concentration analysis of ccfDNA from healthy individuals and mCRC patients were also performed using BIAbooster System (Picometrics technologies, ID-Solution) as previously described (19). The system is based on the principle of DNA fragment migration by capillary electrophoresis coupled to LED-induced fluorescence (LEDIF) detectors. It allows performing size and concentration analysis of double-stranded DNA with a sensitivity of 10 fg/μl in an operating time of 20 min. Based on the quantity of the different fragments obtained, a ratio highlighting the size distribution of the tested sample is calculated by BIAbooster technology as follows (E2):

[image: image]

The description of the statistical analysis is provided in the Supplementary Materials and Methods.




RESULTS


Validation of ddPCR Assays for ccfDNA Integrity Analysis Using Fragmented and Non-fragmented Cell Line DNA as a Model

Even if the characterization of ccfDNA fragmentation profile has gained increasing interest in recent years as a cancer biomarker, contradictory results have been published (6, 16, 21). Such discrepancies could be linked with differences in the strategies used for ccfDNA fragmentation analysis. The first step of this study was thus to evaluate the pertinence of ddPCR in this context using model samples containing DNA of controlled sizes.

Several Taqman® assays targeting KRAS sequence fragments of different lengths were designed (see Figure 2A). We used mechanically fragmented DNA (sonicated) and non-fragmented DNA from LoVo and SW620 CRC cell lines bearing WT and/or MT KRAS genes. Length of fragments evaluated using the miniaturized electrophoresis Caliper system, LabChip® GX/GXII Microfluidic system (see section MATERIALS AND METHODS), varied from 50 to 70 bp to 700 to 800 bp with higher amounts of large-size fragments (see Supplementary Figure 2). In order to determine the performance of the developed assay, we compared DII and mutant allelic fraction determination of fragmented and non-fragmented DNA of two cancer cell lines (however, PCR efficiencies of the primers for both types of DNA were not determined). Using our ddPCR strategy, a stable DII (see equation E1) of 1 was observed when analyzing non-fragmented DNA (gray bars) from both cell lines (60, 86, and 164 bp amplicons were used for determination of the quantity of short fragments while 302 bp was used for the determination of the quantity of the long fragment). These results suggested that a comparable amount of DNA was amplified regardless of the size of the tested fragments (Figures 2B1,2). When analyzing fragmented DNA (black bars), DII were inversely correlated with the size of amplicon selected as short fragments (164, 86, and 60 bp). Higher amounts of input DNA could be detected with the shorter amplicons. Meanwhile, as expected, similar DII were observed for the KRAS MT or WT sequences for both cell lines (Figures 2B1,B2, MT vs. WT bars). The percentage of KRAS MT DNA remained stable for the different analyses (Figures 2C1,C2), suggesting no detection bias of MT sequences over WT sequences. These results validate the pertinence of the developed ddPCR assays for the integrity analysis of both mutant and WT alleles.



Detection of ctDNA Concentration in mCRC Patients Depends on the Amplicon Size Used for ddPCR Assays

Using ddPCR assays in duplex format (as shown in Figure 2A), KRAS WT and MT DNA sequences could be precisely quantified, allowing to calculate the concentrations of each allele in the patient's samples. As shown in Figures 3A1,A2, ctDNA concentration and its proportion within total ccfDNA was linked to the targeted amplicon size used in the ddPCR integrity assay with smaller targeted amplicons leading to the detection of higher concentration of ctDNA (highlighted by the detection of KRAS MT alleles). Such results are in favor of a higher fragmentation of ctDNA and confirmed more efficient detection of ctDNA by ddPCR assays when targeting short amplicons.
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FIGURE 3. Characterization of ctDNA by droplet-based digital PCR using assays targeting increasing amplicon sizes. Concentration of plasma ctDNA (A1) and percentage of KRAS-mutated alleles (A2) in mCRC patients and DNA integrity indexes (DII) calculated with the use of 302 bp (B) or 164 bp amplicon (C) (corresponding to the long fragments) by ddPCR. KRAS WT and MT ddPCR duplex assays amplifying different sizes of fragments (60, 86, 164, and 302 bp) were used for measuring ctDNA concentration and percentage of KRAS-mutated alleles (A1,A2) for 11 mCRC patients (one patient excluded since no 302 bp MT fragments were detectable). DII were calculated based on the amplification of sequences with different lengths as described in the section MATERIALS AND METHODS. For DII calculation, 60 bp amplicons were used as the short fragments and either 302 bp (B) or 164 bp amplicon (C) as the long fragments. Mann–Whitney U-test was used for statistical significance analysis. *p < 0.05; **p < 0.01.




Determination of ctDNA Integrity in mCRC Patients by ddPCR

Droplet-based digital PCR integrity analysis targeting 60, 86, and 302 bp amplicons were performed in plasma ccfDNA of mCRC patients (PLACOL study, n = 12). As expected, a high fragmentation of ctDNA was observed in ccfDNA. DII results for the detection of MT allele are, respectively, 0.05 and 0.04 for the 302/86 and 302/60 bp amplicons. For the detection of WT allele, DII results are, respectively, 0.09 and 0.11 for 302/86 and 302/60. Significant differences between MT and WT alleles are observed (Wilcoxon test, p = 0.03 and 0.0075, respectively, for DII 302/86 and DII 302/60). Analysis of the MT fraction of ccfDNA highlighted an even stronger fragmentation with very low amount of 302 bp sequences detected compared with the WT sequence (Supplementary Table 5). The calculated DII of KRAS WT sequences was found significantly higher than the one calculated for KRAS MT sequences (Figure 3B, Wilcoxon test, p < 0.05). Since WT sequences can be released by both normal and tumor cells while MT sequences by tumor cells only, such results suggest a higher fragmentation of ctDNA as compared with the non-mutated fraction of ccfDNA. This was not observed when using 164 bp amplicon as long fragments for DII calculation (Figure 3C). Moreover, the concentration and fraction of ctDNA in patient samples detected by the KRAS MT allele appeared slightly higher when using 60 bp amplicon compared with the 86-bp one (Supplementary Figure 3). Based on these results, 60 bp amplicon was chosen as the short fragment and 302 bp amplicon as the long fragment to calculate ccfDNA and ctDNA DII in the following ddPCR experiments.



Extraction Conditions Could Influence ccfDNA Integrity Profiles

No significant differences of DII were observed between eight healthy plasma samples collected at the same time on K2-EDTA tube and cell-free DNA BCT° (STRECK) suggesting an absence of influence of the collection tube on ccfDNA fragmentation profile. (Supplementary Table 6; Supplementary Figure 4). We thus mainly focused on ccfDNA extraction methods on the ccfDNA quantity and DII in this study (workflow is described in Supplementary Figure 1). The results showed that a higher quantity of ccfDNA were extracted when using QIAmp® Circulating Nucleic Acid Kit (Ext.kit 2) as compared with the Maxwell RSC ccfDNA Plasma Kit (Ext.kit 1) (see Figure 4A) although the difference between the concentrations of 60 bp fragments was not statistically significant (p = 0.45). Moreover, DIIs calculated by ddPCR on the DNA extracted by the two methods appeared different (p = 0.0017) (Figure 4B). Such results confirmed the pertinence of preanalytic condition standardization not only for ccfDNA integrity determination but also in general for ccfDNA studies.
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FIGURE 4. Comparison of the influence of ccfDNA extraction methods on the resulting ccfDNA fragment concentrations (A) and DNA integrity (B) by ddPCR. Plasma from 10 healthy individuals were used in this analysis (see workflow in Supplementary Figure 1). Maxwell RSC ccfDNA Plasma Kit (extraction kit 1) (Promega) and QIAmp® Circulating Nucleic Acid Kit (extraction kit 2) (Qiagen) were used for ccfDNA extraction. DII were calculated for ddPCR using 302 bp amplicon as the long fragment and 60 bp amplicon as the short fragment (n = 8, two individuals were excluded as no ccfDNA was available) (B). Wilcoxon test was used for significance analysis. *p < 0.05; **p < 0.01; ***p < 0.001.




Comparison of ccfDNA Integrity Index Between mCRC Patients and Healthy Individuals

The DII of ccfDNA determined by ddPCR from both mCRC patients group were significantly lower than those from corresponding healthy plasma (Figure 5A1 for AGEO RASANC study, p = 2.5e−08 and Figure 5A2 for PLACOL study, p = 1.2e−05). However, when analyzing separately the DII of the KRAS WT and KRAS MT sequences in the two patient groups, a significant difference was observed for the PLACOL study (p = 0.0058) and not for the RASANC study (p = 0.27) (Figures 5A1,A2).
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FIGURE 5. Comparison of plasma ccfDNA integrity and ccfDNA size profiling between healthy individuals and metastatic CRC patients. As ccfDNA from different patients' groups were prepared with different preanalytic conditions (blood collection tubes and ccfDNA extraction kits), DII comparative analysis was performed for each patient group samples using healthy subject samples collected and treated with the same procedure (see workflow Figure 2). To calculate DII by ddPCR, 302 bp amplicon was used as long fragment and 60 bp amplicon as short fragment (A1: AGEO RASANC cohort and A2: PLACOL cohort). Two samples (one from AGEO RASANC study and one from PLACOL study) have been excluded due to an absence of detection of droplets bearing DNA-mutated fragments of 302 bp or more. To investigate different size distributions by the BIAbooster System, fragments with size ranging from 110 to 239 bp were used as long fragments and fragments with size ranging from 75 to 110 bp as short fragments (B1,B2: AGEO RASANC cohort only). Mann–Whitney U-test was used for significance analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0005. Fragmentation of KRAS WT and MT alleles within ccfDNA for mCRC patients is shown in (A1,A2). Mutant-allele frequency determined with the DII assay was compared with the one determined previously using other assays for the RASANC samples [BPER NGS, Bachet et al. Ann Oncol. (25)] and PLACOL samples [ddPCR targeting 86 bp amplicon, Garlan et al. CCR. (26)]. Linear regression model is given in Supplementary Figure 6.


Circulating cell-free DNA size profiles from healthy individuals and mCRC patients was also compared using the BIAbooster System (Figures 5B1,B2). To better characterize small, fragmented DNA fraction, we characterized ccfDNA fragments between 75 and 110 bp (shorter than mono-nucleosomal DNA fragment lengths) and between 110 and 239 bp (comprising expected mono-nucleosomal DNA fragment lengths (140–180 bp). However, since the PLACOL cohort was extracted using the QIAamp Circulating Nucleic Acid Kit that implies the use of RNA carrier that can compromise BIAbooster fragments analysis, only the sample from AGEO RASANC cohort were analyzed here. As shown in Figure 5B1, a higher quantity of short fragments (75–110 bp) was observed in mCRC patients than in healthy individuals (Figure 5B1) and no difference was found for 110–239 bp fragments. Furthermore, similar DII differences were observed by ddPCR. The ratio of the quantity of fragments between 110 and 239 bp and 75 and 110 bp was also significantly different between mCRC patients and healthy individuals (Figure 5B2). These results further reinforced the potentiality of using ccfDNA integrity and its size profiling as a diagnostic or follow-up tool for mCRC patients.




DISCUSSION

Up to now, most strategies of ctDNA detection are based on the targeting of tumor-specific mutations which implies the conception of a numerous assays or large NGS gene panels to cover a maximum of possible mutations. The use of epigenetic alterations such as hypermethylated sequences has been recently described in mCRC (27) but remains cancer specific. The characterization of DNA integrity has long been suggested as a potentially “universal” cancer marker (6). However, contradictory results have limited researchers' interest, which drew our attention on the importance of standardization.

The necessary normalization of the preanalytical conditions has been highlighted (28–30) and is also central to large research/network initiatives (31). As different clinical studies could present different preanalytical treatments, it is necessary to investigate the potential impact of preanalytical methods on the efficiency of purification of the different sizes of DNA fragments.

Several studies have recalled the impact of the collection tube on the ccfDNA integrity (32–34). The collection tubes mostly differs on their content in preservative agents that prevent blood cell hemolysis (35). We did not observe such impact in our study (Supplementary Figure 4). This could be linked to the low number of healthy individuals studied. It could also be explain by the fact that the EDTA collection tubes were processed early after collection within the PLACOL study (26), limiting unwanted DNA fragmentation. Indeed, it has been shown that when tubes are not handled adequately, the genomic DNA coming from the blood cell could be released. This genomic DNA could both dilute the ccfDNA tumor fraction and disturb its fragmentation profile. The increase of multicentric clinical studies and the centralization of the analysis platforms could cause uncontrolled delays between blood collection and plasma separation. For these reasons, several ccfDNA preservative tubes have been developed, such as the BCT Streck tubes used in this study (36), that could become a reference collection tube dedicated to liquid biopsy (30).

Recent studies that compared extraction methods for the isolation of ccfDNA from plasma samples have concluded that they can affect both ccfDNA yield and fragmentation (32, 37). Our work confirmed these results showing significant differences both in terms of fragmentation and ccfDNA concentration.

Originator studies that have analyzed the DNA integrity in cancers, relied on the qPCR analysis of repetitive unspecific DNA sequences (ALU, LINE1) (16). Recent works however, have been developed to specifically measure integrity indexes while targeting cancer-specific mutated sequences by qPCR (23). These studies are nevertheless limited by the sensitivity and accuracy of basic bulk PCR techniques. Emerging methods based on droplet-based digital PCR could reach both high sensitivity and accuracy (38, 39) especially when following the Digital MIQE Guidelines (40). Moreover, innovative procedures have also been developed for fragment-based highly sensitive detection (19, 24). Our results demonstrated, using two independent strategies, a significant difference of ccfDNA fragmentation in plasma of mCRC patients compared with healthy subjects. Moreover, when specifically targeting the fraction of ccfDNA bearing cancer-specific mutations (and thus discriminating ctDNA) by ddPCR, significant differences were also observed between DNA bearing cancer-specific mutation(s) and non-mutated DNA in the patients from the PLACOL cohort. Such results confirmed the high fragmentation of ctDNA (with most fragments below 150 bp as highlighted by both strategies used), which is consistent with other studies (18, 41, 42). BIAbooster system provided complementary data to the ddPCR assay, evoking that a major part of the ctDNA could even be smaller than 110 bp (Figure 5B1; Supplementary Figure 5). The two methods lead to complementary information. Indeed digital-PCR assay quantifies amplifiable DNA fragments larger than a chosen size (i.e., if a 60-bp amplicon is amplified, detected DNA fragments be larger than 60 bp including the targeted sequence) whereas BIAbooster system determines the quantity of DNA fragments within a given size range (for example, between 75 and 110 bp).

In addition to pursuing the development of DII measurement of ccfDNA as a universal cancer marker, such results have strong implications with regard to future assay design. Indeed, we showed that assay targeting short amplicons allowed more sensitive and precise quantification of ctDNA, which is especially relevant for the analysis of low concentrated plasma samples. Interestingly, using IntPlex, Moulière et al. demonstrated that the targeting of small fragments within ccfDNA permits to increase the efficiency of the detection of ctDNA (23). In a more recent work, they also improved the detection of ctDNA by analyzing the shorter fragments after adding an either in vitro or in silico size selection step (43). Xiao Liu et al. also enhanced the detection of pancreatic cancer by developing a new single-strand library preparation and hybrid-capture-based ccfDNA sequencing (SLHC-seq) to analyze small ccfDNA fragments (<100 bp) (44).

In conclusion, with the combined consideration of the importance of the standardization of preanalytical and analytical procedures as well as the increase of the sensibility and accuracy of analytical methods, the measure of DNA integrity should be an interesting parameter to develop new clinical biomarker in oncology. In particular, even if differences have been observed between sample preparation procedures, the crucial point appeared to ensure method consistency within a single study. Indeed, even if the ext.kit 2 may allow for highest purification of small DNA fragments (and thus probably of tumoral DNA enriched fraction) as compared with ext.kit 1, it also seems to lead to strongest variations in extraction efficiency (see Figure 4).Further analyses, involving a larger number of samples are required to allow for definitive conclusions. Moreover, the described procedures will allow conducting similar studies on newly developed ccfDNA extraction kits. The optimizations of the described ddPCR method could involve the development of multiplex assay that allows the measurement of different fragment sizes in a single pot. Yet, the limited number of patients in our study also requires further investigations. Another limitation is that we limited our analysis to patients with mCRC. Moreover, to fully validate the DII as cancer biomarker, further investigations about the cfDNA biology, in particular about the potential influence of aging on cfDNA fragmentation could be of interest. In order to assess its role in a more general setting, further studies should involve various cancer stages as well as other primary tumors. Moreover, investigating the processes leading to the observed differences of fragmentation profiles between tumor and healthy cells derived DNA would greatly contribute to the use of DII measurement as a universal cancer marker.
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Circulating cell-free DNA (ccfDNA), released from normal and cancerous cells, is a promising biomarker for cancer detection as in neoplastic patients it is enriched in tumor-derived DNA (ctDNA). ctDNA contains cancer-specific mutations and epigenetic modifications, which can have diagnostic/prognostic value. However, in primary tumors, and in particular in localized prostate cancer (PCa), the fraction of ctDNA is very low and conventional strategies to study ccfDNA are unsuccessful. Here we demonstrate that prostate biopsy, by causing multiple injuries to the organ, leads to a significant increase in plasma concentration of ccfDNA (P<0.0024) in primary PCa patients. By calculating the minor allele fraction at patient-specific somatic mutations pre- and post-biopsy, we show that ctDNA is significantly enriched (from 3.9 to 164 fold) after biopsy, representing a transient “molecular window” to access and analyze ctDNA. Moreover, we show that newly released ccfDNA contains a larger fraction of di-, tri- and multi-nucleosome associated DNA fragments. This feature could be exploited to further enrich prostate-derived ccfDNA and to analyze epigenetic markers. Our data represent a proof-of-concept that liquid tumor profiling from peripheral blood performed just after the biopsy procedure can open a “valuable molecular metastatic window” giving access to the tumor genetic asset, thus providing an opportunity for early cancer detection and individual genomic profiling in the view of PCa precision medicine.
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Introduction

The analysis of circulating cell-free DNA (ccfDNA) represents one of the most promising strategies for non-invasive disease monitoring (1). In cancer management, it has been effectively used to follow tumor evolution and acquisition of resistance, as well as for guiding treatment decisions in multiple non-hematologic diseases. ccfDNA is thought to be released into the bloodstream by all cells, both by active secretion and as a consequence of death by apoptosis or necrosis, in response to both physiological processes (i.e. exercise), as well as malignant and non-malignant pathological conditions, such as inflammation and tissue damage (2). Although the first description of ccfDNA in plasma dates back to 1948 (3), abnormalities in patients with cancer were observed only decades later (4, 5), and the exact mechanism of its release and its biological properties still remain unclear.

During cancer development, tumor-derived DNA is released in the circulation (circulating tumor DNA, ctDNA) since early stages of the disease and mixes with a larger amount of physiologically released nonmalignant DNA, which is mostly derived from hematopoietic cells (6, 7). The fraction of cancer-derived ccfDNA is highly variable, and mainly depends on two factors: i) the advancement of the disease, with more ctDNA reflecting a greater disease burden, and ii) the location of the tumor, with colon, gastroduodenal tract, breast, pancreas, liver, and skin cancers releasing large amounts of ctDNA, whereas glioma, thyroid, kidney, and prostate tumors are associated with the smallest amount of ctDNA in plasma (8, 9). These tissue differences have been explained by the presence of the blood-brain barrier for gliomas and of an organ capsule/pseudocapsule for thyroid, prostate, and kidney cancer, limiting the diffusion of ctDNA into blood (9).

Once released in the circulation, ccfDNA undergoes a rapid degradation by nucleases (10, 11), with an estimated half-life of fewer than 2 h (12, 13). Therefore, most ccfDNA presents as a 160- to 170-bp peak, roughly corresponding to the portion of DNA protected by the interaction with histones in nucleosomes (14, 15). Larger fragments, of about 360 to 400 bp and more, have also been reported, likely representing multimers of nucleosomes (16). Dying cells and tumors undergoing cell necrosis were shown to release additional longer fragments, up to 10 kb (14). Tissue-specific methylation signatures and nucleosome phasing analysis have been effectively used to derive the organ of origin of ccfDNA (7, 15, 17). Recently, the fragment length of ctDNA from different cancers was found to be more variable compared to non-cancer ccfDNA, probably reflecting tumor-specific changes in chromatin structure and epigenetics marks, suggesting that ccfDNA fragmentation could serve as a biomarker for cancer detection (18).

Concerning prostate cancer (PCa), only few studies have explored ctDNA as a potential biomarker in localized disease to distinguish PCa from benign prostatic hyperplasia in patients with elevated prostate-specific antigen (PSA) (19), to provide prognostic information in patients undergoing radical prostatectomy (20), or to follow-up patients with PCa (21). More recently, Hennigan and colleagues confirmed that in localized PCa, allele-specific alterations in ctDNA are below the threshold for detection, even in high-risk patients who will eventually develop disease recurrence (22). A larger number of studies, conversely, explored the feasibility to use ctDNA in advanced metastatic and castration-resistant disease, demonstrating that ctDNA from liquid biopsies can be used to get insights into the mutational burden of metastatic PCa, without the need for direct tissue sampling, and as prognostic biomarker of response to therapy (23–29).

It has been clearly demonstrated that certain conditions, including inflammation, exercise, or tissue injury, substantially increase the ccfDNA level. In particular, it was shown that ccfDNA levels may increase by more than an order of magnitude during surgery (12). Similarly, we could hypothesize that prostate biopsy, by requiring multiple punctures of the organ, would release a large amount of prostate DNA representative of all analyzed regions, creating a sort of temporary time window for ccfDNA analysis, which may allow getting genetic information for a precision-decision making, even in localized PCa. Hence, we tested the hypothesis that prostate biopsy may generate a transient increase in prostate-derived ccfDNA, which is also likely to be enriched in ctDNA, and could provide molecular data on the tumor of diagnostic, prognostic, and theranostic relevance.



Materials and Methods


Study Cohort and Sample Collection

The study was approved by the Humanitas Clinical and Research Center Ethics Committee (336/19) and all participants signed an appropriate informed consent. We enrolled 38 patients who underwent prostate biopsy for suspected PCa according to indications from their referring urologists. Twenty-one patients already had a prostate biopsy in the past that detected PCa Gleason 3 + 3 in 10 and 3 + 4 in 1 patient. Inclusion criteria were the following: i) patients >45 years of age with or without a positive digital rectal examination (DRE); ii) total PSA >2 ng/ml, according to Hybritech B&C calibration and suspected mpMRI for PCa (Prostate Imaging-Recording and Data System [PI-RADS] v.2 – score >=3). Patients with a previous diagnosis of PCa who were under active surveillance and high-grade prostatic intraepithelial neoplasia or atypical small acinar proliferation were also considered as cases. Exclusion criteria were the following: i) patients with bacterial acute prostatitis in the 3 months prior to biopsy; ii) patients subjected to previous endoscopic surgery of the prostate; iii) patients being treated with dutasteride or finasteride. Subjects with chronic renal failure, marked blood protein alterations (plasma normal range, 6–8 g/100 ml), hemophiliacs, or those previously submitted to multiple blood transfusions were not included in the study, as these conditions may alter the analysis. mpMRI/TRUS software assisted fusion-guided biopsy was performed in 31 patients by two experienced urologists (ML and GL) with more than 500 procedure each one. The prostate profile and regions of interest (ROIs) were manually contoured by the expert urologists and radiologists. Images of the prostate and mpMRI derived ROIs were fused in real time for biopsy. The procedures were performed by transperineal or transrectal approach and two or more cores for single ROI were sampled plus a systematic random biopsy (12 cores) according to EAU Guideline for biopsy-naïve patients. Seven patients received a trans rectal ultrasound guided systematic (12 core) biopsy. In patients whose biopsies were studied by RNA sequencing, the analyzed core was harvested from the highest PIRADS ROI or mpMRI index lesion.

After the diagnosis of PCa, 18 patients underwent radical prostatectomy, including two patients under active surveillance (AS) who were up-graded to clinical significant PCa. Four patients under AS, who were upgraded, opted for androgen deprivation therapy or radiotherapy and seven continued their follow-up according to Prostate Cancer Research International Active Surveillance (PRIAS) protocol. One patient with a very high risk disease received radiotherapy and ADT. Five patients who presented benign prostate hyperplasia received a medical therapy. Three patients were referred to their general practitioner.

Fresh-needle biopsies and blood samples were collected from all 38 patients, whose clinicopathological information are summed up in Table 1. Fresh-needle biopsies were immersed into the RNAlater stabilization solution (Sigma-Aldrich, St Louis, MO, USA) immediately after withdrawal and were left overnight at 4°C to allow the solution enter the sample. After RNAlater removal, biopsies were stored at −80°C. Blood samples, approximately 3 ml each, were collected in Vacutainer® EDTA tubes and withdrawn from patients prior and after biopsy, at different time points (10, 30, 60, and 120 minutes after the procedure).


Table 1 | Patient characteristics and biopsy results.





Isolation of ccfDNA

Isolation of ccfDNA was performed within 1 hour from blood withdrawal; samples were centrifuged to isolate plasma for 10 minutes at 2000g at room temperature. To ensure that the cellular component was completely removed, plasma was centrifuged again at 2000g for 10 minutes at room temperature. The collected plasma was either immediately processed for ccfDNA extraction with the Maxwell RSC ccfDNA Plasma Kit (Promega, Madison, WI, USA) using the Maxwell instrument (Promega), or stored at −20°C until use. DNA was quantified using a fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) with the Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific). Qualitative analysis was performed with the Agilent High Sensitivity D5000 ScreenTape System on Agilent-4200 TapeStation (Agilent Technologies; Santa Clara, CA, USA).



RNA Extraction From Biopsies

Molecular analyses were performed on a total of 28 patients. Biopsy samples were disrupted and homogenized in presence of Tungsten Carbide Beads, 3 mm diameter (QIAGEN, Hilden, Germany) with the TissueLyser II (QIAGEN). RNA was extracted from the homogenized samples using the Maxwell® RSC miRNA Tissue Kit, with the automated Maxwell instrument, according to the manufacturer’s protocol. RNA was quantified by Qubit fluorometer with Qubit™ RNA HS Assay Kit (Thermo Fisher Scientific) and RNA quality was assessed with the Agilent High Sensitivity RNA Screen Tape (Agilent Technologies) on an Agilent-4200 Tapestation, obtaining a mean RNA integrity number (RIN) value of 7.05 (max value 10, min value 3.7).



Next-Generation Sequencing (NGS) Analysis

Targeted RNA sequencing was performed using the TruSight RNA Pan-Cancer Panel (Illumina, San Diego, CA, USA). Libraries were prepared starting from 55 to 75 ng of RNA, following the manufacturer’s protocol. cDNA libraries, synthesized from fragmented RNA, were sequenced as 76-bp paired-end reads on a NextSeq550 platform (Illumina).

Sequencing data were analyzed using the RNAseq alignment v. 2.0.10 pipeline on BaseSpace (Illumina). Briefly, input reads were filtered against abundant sequences, such as mitochondrial or ribosomal sequences, using Bowtie 0.12.9 (30), and then aligned to the reference human genome (UCSC hg19) and the RefSeq annotation of transcripts using the Spliced Transcripts Alignment to a Reference (STAR) program (v. 2.6.1a) (31). Single nucleotide variants (SNVs) were identified with the Strelka Variant Caller v.2.9.9 (32), and the presence of fusion transcripts was detected with the Manta Structural Variant Caller v.1.4.0 (33).



Somatic SNV Selection From Patients’ Bioptic Tissue

The variant call lists were filtered to identify somatic SNVs. Five rare variants (with minor allele frequency, MAF, <0.01, for annotated variants) covered by at least 50 reads and falling into exonic regions were selected and verified by Sanger sequencing. For all chosen variants, one primer pair spanning the region containing the SNV of interest was designed. Genomic DNA was extracted from the cellular components of blood samples recovered after plasma separation. 1.5 mL of phosphate buffered saline (PBS) 1x was added to blood cellular components and the extractions were performed from 400 μL of resuspended cells with the Maxwell 16 Blood DNA Purification kit (Promega). PCR reactions were conducted by using the GoTaq® G2 Flexi DNA Polymerase (Promega), according to the manufacturer’s instructions. Sequencing reactions were performed using the BigDye Terminator Cycle Sequencing Ready Reaction Kit v1.1 (Thermo Fisher Scientific) and then loaded on an ABI-3500 sequencer (Thermo Fisher Scientific). Electropherograms were analyzed with the FinchTV software. All primers were purchased from Sigma. Primer sequences and PCR cycling conditions for each amplicon are available on request.



Detection of Selected Somatic Mutations in ccfDNA

To amplify the genomic regions containing the selected somatic variants in pre- and post-biopsy ccfDNA, PCR assays were designed and performed using the low-error rate Q5® High-Fidelity DNA Polymerase (New England BioLabs, Ipswich, MA, USA). Each reaction was carried out in a final volume of 50 μL, following the manufacturer’s instructions, and starting from at least 1 ng of ccfDNA. For each variant, the same PCR was performed starting from pre- and post-ccfDNA of the relevant patient. Purified PCR products were quantified with the Qubit™ dsDNA HS Assay Kit on the Qubit fluorometer. NGS analysis of amplicons was carried out with the NEBNext® Ultra™ II DNA Library Prep Kit for Illumina (New England BioLabs). In this regard, two different amplicon pools were generated: a pre-biopsy ccfDNA and a post-biopsy ccfDNA amplicon pool; in each pool amplicons were equally represented. Libraries were prepared following the manufacturer’s instructions, starting from the same amount of material for each coupled pre- and post-biopsy pool, varying from a minimum of 195 ng to a maximum of 490 ng. Libraries were sequenced on the NextSeq550 platform obtaining a mean depth of 235,367x. Read number and base count of each variant were reported following BAM alignment on the hg19 reference genome, through visualization with the Integrative Genomics Viewer tool (34).



Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 7.01 for Windows (GraphPad software, San Diego, California USA, www.graphpad.com). Wilcoxon matched-pairs signed rank test was applied to calculate statistical significance of the observed differences in ccfDNA levels between pre- and post-biopsy conditions at all analyzed time points. The same statistical test was also used to evaluate the size increase of ccfDNA peaks pre- and post-biopsy.




Results


Clinical and Histological Features of Analyzed Subjects

A total of 38 patients referred to prostate biopsy for suspected PCa were enrolled in the study (Table 1). The median preoperative PSA of these patients was 9.96 ng/mL [IQR 5.35 ng/mL to 17.8 ng/mL]. Upon biopsy analysis, 5 patients had no evidence of PCa, 7 had lSUP1 (Gleason score <3+4), 18 had ISUP2 or 3 (Gleason score 3 + 4 and 4 + 3, respectively), and 8 had ISUP4 or 5 (Gleason score >4+3).



Prostate Biopsy Increases ccfDNA Levels in Blood

A first blood sample for ccfDNA extraction was taken from 32 patients immediately before the biopsy procedure. A second blood sample was collected either 60 (N=13) or 120 (N=19) minutes after the biopsy. The amount of ccfDNA extracted from 1 mL of plasma was measured using a QubitVR 2.0 Fluorometer.

As shown in Figure 1, the total amount of ccfDNA was significantly increased in the post-biopsy samples compared to pre-biopsy ones at both time points (60 min: pre-biopsy median 2.76 ng/mL, IQR: 2.29–4.07 ng/mL vs post-biopsy median 3.62 ng/mL, IQR: 3.12–5.19 ng/mL, P=0.0024; 120 min: pre-biopsy 5.1 ng/mL, IQR: 4.22–5.58 ng/mL vs post-biopsy, median 7.05 ng/mL, IQR: 5.98–7.5 ng/mL, P=0.0023). No correlation between post-biopsy ccfDNA levels and Gleason score was observed (data not show).




Figure 1 | Quantitation of pre- and post-biopsy ccfDNA from blood. ccfDNA extracted from blood immediately before the biopsy and after 1 or 2 hours from the end of the procedure. Scatter plots (with median and interquartile range) show the amount of ccfDNA expressed as ng/mL of plasma. The number of analyzed individuals in shown above the plots (** P<0.01; Wilcoxon test for paired samples).





Kinetics of ccfDNA Increase After Prostate Biopsy

Six additional patients were analyzed to describe the time course of ccfDNA release after biopsy. For this purpose, in addition to the pre-biopsy sample, a total of 4 blood samples at different time points (10, 30, 60, and 120 min after the procedure) were taken for each patient. The extracted ccfDNA was then analyzed for size and concentration. Comparing the profiles of each patient at different time points (see as an example the quali/quantitative reports in Figure 2) we could confirm a significant increase in the size of ccfDNA fragments after the biopsy. In particular, at both 60 and 120 minutes after biopsy, we observed the presence of a significant amount of ccfDNA fragments longer than 350 bp (up to 1.5 kb), likely corresponding to DNA associated to multiple nucleosomes (Figure 2).




Figure 2 | Overall size distribution of ccfDNA pre- and post-biopsy. Representative Tape station electropherograms showing DNA fragment size distribution in ccfDNA isolated from plasma of a single patient (P20) pre-biopsy and after 30 min, 1 hour, and 2 hours from the procedure. The longer fragments appearing after 1 and 2 hours post-biopsy are highlighted in dark grey as the portion of the area under the curve after subtracting the profile obtained for pre-biopsy ccfDNA. In the 1h panel a schematic representation of the predicted nucleosomal structure of the detected fragments is depicted above the profiles.



Moreover, in all six cases, the kinetics of ccfDNA release in circulation showed an increase in ccfDNA levels with time, with the highest average ccfDNA concentration observed 1 hour after the procedure; however, only some patients showed a peak in ccfDNA at 1 hour, while in others the increase continued at 2 hours post biopsy (Figure 3).




Figure 3 | Kinetics of ccfDNA release in circulation after prostate biopsy. Scatter plots, with median and interquartile range, of ccfDNA concentration (ng/mL plasma) as quantified by the Qubit fluorometer in the plasma of 6 patients at different time points. ns, not significant; * P< 0.05; Wilcoxon test for paired samples.





Size Distribution Analysis of ccfDNA

In pre-biopsy samples, a typical ccfDNA size-pattern was found, with a main 160 to 165 bp peak and a minor 360 to 400 bp peak, representing mono and di-nucleosomal lengths, respectively (Figure 4). Comparing pre- and post-biopsy samples, the increase in the area of the 360-bp peak was significantly higher than the one measured for the 160-bp peak (75.11% vs. 37.46%, P=0.0007), confirming that post-biopsy ccfDNA contains qualitatively different DNA. Moreover, in post-biopsy ccfDNA, additional peaks were visible at about 630 bp and 870 bp, likely representing further nucleosomal multimers, as well as fragments larger than 1 kb (Figure 4).




Figure 4 | Size shift in post-biopsy ccfDNA vs. pre-biopsy ccfDNA. Boxplots show the molarity ratio between the 360 bp (DNA associated to two consecutive nucleosomes) and the 160 bp (DNA associated with a single nucleosome) peaks obtained by measuring the peak area, one hour and 2 hours from the biopsy procedure. Boxes define the interquartile range; the central line refers to the median. The number of analyzed individuals in shown below the graph (*P < 0.05, **P < 0.01; Wilcoxon test for paired samples).





ctDNA Enrichment in Post-Biopsy ccfDNA

The significant increase in ccfDNA after the biopsy is likely to derive from the tissue damage caused by the needle puncture injury. So, we hypothesized that the ccfDNA released in the bloodstream should be enriched in prostate-derived DNA and, particularly, in ctDNA. To validate this hypothesis, we searched for patient-specific somatic mutations in the tumor tissue (obtained from a fresh biopsy of the index lesion) by targeted RNAseq using the TruSight RNA Pan-Cancer kit, which enriches for 1,385 cancer-related genes, including some of the most frequently mutated genes in PCa. A total of 28 patients were selected for molecular analysis. We obtained a mean number of reads per patient of 22.7 M with an average of 98% of aligned reads to the reference genome. Coding regions were covered with an average depth of 721.7×. Variant calling on NGS data found on average 4,112 SNVs per patient. To identify likely somatic variants, we selected only exonic SNVs with an alternative allele fraction ≤0.35, MAF<0.01 in the general population, and covered by at least 50 reads. Variants that were recurrently found in more than 25% of the samples were excluded as putative sequencing artifacts. After prioritization, a total of 188 candidate somatic variants (on average 7 per patient) in 87 genes were left (Figure 5). Of these, 106 were missense, 76 were synonymous/silent, and 6 nonsense.




Figure 5 | Patient-specific candidate PCa somatic variants from biopsy samples. Waterfall plot representing 188 candidate somatic variants detected in 28 prostate biopsy samples by targeted RNA sequencing. Each column represents a sample and each row a gene. Mutations are colored according to the predicted functional consequence. The plot was generated using the GenVisR Bioconductor package.



Five variants, namely NM_005338.7(HIP1):c.2167G>A(p.Glu723Lys), NM_000546.5 (TP53):c.747G>C/T(p.Arg249Ser), NM_014991.5(WDFY3):c.718A>G(p.Met240Val), NM_022455.5(NSD1):c.3049A>T(p.Thr1017Ala), and NM_015001.3(SPEN): c.2500C>T(p.Gln834Ter), in four patients were selected and validated by Sanger sequencing. Absence in germline DNA confirmed that all selected variants (one nonsense, four missense) were somatic. We then performed tumor-guided personalized deep sequencing in each patient’s ccfDNA, by amplifying the relevant DNA fragment and submitting the pool of amplified fragments to NGS. The number of mutated reads divided by the total reads at each of the mutation sites in post-biopsy ccfDNA was calculated and compared with the same ratio calculated on ccfDNA before the biopsy procedure. In all cases, a dramatic enrichment in ctDNA was found, ranging from 3.9 to 164 times the amount present in circulation before the surgical procedure (Table 2).


Table 2 | Enrichment in ctDNA post biopsy.






Discussion

As the debate continues on the merits of PCa detection, urologists are struggling to balance benefits from early detection and treatment of lethal PCa from overdiagnosis and overtreatment of clinically insignificant PCa. The landscape of PCa early detection approach and management continues to evolve thanks to the understanding of the value of PSA isoforms (35), as well as of other molecular and imaging biomarkers (36). However, there are still many areas of research where efforts to optimize patient selection for diagnosis and risk stratification for treatment are ongoing. The emerging data on somatic and germline mutations in PCa have provided additional insights into the importance of genetic testing to identify clinically significant PCa (37). There is, therefore, a strong unmet clinical need for non-invasive biomarkers in early disease for better stratifying patients with aggressive tumors from those not in need of further intervention. Such an approach should discriminate cancer patients from healthy subjects, distinguish clinically significant from indolent PCa, guide therapy, and predict prognosis and follow-up.

The data currently present in the literature suggest that in patients with primary PCa it is not possible to exploit the analysis of ctDNA as the quantity of ctDNA released into the circulation is insufficient (22). Here we set up and tested an alternative approach, which uses the inherent characteristics/consequences of the prostate biopsy procedure as a way to obtain increased amounts of prostate-derived ccfDNA and, possibly, ctDNA from blood. By measuring the amount of ccfDNA before and after a prostate biopsy (index lesion plus a standard 12-core schema) we were able to describe, for the first time, the size profile and the kinetics of ccfDNA release in circulation after prostate biopsy. Moreover, by looking at patient-specific somatic mutations we showed that post-biopsy ccfDNA is significantly enriched in tumor-derived ctDNA. We found no correlation between post-biopsy ccfDNA levels and Gleason score, which suggests that probably malignancy does not correlate directly with the number of undifferentiated cells. Differences in post-biopsy ccfDNA levels might depend on the level of traumatism induced during the surgical procedure.

As a crucial biological property of ccfDNA, size profile has been assessed by a variety of methods, including gel electrophoresis, atomic force microscopy (AFM), quantitative real-time PCR (qPCR), and NGS (38). In most cases, the size profile of ccfDNA was distributed as a “ladder” pattern with a major peak at ~166 bp. However, by using AFM, Mouliere and colleagues showed that 80% of ccfDNA in colorectal cancer patients is <145 bp (39) and, by qPCR, that the ccfDNA with KRAS mutation is more fragmented than the wild-type ccfDNA in colorectal cancer patients (40). Also, by using NGS, it was reported that short ccfDNA fragments preferentially carried the tumor-associated aberrations in hepatocellular carcinoma patients (41). Therefore, tumor ccfDNA is generally considered to be shorter than non-tumor ccfDNA, although some evidence points to the opposite: for example, by NGS, it was reported that the median overall size of ccfDNA in tumor patients is around 163.8 bp (18). Furthermore, the ccfDNA isolated from early stages of pancreatic and breast cancer was observed to be longer than that found in metastatic patients (42, 43). Concerning PCa, it is interesting to note that in seminal fluid fragments longer than 1000 bp were shown to be more abundant than in healthy subjects (44). These discrepancies, besides deriving from the different techniques used to measure the ccfDNA size, may also reflect different subnucleosomal fragmentation patterns of ccfDNA. In particular, hypomethylation of DNA, a frequent finding in cancer, may increase the accessibility of ccfDNA to nucleases, giving reason for the shorter size distribution of ccfDNA in most cancer patients. Our experiments measured ccfDNA immediately after a surgical procedure, which is likely to damage a large number of cells and create the condition for the subsequent death of nearby cells, promoting a release of ccfDNA mainly due to cell break than to apoptotic pathways. This is probably the reason why we could observe a significant increase in the size of ccfDNA, as demonstrated by the increased ratio between the single-nucleosome and the double-nucleosome DNA peaks. This difference in fragment lengths could be exploited to enhance sensitivity for detecting the presence of ctDNA and for noninvasive genomic analysis of cancer by performing a first PCR step with long amplicons, thus selecting longer ccfDNA fragments, more likely to come from the damaged prostate tissue. This would be an approach similar, even though opposite, to the one recently described by Mouliere and colleagues (45). Further studies will evaluate whether, with this enrichment step, it is possible to detect somatic mutations directly from ccfDNA in primary PCa.

The release of ctDNA from the prostate can also be exploited to check for epigenetic modifications, which represent useful markers to improve the stratification of patients with aggressive and indolent PCa (46, 47). In particular, a four-gene prognostic model was derived by analyzing DNA methylation changes in 12 genes associated with disease progression and validated to improve the prediction of recurrence in patients with PCa after surgery (48).

In conclusion, our experiments pave the way to perform ccfDNA analysis also in primary PCa by exploiting the transient release in circulation of prostate ctDNA immediately after the biopsy procedure. This can give easy access to DNA from the entire organ, being superior (and cheaper) compared to the analysis of single biopsies, in the view of the frequent multifocal nature of PCa. ctDNA obtained after biopsy can be studied for the presence of somatic mutations or epigenetic alterations, thus allowing to anticipate a precision medicine-based approach to therapy.
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Colorectal cancer (CRC) is one of the most common cancers worldwide, being the third most diagnosed in the world and the second deadliest. Solid biopsy provides an essential guide for the clinical management of patients with colorectal cancer; however, this method presents several limitations, in particular invasiveness, and cannot be used repeatedly. Recently, clinical research directed toward the use of liquid biopsy, as an alternative tool to solid biopsy, showed significant promise in several CRC clinical applications, as (1) detect CRC patients at early stage, (2) make treatment decision, (3) monitor treatment response, (4) predict relapses and metastases, (5) unravel tumor heterogeneity, and (6) detect minimal residual disease. The purpose of this short review is to describe the concept, the characteristics, the genetic components, and the technologies used in liquid biopsy in the context of the management of colorectal cancer, and finally we reviewed gene alterations, recently described in the literature, as promising potential biomarkers that may be specifically used in liquid biopsy tests.
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INTRODUCTION

The World Health Organization projected that, in the next few years, cancer will kill more than a dozen million people every year worldwide. The figures exceed those of all other death causes, such as infection, cardiovascular diseases, traffic accidents, and other registered so far (World Health Organization, 2020b). The global prevalence of cancer is predicted to increase by 75% by 2030 (Ferlay et al., 2019; World Health Organization, 2020b). This rise is projected to be significantly larger in developing countries and could reach 90% in the poorest countries (Ferlay et al., 2019; World Health Organization, 2020b). Despite the advances in diagnostic tools and treatments, colorectal cancer (CRC) remains one of the leading causes of cancer mortality worldwide, accounting for more than 9% of all cancer deaths (Boyle and Langman, 2000; Ferlay et al., 2019). According to a recent report from the GLOBOCAN database, the second highest mortality rates among cancers were observed for CRC, with an estimated number of 935,173 deaths (both sexes and all ages; Ferlay et al., 2019; World Health Organization, 2020a). Prognosis for CRC depends on several parameters, among which the two most important are age and stage at diagnosis.

Several large studies have shown that the risk of developing CRC begins to increase noticeably after the age of 50. After that, the risk continues to double approximately with each succeeding decade (Haggar and Boushey, 2009). Although young age is associated with more advanced disease stage and unfavorable tumor characteristics, young age was shown to be a prognostic factor for better survival (Li et al., 2014). Less advanced stage I tumors are associated with a higher 5-year survival amounting to more than 80%, as compared to more advanced tumors like stage IV, which is associated with a 5-year survival rate of less than 5% (O’Connell et al., 2004; Noone et al., 2018). Unfortunately, most CRC cases are diagnosed at advanced stages, when curative surgical treatment is not sufficient, and chemotherapy or targeted therapy must be used. In contrast, CRC is preventable and curable when diagnosed early (Hamzehzadeh et al., 2017). These statistics show how crucial it would be to have screening tools to accurately detect CRC tumors at the early stage, enabling more successful fighting CRC and reduction of mortality caused by this cancer. In diagnosis, the golden standard for the determination of CRC status is the pathological analysis of tissue biopsy. Obtaining such biopsy requires relatively costly and complex medical devices as colonoscopy or flexible sigmoidoscopy, and well-trained staff (Baxter and Rabeneck, 2009). Nevertheless, biopsy has several important limitations: it is invasive, is expensive, is uncomfortable, is difficult to be performed in serial tests, has technical limitations associated with tumor location, and is not efficient in targeting tumor cells subpopulations (Fernández-Lázaro et al., 2020). Tissue extraction carries also risks, and it is inaccessible for some cases (Baxter and Rabeneck, 2009). Moreover, it gives tumor picture only at a single location, and it could ignore spatial tumor genetic heterogeneity. Therefore, it cannot be used in screening programs to detect CRC at early stage and it is not suitable for longitudinal monitoring (Baxter and Rabeneck, 2009; Hamzehzadeh et al., 2017; Fernández-Lázaro et al., 2020). In contrast to tissue biopsy, liquid biopsy has several advantages in CRC management. In this review, we describe the concept of liquid biopsy and its applications in the management of colorectal cancer patients.



LIQUID BIOPSY BACKGROUND

The concept of liquid biopsy is that of searching circulating biomarkers to detect tumor traces released from primary tumor and/or metastasis sites (Peng et al., 2017; Fernández-Lázaro et al., 2020). The extensive clinical research conducted to date clearly showed that liquid biopsy can provide information on the molecular status of CRC at any disease stage of the tumor, whether primary or metastasis stage (Wang et al., 2019), and in a comprehensive way which could strongly help oncologists in treatment guidance, particularly in identifying abnormalities leading to cancer initiation, to make treatment decisions and to monitor patient response to treatment (Cheung et al., 2018; Cortés-Hernández et al., 2020; Fernández-Lázaro et al., 2020).

In the field of noninvasive genetic tests, the first study that provided a conceptual framework and a practical basis for a new molecular approach to detect CRC was related to the development of the first assays based on the detection of the presence of gene mutations in DNA extracted from the stool (Sidransky et al., 1992; Mansour, 2014). This finding raised considerable hope of a possibility of developing a noninvasive genetic test using stool of CRC patients. Subsequent work assessed several biomarkers in stool and in other body fluids (Ebert et al., 2006; Roperch et al., 2013; Amiot et al., 2014; Mansour, 2014). Using information from detection of genetic anomalies affords a sensitivity (i.e., the ability to avoid individuals with CRC being falsely diagnosed as healthy) which can be substantially high, while still maintaining reasonably high specificity (Ebert et al., 2006; Roperch et al., 2013; Amiot et al., 2014; van Lanschot et al., 2017). The use of this molecular approach was also tentatively extended to post-therapeutic surveillance (Imperiale et al., 2014).

Molecular assays for CRC detection currently in use or under development are based on assessing genetic and/or epigenetic anomalies or a combination (Palmirotta et al., 2018). While other type of markers exists, such as proteins or RNA biomarkers, they might not be suitable for routine tests, because, before performing detection experiments, these assays need special patient preparations, stabilizing buffers, and adequate temperature for sample storage. The process is long, is error-prone, and may be a barrier for patients’ adherence to the CRC detection and monitoring protocols. Unlike protein or RNA-based assays, genetic assays are based on a more streamlined analytical experiment. In addition to that, genetic assays depend much less on setting varying thresholds on relevant experimental parameters when specified for distinguishing cancer patients from the controls (Robertson and Imperiale, 2015). Moreover, many genetic biomarkers can be combined in a single assay, which is more challenging with protein-based assays (this is not a problem with RNA-based ones). In addition to that, the large development of massively parallel sequencing tools and the evolution of our knowledge and understanding of genetics show that genetic variations and epigenetic modifications can strongly impact screening, diagnosis, and prognosis options of CRC-affected patients, as well as how patients may respond to specific therapy. Several noninvasive epigenetic and genetic tests are now available, having high sensitivity and specificity and being low-risk, cost-effective, and easy to implement in clinical settings or across a large population for CRC patient screening (Ebert et al., 2006; Mansour et al., 2012; Roperch et al., 2013).



SIGNIFICANCE OF LIQUID BIOPSY

The extensive clinical research progress and advancements that have been made since the human genome was first sequenced have greatly increased our knowledge on cancer genetics and have participated in the development of new cutting-edge molecular biology tools. Several genetic and epigenetic alterations have been shown to initiate and sustain specific deregulated cellular signaling pathways involved in CRC tumors. Today, these alterations can be easily detected in body fluids without the need to investigate the initial tumor site. From a simple blood collection, we can extract circulating tumor cells (CTC), circulating tumor DNAs (ctDNAs), and/or other extracellular vesicles (EV) and monitor molecular alterations in CRC patients. This procedure can be frequently repeated over time in order to monitor changes that occur during treatment, serving as an early indicator of tumor recurrence, drug resistance, or metastasis with a view to adapting, escalating, or changing the treatment strategy.

Liquid biopsy has several advantages: it is a noninvasive, fast, and easy tool to perform. In terms of noninvasiveness, sampling body fluids (blood or stool) does not require sophisticated equipment or highly skilled human intervention (Neumann et al., 2018; Fernández-Lázaro et al., 2020). For instance, some companies provide kits to individuals who can take the stool samples at home, thus speeding up the clinical process. The result can be obtained in a few hours, as compared to tissue extraction and pathological analysis, which can take several days. Moreover, liquid biopsy generates less morbidity than the conventional method due to its minimally invasive or noninvasive nature. Performing a series of liquid biopsies instead of solid biopsies avoids unnecessary health risks for the patient (Vymetalkova et al., 2018; Fernández-Lázaro et al., 2020), such as hyper-vascularized tumor rupture leading to catastrophic bleeding and hemorrhage risk and tumor seeding, regarding which several studies have shown that through aspiration cytology and biopsy extraction, many patients developed cancer at multiple sites (Shyamala et al., 2014).

CRC is known for its wide temporal and spatial intratumor heterogeneity; there are three major molecular pathways that produce this heterogeneity: genomic instability, microsatellite instability, and CpG island methylator phenotype (Dang et al., 2020). Detecting this heterogeneity through an invasive solid biopsy represents a great challenge, while this could be possible in some cases through a liquid biopsy (Vacante et al., 2020).



LIQUID BIOPSY COMPONENTS

The main types of tumor traces targeted in liquid biopsy are CTC, circulating tumor exosomes, ctDNAs, and circulating tumor RNAs (ctRNAs; Heitzer et al., 2015; Jia et al., 2017; Vymetalkova et al., 2018; Ding et al., 2020; Eslami-S et al., 2020; Figure 1).

Circulating tumor cells are cells released into the bloodstream from the primary or metastatic high-dividing tumor cells (Shen et al., 2017; Muinelo-Romay et al., 2018). CTCs are the first tumor biomolecules discovered in 1869 by Ashworth in the blood of a deceased patient with metastatic cancer. CTCs exist in various forms: as single cells with several epithelio-mesenchyme transition (EMT) phenotypes or as clusters bound to platelets, macrophages, and/or reactivated stromal cells (Satelli et al., 2015). CTCs are present in a few cells to hundreds per milliliter of whole blood; in addition, CTCs are larger than white blood cells and measure between 15 and 25 μm (Yang et al., 2019). Several groups have been working on CTC detection methods and have developed a variety of methods to overcome technical challenges to efficiently capture CTCs in the blood (Shen et al., 2017; Yang et al., 2019). The application of these tools in gastrointestinal malignancies was promising for early diagnosis, treatment planning, prognostic stratification, and metastasis monitoring (Pantel and Alix-Panabieres, 2017; Yang et al., 2019).

Exosomes are EV and homogeneous particles, stable and easily detectable in terms of their size. Exosomes are detected in almost all body fluids and express specific markers, such as HSP70 and ALIX, that distinguish exosomes from other subcellular vesicles (Halvaei et al., 2018; Zhou et al., 2020). Exosomes can be considered as diagnostic and prognostic biomarkers in cancer. Many commercial kits provide rapid and efficient separation of exosomes from a small amount of human body fluid. In the case of CRC, the ExoScreen technique detects circulating exosomes in patients’ blood samples (Fernández-Lázaro et al., 2020).

Circulating tumor DNAs are DNA fragments found in the bloodstream following different events, such as apoptosis, necrosis, and macrophage digestion. Some of them derive from malignant tumor cells, thus providing information about specific mutations in cancer (Takeda et al., 2019). In 1948, Mandel et al. were the first who hinted at the occurrence of circulating free-DNA (cfDNA) in plasma from different diseases. Despite this early discovery, the concept of liquid biopsy using ctDNA did not start being used until 1977, when other researchers identified the presence of ctDNAs in the body fluid of patients with cancer (Aghamir et al., 2020). The size range of ctDNAs varies between 150 and 10,000 bp, but the vast majority of ctDNAs are found with a size of 166 bp, like nucleosomes. Possibly, ctDNAs might be released during cell apoptosis, necrosis, or following cell lysis by immune cells (Shen et al., 2017). In CRC, a high degree of concordance between somatic mutations detected in tumor tissue and those in ctDNAs was described in blood samples from patients with early or advanced tumors, which means that the ctDNAs retain the same genetic signatures as those present in tumor tissue (Vidal et al., 2017; Li et al., 2019). The sheer amount of ctDNA found in peripheral blood differs between normal individuals and those with colorectal cancer. Indeed, circulating tumor DNA levels are higher in cancer patients than in normal individuals. The number of mutant DNA fragments can range between 1 and 1800 fragments per milliliter of plasma (Diehl et al., 2008). This quantity is low in patients with early-stage CRC, while in the case of metastatic CRC, the quantity can largely exceed these values (Shen et al., 2017). These quantities are present as a small fraction of the total cfDNA, ranging from 0.01 to 50% depending on tumor stage (Diehl et al., 2008). It is also important to mention that the information gathered from ctDNA varies depending on tumor type, since not all tumors release ctDNA. Moreover, ctDNA in cancer patients occurs in low amounts in blood compared to cfDNA; this is due to several factors such as cancer stage, tumor vascularization, tumor burden, metastasis event, and rates of cell necrosis and apoptosis.

Circulating RNAs. In addition to ctDNAs and CTCs, free ctRNAs can be used as noninvasive tumor markers in colorectal cancer. The denomination of ctRNA includes several RNA types, as micro-RNA (miRNA), other noncoding RNA (ncRNA), and messenger RNA (mRNA; Fernández-Lázaro et al., 2020). miRNAs are the most studied over the past decade and may be the most widely described noninvasive biomarkers in colorectal cancer (Table S1). They are detected in both serum and fecal samples and have attracted more attention, due to their stability and resistance to RNase-mediated degradation (Toiyama et al., 1870). They can be released into the bloodstream in two forms, either in association with RNA binding proteins or packaged in exosomes, both providing protection and stability of RNAs in body fluids (Shigeyasu et al., 2017; Fernández-Lázaro et al., 2020).
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FIGURE 1. The main types of tumor traces targeted in liquid biopsy (circulating tumor cells, circulating tumor exosomes, circulating tumor DNA, circulating tumor RNA). The molecular biology tools routinely used are flow cytometry, real-time-PCR, next-generation sequencing (NGS), microarray, and BEAMing technology.


Significant research effort has been focused on the detection of ctDNAs in cancer and provides an overview of the detection performance across cancer types, experimental conditions, and clinical practice (Vymetalkova et al., 2018). Regarding CRC, clinical research studies have shown that information gathered by ctDNAs can afford good sensitivity, specificity, and predictive power both in the diagnosis and in the follow-up of CRC patients (Mansour, 2014). There is now large evidence that liquid biopsy represents an essential tool in oncology, through the collection of samples of minimally invasive fluids. Targeting ctDNAs or other cell components in liquid biopsy is an appropriate method to detect genetic abnormalities harbored by tumor cells. In this context, liquid biopsy can detect tumor heterogeneity, monitor molecular changes during and after treatment (Diehl et al., 2008; Toledo et al., 2017; Trojan et al., 2017), and allow to set up a molecular profile on the tumor burden in patients with colorectal cancer, as well as with other types of cancers (Arneth, 2018; Cheung et al., 2018; Tadimety et al., 2018). In clinical practice, liquid biopsy has several advantages in filling the gaps generated by conventional methods, in particular solid biopsy, in that it can allow (1) the early detection of mutations, and in particular “actionable” (i.e., therapeutically targetable) mutations, and (2) avoiding the use of therapies associated with tumor resistance.



MOLECULAR BIOLOGY APPROACHES IN LIQUID BIOPSY

To date, several technologies based on the molecular biology of ctDNAs or DNA/RNAs from CTC or EV have been adapted for achieving ctDNAs identification, and analysis (Figure 1). They can be classified into two approaches: massively parallel sequencing technologies or next-generation sequencing (NGS) and digital genomic techniques such as digital PCR (dPCR). NGS can target any gene or regulatory region in ctDNA by selecting genomic regions of the target of interest, before sequencing and during the library preparation. This approach assures the analysis of large parts of the genome and allows the identification of several types of genetic alterations with high technical sensitivity (Osumi et al., 2019).

In case of presence of rare alleles and limited amount of input DNA material, the sensitivity of ctDNA detection can be further improved by using dPCR (Osumi et al., 2019). This approach provides increased identification and absolute quantification of ctDNA by dividing samples into multiple independent quantitative PCR reactions. The reactions performed contain ideally one target sequence, or few targets or none, so that the total concentration of the target sequence is obtained by a fraction of the positive amplification partitions. This partitioning of samples ensures a better detection of genetic abnormalities, including rare mutations that are difficult to detect (Quan et al., 2018; Chin et al., 2019). Digital genomic technologies offer higher technical sensitivity compared to most massively parallel sequencing technologies and have been used as an orthogonal method for validation of results and for the quantification of ctDNA. The dPCR can identify rare frequent alleles with high accuracy (Cheung et al., 2018). The NGS can also detect rare mutations but with a lower technical sensitivity than dPCR, unless (potentially costly) high sequencing depth is reached (Cheung et al., 2018; Mansour et al., 2020). In contrast to dPCR, massively parallel sequencing approaches can be designed to detect somatic mutations in either known or unknown driver genes. Besides these methods, there are other technologies allowing precise detection of ctDNA at high sensitivity, such as digital droplet PCR (ddPCR), BEAMing technology, and microarray (García-Foncillas et al., 2017; Wu et al., 2020). In Table 1, we give a brief description of these techniques highlighting their limitations.



TABLE 1. The limitations of techniques routinely used for the detection of ctDNA or CTC.
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A number of technologies based on the biological or physical properties of CTCs have been developed for CTC isolation and identification (Shen et al., 2017; Yang et al., 2019). CTCs are detected by an immunomagnetic separation technology based on the combination of surface antigens with magnetic beads attached to specific antibodies. For example, an antibody against the epithelial cell adhesion molecule (EpCAM) is used, then the antigen-antibody complex formed is separated under the effect of a magnetic field (Cheung et al., 2018; Marrugo-Ramírez et al., 2018; Siskova et al., 2020). This technology is commercialized as a kit called CellSearch, which is the only kit presently approved by the FDA as a method of detecting CTCs in patients with metastatic colorectal, breast, or prostate cancers (Cheung et al., 2018; Vafaei et al., 2020; Wu et al., 2020). The CellSearch kit allows detection of CTCs at a density of few tumor cells in whole blood sampling and represents high performance of 99 and 97% for specificity and sensitivity, respectively (Fernández-Lázaro et al., 2020). The limitation of this technique is described in Table 1. Besides the CellSearch kit, there are other tests based on the same principle, CellCollector, CellMax CMx, Cytelligen, AdnaTest, DEPArray, and others. All these tests allow the detection of CTCs to be monitored in the patients during treatment, with the main aim of either predicting recurrence of tumor or being used for downstream molecular profiling experiments (Shen et al., 2017).



LIQUID BIOPSY APPLICATIONS


In Early Diagnosis and Screening of CRC

The most studied noninvasive tools for CRC detection are hemoccult test and fecal immunochemical test (FIT). Several years of assessment highlighted important limitations of these tools. Hemoccult test and FIT showed less than satisfactory performances and difficulties in the interpretation of results (Lieberman, 2010; Imperiale et al., 2014; Lou and Shaukat, 2021). To overcome those limitations, liquid biopsy has been investigated as an alternative for more than two decades and has shown consistent and satisfactory performance, thanks to the development of cutting-edge molecular biology instruments, which enable the analysis of released tumor traces ctDNA and CTC in the body fluids. ctDNA quantity and CTC numbers in body fluids are observed at high levels in colorectal cancer cases, especially at advanced stages. For instance, the mean concentration of ctDNA in blood or stool is 5–50 times higher in CRC patients than in healthy subjects (Pindler et al., 2015; Vymetalkova et al., 2018), and regarding CTC, CRC patients could contain 5–50 CTCs per few mL of whole blood (Gold et al., 2015; Pantel and Alix-Panabieres, 2017).

Recently, the detection of several tumor markers in ctDNA or in CTC has attracted considerable attention in CRC screening as well as in diagnosis. Detecting colorectal cancer at the early stage based on liquid biopsy is an effective strategy in reducing patient mortality and in increasing overall survival (OS) in affected patients. The use of noninvasive samples can be a valuable tool for unraveling the genetic and epigenetic abnormalities involved in tumorigenesis (Gold et al., 2015). The CRC molecular assays currently in use are based on the assessment of genetic or epigenetic modifications or both. The main gene alterations known to date are as follows.

Currently, mutations in the KRAS, BRAF, APC, and TP53 genes have been widely detected in the ctDNA of CRC patients. The analysis of the mutations found for these genes in tumor tissue and plasmatic ctDNA showed significant concordance, up to 100% (Vidal et al., 2017; Vymetalkova et al., 2018; Li et al., 2019). The KRAS gene is mutated in 35–45% of CRCs, with a high frequency in codons 12, 13, 59, 61, and 146. In advanced colorectal cancers, more than 50 different BRAF mutations have been documented for CRC, with 90% consisting of a change from thymine to single base adenine at position 1799, located in exon 15 and producing a substitution at codon 600 that replaces glutamine with valine (V600E; Wang et al., 2017). In addition to that, mutational inactivation of the APC gene was detected in about 85% of sporadic cases and frequently seen in distal rather than proximal colon cancer sites (Markowitz and Bertagnolli, 2009). Also, germline mutation of the APC gene was described and is inherited in familial adenomatous polyposis (FAP) patients (Powell et al., 1993). Mutation of the APC gene leads to the activation of the tumor suppressor genes DCC/DPC4 and TP53 and to the activation of oncogenes such as COX2 and KRAS (Markowitz and Bertagnolli, 2009). The TP53 gene mutation has been widely detected in non-hypermutated colorectal cancers with a percentage of approximately 55–60% and represents the second abnormality observed after the APC mutation (Nakayama and Oshima, 2019). The majority of TP53 mutations occur at exons 4, 5, 6, 7, and 8, especially between codons 100 and 300 (Li et al., 2019). In addition to the previously described molecular alterations seen in CRC, epigenetic phenomena such as CpG island methylator phenotype (CIMP) are also involved in CRC carcinogenesis; this alteration accounts for nearly 10–40% of all sporadic cases (Freitas et al., 2018). As an example of the epigenetic modification, methylation of the promoter region of the MLH1 gene is strongly linked to the so-called methylator phenotype; it is reported in 22–49% of CIMP-positive tumors (Levine et al., 2016). Our group and other researchers identified several noninvasive methylation biomarkers, which in combination have demonstrated their diagnostic effect in CRC detection, such as WIF, NPY, PENK, SEPT9, VIM, ALX4, and others (Amiot et al., 2014; Jung et al., 2020).

Measuring the genetic and epigenetic information of a combination of several regions of genomic DNA sequence is useful in developing sensitive and highly specific noninvasive tumor diagnosis tests for early-stage CRC detection. In clinical practice, the liquid biopsy tests developed for screening Use either genetic or epigenetic targets or a combination. These biomarkers have passed several clinical trial validations and have been used to build new classes of assays; some are already approved by the FDA or designed as breakthrough devices and can be found in the market. The main tests are the following:

- The Epi proColon test, also known as the mSEPT9 test, is the first blood test designed for the identification of SEPT9 methylation in patients with colorectal cancer. This test is based on the extraction of ctDNA in the plasma and the amplification of the methylated DNA fragments by PCR (deVos et al., 2009). The Epi proColon Kit was approved by the Chinese Food and Drug Administration and the United States FDA in 2015 and 2016, respectively. The SEPT9 methylation test has good detection sensitivity. Numerous studies compared the performance of the mSEPT9 test with the FIT test. Research carried out showed that the mSEPT9 test is more sensitive than the FIT test (Johnson et al., 2014; Jin et al., 2015; Wu et al., 2016). The sensitivity of mSEPT9 is slightly higher ranging from 73 to 77% against 58 to 74% for the FIT test. The specificity of the two tests is high reaching 94% for mSEPT9 and 97% for the FIT test (Johnson et al., 2014; Jin et al., 2015; Wu et al., 2016).

- The monoplex assay for methylated VIM is currently marketed as a laboratory-developed test under the name of ColoSure™. This test is a single-marker test used to identify methylation of Vimentin in colorectal cancer. The test was developed by the Laboratory Corporation of America (LabCorp; Ned et al., 2011). Through several clinical studies, aberrant methylation of VIM alone has been detected with good sensitivity and specificity in CRC and pre-cancerous adenomas (Ned et al., 2011). The ColoSure test shows good performance ranging from 72 to 83% and from 53 to 86% for sensitivity and specificity, respectively. In addition, the ColoSure test represents an alternative screening method recommended especially in patients who cannot use standard diagnosis methods such as colonoscopy (Ned et al., 2011; Hamzehzadeh et al., 2017).

- The Cologuard test, also known as the mt-sDNA screening test, is a technology that allows the detection of DNA biomarkers in fecal samples. The Cologuard Screening test was developed by EXACT SCIENCES Corporation and Mayo Clinic, approved by the FDA in 2014 as a CRC screening tool and recommended by the College of American Pathologists. This test is recommended for asymptomatic subjects with average or high risk to develop CRC. The Cologuard test allows the quantification of a panel of distinct biomarkers consisting of the mutated KRAS gene; the methylation of the DNA promoter regions of genes NDRG4, BMP3, VIM, and TFP12; and the assessment of the fecal occult blood (Imperiale et al., 2014). In a clinical trial that screened 9,989 subjects, the effectiveness of Cologuard was established. In comparison to the FIT test, the Cologuard test was shown to be more accurate in detecting cancers and advanced adenomas, 92 vs. 74% for CRCs and 42 vs. 24% for advanced adenomas. However, the specificity of Cologuard was lower than for FIT, and it gave a negative screening result for only 87% of the normal subjects, while FIT provided accurate negative results for 95% of these normal subjects (Imperiale et al., 2014).



In CRC Prognosis

Liquid biopsy has other potential applications in clinical practice such as CRC patient’s follow-up. Among the biomolecules detected in body fluids, ctDNA has shown prognostic value in patients with metastatic colorectal cancer (mCRC; Pindler et al., 2015). Numerous studies have shown that an increased ctDNA level is associated with shorter OS in patients with mCRC, while patients with low plasma ctDNA levels are associated with a longer OS (Pindler et al., 2015; Shen et al., 2017; Osumi et al., 2019). More specifically, KRAS or BRAF mutations in ctDNA have a prognostic aspect in mCRC and are correlated with shorter progression-free survival (PFS) and OS (El Messaoudi et al., 2016; Shen et al., 2017). Besides ctDNA, several biomarkers, which allow the detection of CTC, are considered as prognostic markers in CRC, like CK20-positive markers, leading to shorter OS. Other biomarkers, such as CK19, CD133, GCC, EPCAM, SURVIVIN, MUC 1, MUC 2, and hTERT, have shown their prognostic effect in CRC (Vafaei et al., 2019). In recent years, some biomarkers resulting from methylation aberration have also shown their prognostic value in CRC, taking as an example the methylation of the following genes: TAC1, IGFBP3, CDKN2A (p16), SEPT9, HPP1, TFPA2E, EVL, HLTF, CD109, BNIP3, NRCAM, MLH1, MGMT, CDKN2A (p14), and APC (Ma et al., 2019). Despite that the literature approves that methylation biomarkers have a prognostic effect, those biomarkers are not clinically applicable yet, due to the lack of validation studies (Draht et al., 2018).



Treatment Guidance and Post-treatment Monitoring

The identification of molecular anomalies associated with CRC has progressed in recent years. Liquid biopsy is a new strategy in performing a comprehensive tumor genomic profiling to aid for cancer treatment. Based upon genomic drivers of tumorigenesis, oncologists can make treatment recommendations and ensure the use of the right targeted therapy to the right patient. The use of targeted therapies has dramatically improved the OS of patients with mCRC (Martini et al., 2017). The detection of gene anomalies in liquid biopsy has been improved considerably; it constitutes a potential tool to identify actionable mutation, which could be targeted by a specific therapy (Martini et al., 2017). The following are the gene alterations used in CRC treatment (Figure 2):

- Patients harboring EGFR gene mutation, which constitutively activates the EGF receptor, could be treated with anti-EGFR drugs, such as cetuximab or panitumumab. In some cases, this strategy remains ineffective due to the presence of resistant mutant proteins, which act in the EGFR downstream signaling pathway. Indeed, ctDNA enables the early detection of possible resistance and guide for other treatment options (Ohhara et al., 2016; Martini et al., 2017). Cetuximab or panitumumab binds to EGFR, causing antitumor activity. In some cases, these drugs are not functional due to molecular aberrations in effectors of the EGFR pathway, such as mutations in exon 2 (codons 12 and 13) of the KRAS gene. These mutations involve activation of the MAPK pathway, thus leading to resistance to anti-EGFR treatment (Bronte et al., 2015). Before determining the targeted therapy, confirmation of the tumor status of the RAS gene is required and liquid biopsy can help in that respect as well.

- HER2 and EGFR share many downstream pathways, such as RAS/RAF/MEK and PI3K/AKT. Thus, amplification of the HER gene could confer resistance to anti-EGFR treatment (Xie et al., 2020). Also, it was described that PI3K mutations and PTEN loss might be associated with EGFR blockade resistance (Xie et al., 2020).

- BRAF gene mutations are also known to be an indicator of poor prognosis, and they are also identified as an adversely predictive biomarker of anti-EGFR treatment (Guo et al., 2019). Despite the blockage of EGFR, the BRAF mutation (V600E) provides resistance to treatment by activating the MAPK signaling pathway which promotes proliferation and survival of tumor cells. The resistance of the BRAF mutation to anti-EGFR therapy has been identified in several clinical trials (Zhao et al., 2017). These assays demonstrate a strong relationship between the presence of the BRAF mutation (V600E) and resistance to anti-EGFR therapy in colorectal cancer (Zhao et al., 2017).

- Several genes encoding protein kinases can be found frequently mutated in CRC with gain of function. Regorafenib is a multi-targeting inhibitor introduced in the clinical setting of mCRC (Arai et al., 2019), involving the blocking of aberrant activation of a panoply of protein kinases. These protein kinases are related either to the angiogenic pathway (VEGFR-1, VEGFR-2, VEGFR-3, and TIE-2) or to the oncogenic pathway (KIT, RET, RAF1, and BRAF). In two randomized phase III trials CORRECT and CONCUR, conducted in a population of patients with mCRC, regorafenib significantly increased OS and PFS with a reported benefit of 6.4 vs. 5.0 months and 1.9 vs. 1.7 months compared to placebo, respectively (Ohhara et al., 2016).

- Two other genes are found altered in CRC, the fibroblast growth factor receptor (FGFR) and the platelet-derived growth factor receptor (PDGFR). The aberrated FGFR form ends up behaving as an oncogene, playing a crucial role in the migration, proliferation, angiogenesis, and survival of cancer cells. Mutation of FGFRs leads to deregulation of downstream pathways leading to the formation of mitotic and anti-apoptotic cells (Cha et al., 2018). PDGFs are often mutated or overexpressed, leading to deregulation in the PDGF/PDGFR signaling pathway. This dysfunction is associated with angiogenesis, metastasis, invasion, and resistance to targeted therapies in CRC patients (Manzat Saplacan et al., 2017; García-Aranda and Redondo, 2019). PDGFR plays an important role in cell growth, cell division, and blood vessel formation in cancer. Regorafenib could be used to block the aberrant activity of the FGFR and the PDGFR (Bignucolo et al., 2017).

- Lastly, some CRC patients will have tumors that are microsatellite unstable, also known as microsatellite-high (MSI-H). The MSI-H phenotype is associated with germline defects in the following genes: MLH1, MSH2, MSH6, and PMS2. A programmed cell death protein 1 (PD-1) antibody is recommended in patients with microsatellite-unstable tumors (Overman et al., 2018; Oliveira et al., 2019).
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FIGURE 2. Gene alterations used in CRC treatment.


Based on the genomic profile provided by the liquid biopsy test, oncologists can make treatment recommendations. The assessment of the genetic status of validated biomarkers in a noninvasive manner can be used as companion test for targeted therapies. These targeted therapies have shown to increase the quality of life of affected patients compared to standard chemotherapies. Moreover, the use of liquid biopsy is an effective tool in posttreatment monitoring and can provide a comprehensive genetic profile of tumor heterogeneity, which could change over time (Reece et al., 2019).




PROMISING CRC BIOMARKERS

We performed a literature search to capture identified tumor-related markers in body fluids (blood, stool, and urine), reported to be used for screening, diagnosis, or monitoring of CRC patients. Thereby, the search yielded 60 relevant biomarkers. The output data are reviewed and summarized in Table S1. We identified several classes of alterations: gene mutation, gene methylation, and changes in RNA expression and protein levels. The performance of these tumor markers remains relatively encouraging ranging from 6 to 99% and 29 to 100% for sensitivity and specificity, respectively, but with a largely variable cohort size, ranging from 29 to 2,975 recruited subjects (Okugawa et al., 2015; Rodia et al., 2016). The development of noninvasive genetic assays raises considerable hope for the possibility of reducing CRC mortality. A promising alternative to gene methylation and mutation is miRNA expression, which can also be detected in both serum and stool. These molecules are particularly interesting, being small, much more resistant to degradation than coding RNA, and easily profiled in body fluids. In addition, in many studies they show good performance in distinguishing CRC-affected patients from healthy subjects.



TECHNICAL LIMITATIONS AND THE FUTURE OF THE LIQUID BIOPSY

The advantages of liquid biopsy are unquestionable; however, we should admit that in clinical routine, we have still been facing several limitations. These include the following: (1) contamination by fragmented constitutive DNA adds to the critical need for adequate storage/quick processing after sampling and that of special precaution having to be taken for sample preservation, by using a specific buffer to avoid cell lysis and DNA/RNA release from hematological cells. (2) Not all tumors are shedding CTC or ctDNA and the use of liquid biopsy for these patients is therefore useless. (3) Usually, ctDNA in cancer patients occurs in low amounts in the blood compared to cfDNA. This fact is due to several factors such as cancer stage, tumor vascularization, tumor burden, metastatic potential of cancer cells, and the rate of necrosis and apoptosis. (4) The small size of ctDNA fragments makes it difficult to identify large-scale DNA rearrangements. (5) Methylation anomalies are rarely investigated, because assays need DNA treatment by sodium bisulfite, which consumes large quantities of DNA. (6) The volume of blood to be collected is high, compared to most blood tests, with at least 7 ml of whole blood being required. (7) Several platforms can be used for liquid biopsy testing, but many of them rely on technologies which are prone to errors, especially for those who need pre-amplification steps. (8) Some tumor-specific mutations can be extremely low, as low as 0.01% of total cfDNA, which can make the detection of low-frequency variants particularly challenging. (9) The only technology able to detect unknown variants is the NGS; however, to be able to detect low-frequency variants, large and potentially costly base coverage of the targeted region, defined as the number of reads covering a base, is an important prerequisite for reliable variant detection from NGS data. (10) The identification of genomic alterations with unknown significance or unclear effect on the gene function makes the interpretation difficult. (11) The use of exosomes and CTCs in routine diagnostics is limited; only CTCs that maintain epithelial features can be detected by the EpCAM, excluding CTCs with other characteristics (Vacante et al., 2020). Regarding exosomes, one of the main challenges limiting the clinical use of these EV is the lack of standardization and consistency regarding their isolation methods, which requires difficult and laborious methods (Drula et al., 2020). In addition, the high cost of the equipment and reagents intended for the most used technology in bioscience, NGS hinders the routine use of liquid biopsy in the clinical laboratory. Moreover, there is the need of expert and experienced specialists for sample handling from EV extraction to library preparation and the need for elaborate bioinformatics pipelines for data treatment and analysis.

Liquid biopsy still resists to be used routinely in clinical setting for CRC patient management (Arneth, 2018). Currently in clinical practice, liquid biopsy is used as a supplement to the conventional method, specifically when the tissue biopsy cannot be performed and/or the patient is resistant to any invasive procedure. In the field of the diagnosis of CRC, we still rely on the gold standard which is tissue biopsy rather liquid biopsy, to evaluate accurately the tumor cells and their microenvironment (Arneth, 2018).

Overall, the usefulness of liquid biopsy in the management of colorectal cancer is limited, but these limitations may be overcome soon. Liquid biopsy may provide a better real-time understanding of the dynamic of tumor growth and its evolution, which will lead to counter cancer development and metastasis. In terms of CRC treatment, drug development is lagging far away from the huge quantity of genetic information generated by liquid biopsy. The synchronization will be a huge trigger for the next level in personalized medicine in CRC.



CONCLUSION

Liquid biopsy is an emerging field in the management of colorectal cancer, whose relevance as a potential diagnostic, prognostic, monitoring, and therapeutic tool makes it a viable strategy in clinical practice of CRC patients. Liquid biopsy also has certain limitations, but they seem to be at the reach of near-future technological development.
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Circulating Tumor Cells (CTCs) are cancer cells that split away from the primary tumor and appear in the circulatory system as singular units or clusters, which was first reported by Dr. Thomas Ashworth in 1869. CTCs migrate and implantation occurs at a new site, in a process commonly known as tumor metastasis. In the case of breast cancer, the tumor cells often migrate into locations such as the lungs, brain, and bones, even during the early stages, and this is a notable characteristic of breast cancer. Survival rates have increased significantly over the past few decades because of progress made in radiology and tissue biopsy, making early detection and diagnosis of breast cancer possible. However, liquid biopsy, particularly that involving the collection of CTCs, is a non-invasive method to detect tumor cells in the circulatory system, which can be easily isolated from human plasma, serum, and other body fluids. Compared to traditional tissue biopsies, fluid sample collection has the advantages of being readily available and more acceptable to the patient. It can also detect tumor cells in blood earlier and in smaller numbers, possibly allowing for diagnosis prior to any tumor detection using imaging methods. Because of the scarcity of CTCs circulating in blood vessels (only a few CTCs among billions of erythrocytes and leukocytes), thorough but accurate detection methods are particularly important for further clinical applications.
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Introduction

Breast cancer has overtaken lung cancer in 2020 to become the most common type of cancer in the world. The metastatic nature of breast cancer is also of great concern, as metastasis accounts for 90% of malignancy deaths, because of distal progressions of primary tumors (1). One hypothesis is that tumor metastasis is triggered via CTCs (circulating tumor cells) that are found in patients’ blood (2). In a successful dispersal process, cancer cells of breast tumors in primary site infiltrate surrounding tissues, enter blood and lymphatic vessels, followed by translocation to distant sites. The ability to escape from blood vessels and adapt to novel microenvironments in the body allow cancer cells to successfully implant, colonize and proliferate in a new site.

Compared to primary cancer cells, circulating tumor cells show a more aggressive ability to mutate, accumulating genetic changes similar to or larger than those of the original tumor through somatic cell mutations and acquisition of additional characteristics within circulation (3). As the dissemination of tumors appears to be mostly via the blood, circulating tumor cells that have penetrated the blood vessels to infiltrate potential metastatic sites are of obvious interest (4); for example, many studies have concluded that the blood-borne dissemination is contributed by EMT (epithelial-mesenchymal transition) in patients with breast cancer (5). Recently, many investigations into liquid biopsy have been conducted; a considerable number showed the potential of CTC detection as an effective method for the evaluation of chemotherapy efficacy, early diagnoses and malignancy recurrence, and choice of drug sensitivity (6). Liquid biopsies of CTCs have the following advantages over other tumor markers in the blood: (1) easy to collect, (2) persistent assessment, (3) analysis of the overall tumors burden rather than a limited part of tumors. Given the many benefits of CTCs have in relation to the early diagnosis and treatment of breast tumors, early stage detection of CTCs in blood appears to be the most critical. However, because of the extremely low concentration of CTCs in human blood, detection has always been a technical challenge. This has led to more research and development in relation to detection methods. Recently, the detection and clinical application of CTCs have been gradually incorporated into the field of nanotechnology and genetics. The detection methods of CTCs are changing dramatically, and the clinical applications are becoming increasingly extensive (7). As a result of the increased attention on this critical subject, multiple detection methods have been developed, and these methods can be used to detect circulating tumor cells in vivo as well as in vitro.

This article sets out the current state of recent developments relating to detection methods, commercial systems, and clinical applications of CTCs, as well as the limitations and prospects of each method for reference during clinical processes and as guidance for researchers and clinicians.



Detection Methods of CTCs

CTCs are infrequent neoplastic cells, and a high-level detection platform, appropriate equipment and techniques are needed to detect its rather low concentration in blood, as approximately one CTC per milliliter of blood can escape from primary neoplasms or metastases. The properties to detect and separate heterogeneous CTCs of all types, as well as to separate out the large blood and white cells in blood, are necessary to for a CTC testing platform. With results of negative or positive enrichment, and recognizing circulating tumor cells or removing hematopoietic cells through immune affinity strategy, the selection of CTCs is commonly the first stage of detection. The detection procedure then further distinguishes (and possibly characterizes) CTC from other regular cells. Then, CTCs are identified and isolated from other normal blood cells (8).


In Vitro Detection Methods

CTCs counts have long been seen as a preferred tool in clinical diagnosis. Recently, accurate detection of CTCs may soon be achieved due to many advanced techniques being developed. Enrichment as well as detection procedures are basics for these novel techniques. The gathering and detection methods of CTCs are based on biological or physical features. The latter depends on size, electrical properties, and other physical characteristics of tumor cells, while the former depends on antigen-antibody combinations and the differences of DNA and RNA which distinguish CTCs from normal cells.


Detection Methods Relying on Physical Properties

CTCs can be identified from normal cells in blood, such as leukocytes, through physical isolation, without any biomarker labeling. The isolation tactics focus on several distinctions in physical characteristics between cells in blood and CTCs, as set out in Table 1.

	ISET (Isolation by Size of Epithelial Tumor cells): Because of their larger size compared to leukocytes in blood, CTCs can be easily isolated by diameter. An identical hypothesis, the nucleoporeassay, is also based on size differences (9, 10). Overall, ISET equipment allows the isolation of CTM (circulating tumor microemboli) and CTCs from all kinds of malignancies as intact cells, without any previous selection based on immune system. However, proof of the existence of CTCs smaller than 8 μm has not yet been explored, leaving questions about the sensitivities of the method.

	ScreenCell system: Through utilizing a microporous membrane filter, ScreenCell systems separate CTCs by cell size screen, making later characterization and sorting possible. Filtration membranes, based on microfiltration technology, enable nucleated cells to pass while holding up CTCs. The potential to achieve high throughput persistent processing of large volumes of blood has been demonstrated. This method has some advantages, for example, related cellular and molecular biological techniques, and techniques that are related to the figures and identification of CTCs and their latent gene abnormalities, can conveniently analyze neoplasm cells extracted onto the filter. Furthermore, cells isolated from blood can undergo tissue culture to be used in future experiments, without the usage of any assay based on antibody, which can open up a broad range of isolation areas for cancer cells, covering non-epithelial originated cells.

	Electrical features (Surface charge):




Table 1 | The strategies for isolation based on physical properties of CTCs.



The majority of cells of mammals have a net negatively-charged surface, especially in physiological situation. However, because of the existence of some macromolecules that have polarized particles, some cell surfaces have complex dielectric features, such as proteins, nucleic acids and polypeptides.

For example, compared to leukocytes in blood, neoplasm cells (e.g. CTCs) have a surface with more zeta potential or negative charge, which has been demonstrated by studies. In addition, these cells, compared to white blood cells, were also proven to have lower cytoplasmic conductivity as well as higher unit membrane capacitance (11).



Detection Methods Based on Immunological Properties

This method identifies CTCs by proteins on the cell surface or DNA/RNA in cancer cells. Antibodies in blood can identify and combine with specific markers, usually proteins, on cell surfaces. For instance, epithelial markers are commonly used to identify and separate blood cells and malignancy cells, due to features commonly expressed on epithelial and epithelial cancer cells, which are rarely expressed on the mesenchymal white blood cells.

Immunology-based technology commonly uses specific protein biomarkers, expressed by either cancer cells or blood cells only, and their complementary antibodies. Circulating tumor cells isolation tactics based on proteins can be categorized into 3 types, as set out in Table 2.


Table 2 | The strategies for isolation relied on biological features of CTCs.



	1. Positive selection: Specific markers usually expressed on the surface of epithelial cancer cells or normal cells, such as epithelial markers, are combined with antibodies, a design to identify CTCs in samples of liquid biopsy. Usually, two steps are involved in these technologies, firstly CTC-enrichment, followed by the step of enumeration and CTC detection. Current positive selection detection procedures include the CellSearch® system, Adnatest® system, MagSweeper™, CTC Chips and Herringbone Chips, EPHESIA CTC Chips, IsoFlux, Velcro-like devices, GEDI microdevices, and DEPArray®.



For instance, the US FDA (Food and Drug Administration) has approved the CellSearch® test system, which combines immune-driven nano-magnetic beads with epithelial cell adhesion molecules (EpCAM) through fluorescent specific CTC reaction recognition. It can be applied to breast carcinoma and other malignancies treatment in addition to patient monitoring after chemotherapy or surgeries. However, independent validations of this novel technology are lacking.

	2. Negative selection: Opposite to the former technology, based on surface markers of cells that are quite different to non-CTCs, consumption procedures are used by negative selection technology to remove white blood cells (WBCs) and other blood cells. In negative CTC enrichment, WBCs are depleted using antibodies of specificity against various biomarkers, such as CD66b or CD45; this makes the selection of leukocytes appearing in blood possible. However, not all nucleated cells in blood are positive for CD66b or CD45. Negative selection methods include white blood cells depletion kits, CTC Chips, RosetteSep method, and Easysep method.



For instance, the Easysep method is quick, simple, and does not require a separation column of immune cells using magnetic separation technology, along with other advantages. This method depends on the TAC technology: normal cells are labeled with antigen-antibody complex, under the action of immune magnetic beads, and normal cells were placed in the EasySep™ magnetic pole, while CTCs were allowed to be negatively selected and can thereafter be extracted from peripheral blood mononuclear cells (PBMCs).

	3. Selection-free CTCs can express EpCAM at varying levels (12). Selection-free techniques for CTC recognition have been developed, in that some cells express both mesenchymal and epithelial phenotypes. This method combines high throughput microscopy, flow cytometry and RT-PCR. No extra loss of CTCs during a selection procedure is one of the advantages of these methods. Nevertheless, these methods also have some restrictions, for example, CTCs and WBCs need to be distinguished by imperfect biological markers. Examples of selection-free methods include Epic Sciences and AccuCyte® – CyteFinder®.






In Vivo Detection Methods


Optical Imaging Technology

Clinically, commonly used imaging technologies include MRI (magnetic resonance imaging), PAT (Photoacoustic tomography), OCT (optical coherence tomography), CT (computed tomography) and PET (positron emission tomography). Optical imaging technologies, such as PAT and OCT, are much higher in velocity and resolution than those of CT, MRI, and PET, and can even identify circulating tumor cells in vivo. Optical imaging has been proposed for real-time imaging of rapidly flowing cells in blood vessels, including cancer cells (13). Zerda et al., successfully detected free RPMI-8226 myeloma cells in the blood vessels of rat ears by means of speckle-modulating OCT (SM-OCT), which can modulate speckle noise (13) and gold nanorods (~100 nm× 30 nm) were exploited as contrast agents to label cancer cells. OCT technology was first used for single cell detection in the circulatory system within animals. The results show that optical imaging techniques with high resolution can be taken to capture fluorescence-labeled cancer cells and non-labeled melanoma cells or intravascular nanoparticles. However, precisely quantifying the dynamic change of CTCs in fast flowing blood is still very difficult because of the slow imaging velocity of these technologies.

In in vitro flow cytometry (IVFC), as each cell passes through the laser beam, fluorescent markers on cell surfaces can be suddenly activated to emit a fluorescence. Quantification of the fluorescent-labeled cells is done through data processing and analysis. The natural blood circulation is directly exploited by IVFC as the fluid flow system to quantitatively analyze the changes of fast flowing target cells in real-time. Different signals are produced by target cells (CTCs) and other cells using different methods such as contrast, fluorescence, photothermal, photoacoustic, light scattering intensity, etc. The methodology for each type of flow cytometry is based on those signals, such as in vivo fluorescence flow cytometry, in vivo photoacoustic flow cytometry. Fluorescence IVFC (IVFFC) and photoacoustic IVFC (IVPAFC) are the most widely used for CTC detection.


Fluorescence Flow Cytometry

A novel small animal research tool was developed by Tan et al. called “Diffuse in vivo Flow Cytometry” (DiFC), which is used to directly detect CTCs in blood, that are fluorescently-labeled. Near-infrared diffuse photons are used in this technique, making it possible to count and identify cells flowing in veins and large superficial arteries, and drawing of blood samples is not necessary. The speed and depth can be measured and individual cells of different directions in arterial or venous can be counted when DiFC is combined with a new signal processing algorithm. The experiment shows that all the blood of a mouse can be easily monitored in under 10 minutes, while a false positive rate of 0.014 per minute is maintained by DiFC, which means DiFC is a credible tool to detect CTCs at concentration levels even below 1 cell per milliliter. Therefore, DiFC is a promising technology to be applied in biological applications. In summary, IVFFC has been widely used to monitor the dynamic changes of fluorescently labeled CTCs in the blood circulation system of animal tumor models, including single CTCs, CTC clusters and apoptotic CTCs (14).



Photoacoustic Flow Cytometry

IVPAFC was first developed by Zharov et al. of Arkansas University. The mechanism of action is as follows: IVPAFC irradiates blood vessels with a high-frequency pulse laser and detects the instantaneous ultrasonic signals generated by target cells flowing through the blood vessel through ultrasonic detectors placed on the surface of tissue. The target cells absorb light energy and then convert the light energy into heat energy, when the tissue is irradiated. This causes the local temperature to rise, which initiates a thermoelastic change in the tissues, producing an ultrasonic wave (i.e., photoacoustic signal). Compared to detection methods of CTCs in vitro, IVPAFC has distinct merits. For instance, in the case of CTCs metastases along lymphatic vessels, lymphatic system and vessels should be enhanced and displayed by contrast agents because of the small structure of lymphatic vessels, as well as the transparent lymph liquid in the lymph vessels.

Besides, the collection amount of lymph fluid is often too small with long-term intubation, causing multiple restrictions in the analysis of CTCs in lymph-based in vitro detection methods. In CTC detection by IVPAFC, the background noise in photoacoustic signals produced by colorless lymph is low, which has significant advantages. In the study, the researchers used gold-plated carbon nanotubes and ligand-functionalized iron trioxide magnetic nanoparticles to specifically mark breast tumor cells MDA-MB-231 to evaluate detection levels of target cells. Based on the same technique, others evaluated the detection of CD44 expressing breast cancer stem cells. They used IVPAFC to detect whether CTCs in breast cancer patients have transferred to bone tissue and cerebrospinal fluid, and eventually proved that not only can IVPAFC detect melanoma CTCs in vivo in real-time, it can also eradicate melanoma cells and have significant therapeutic effects.




Scaffold Implants

The implanted in vivo scaffold-based capturing technology mainly stimulates the microenvironment in vivo, through biomaterial scaffolds, to induce the migration of cancer cells into the scaffolds. Shea et al. (15) implanted a Polylactide-co-Glycolide (PLG) scaffold into mice and the results showed that PLG scaffolds have the abilities to regulate the local immune microenvironment, capture and recruit metastatic cancer cells, and even decrease solid organs’ tumor burden. All the biomaterials that used have great biocompatibility and can be made into tissue engineering scaffolds or drug sustained-release carriers, etc., which have broad biomedical applications. Furthermore, other types of scaffolds could be used as targets for SUM1315 breast tumor cells to metastasize in mice, such as BMSCs (human bone stromal cells) and BMP-2 (bone morphogenetic protein-2). For such patients, particularly those with a high risk of recurrence, Scaffolds implantation can not only help find tumor metastasis at a relatively early stage, but also treat breast cancer with a relatively low burden.



Intravenous Indwelling Needle Device

Intravenous indwelling needles (IINs) mainly consist of a puncture needle core and an endovascular catheter. The surface of the needle core tip is functionalized, allowing high affinity ligands such as antibody and aptamer to bind specifically to CTCs. Another method is when the needle core is replaced with other biologically compatible materials, whereby CTCs can be captured by inserting a catheter into blood vessels.

Presently, GILUPI CellCollector® is the first and only technology approved by US FDA that captures CTCs through IINs. The functionalized thread was laxly pushed into the elbow venous vessel through the indwelling needle’s catheter (blood flow was about 20 mL per min) and stayed about 30 minutes in order to capture CTCs. Thereafter, the thread was taken out, washed, fixed, sealed and immunostained it, and observed and CTCs were counted under a microscope. CTCs are recognised when cells show positive EpCAM or cytokeratin (CK) 4, 5, 8, 9, 18 and are between 10 and 50 micrometers in size and have a high cytoplasmic ratio. The benefit of this method is that it is straightforward and quick, brings little trauma and is easily accepted by patients with breast cancer.



Microfluidic Chip

Based on a sorting chip microfluidic cell, through an arteriovenous shunt implanted in mice, the microfluidic chip system has been tested when it is continuously connected to a conscious mouse. When the blood passes through the equipment, microfluidic valves which are pneumatically controlled are able to capture CTCs, and the remaining blood without CTCs will be go back into the mouse. An optofluidic system presented by Hamza (16) showed that the system continuously collected CTCs labeled by fluorescence from a genetically engineered mouse model (GEMM) for several hours per day over various days or weeks. Two-step microfluidic chips were developed by Hyun (17), which can not only sort out heterogeneous CTCs based on their features, but also isolate CTCs from cells in blood. In conclusion, the microfluidic chips are beneficial to research on heterogeneity of CTCs, and by extension, personalized tumor therapy. However, because of the traumatic features of the insertion of catheter in veins and arteries as well as the sterility requirement of CTCs sorting devices and the materials’ biotoxicity, the application of microfluidic chip is limited.





Clinical Application of CTCs in Breast Cancer and Other Cancers

In 2020, breast cancer is on the top of malignancy lists in the world, especially in developed areas. Identifying/diagnosing cancer and metastatic tumors in an early stage is critically important for clinicians to detect and treat breast cancer patients. Although the prognosis is better than lung cancer and other malignancies, a prominent characteristic of breast cancer is early metastasis, to areas such as lungs, bones and brain, causing the elevated mortality rates of breast cancer. As a prognostic tumor marker of treatment efficacy and metastatic progress with huge potential, CTCs count has been proven and studied by multiple researchers (18). Compared to conventional imaging diagnosis and tissue biopsy, CTC is expected to be a non-invasive tumor screening method for clinical application. In addition, compared to conventional tissue biopsy, liquid biopsy captures the heterogeneous essence of tumors, given the dual sources of primary and metastatic tumors (19,20). Because of that, increasingly more attention has been paid to clinical applications of CTC detection in breast cancer.


Screening and Early Detection of Cancer

Early diagnosis plays a key role in decreasing mortality of breast cancer, while various grades and types of breast cancer have different significance. For instance, the progress speed of grade I is much more slow than grades II and III of breast cancer, which means early diagnosis when the diameter of tumors is smaller than two centimeters can improve prognosis and OR (overall survival) of patients with breast cancer (21). CTC detection plays a critical part in the screening, diagnosis, early detection and treatment of breast cancer.

A quick CTCs detection method with great sensitivity has been created by Kruspe et al. (22). CTCs‐derived nucleases, a special enzyme that are usually elevated in multiple malignancies, are used for signal amplification in the study. The result shows that probes activated by fluorescent nucleases are able to detect CTCs levels quickly, and can be an economical and effective detection method of CTCs for early diagnosis of breast cancer. Although CTC detection can detect breast cancer earlier than conventional detection methods, further research on CTC detection and its application in tumor diagnosis still needs to be conducted, as using CTC for cancer diagnosis is still in the preliminary phase of development.



Predicting Recurrence and Prognosis in Breast Cancer

It is commonly accepted that breast cancer malignant tumors have a strong invasive ability that can migrate into remote organs, such as bones and lungs, at an early stage. Therefore, forecasting prognosis and cancer recurrence in breast cancer via CTC detection plays a critical role in the treatment. There is a plethora of studies which shows, as an independent predictor, that the number of CTCs in blood before therapies have a significant implication in both OR (overall survival) and progression-free survival of breast cancer patients (23).

The largest multicenter study was published by Rack and his colleagues (24). In this study, they recruited 2,026 early breast cancer patients in group 1 and 1,492 patients in group 2. Group 1 consists of patients before adjuvant chemotherapy, while group 2 consists of patients after chemotherapy, and both groups are treated with the CellSearch System to count the number of CTCs.

According to the study, 21.5% of patients examined were detected with CTCs in their blood, while CTCs can be found in 22.4% of node-positive patients and 19.6% of node-negative patients. 22.1% of patients were detected with CTCs even after chemotherapy. The continuous existence of CTCs in peripheral blood is related to a worse prognosis, in the other words, increased risk of recurrence in primary sites is related to an elevated number of CTCs detected, before or after adjuvant chemotherapy. Another similar study by Madic et al. (25) probed the correlations of CTC and ctDNA plasma level with the prognosis in patients with TNBC (triple negative breast cancer). The study showed that worse prognosis and lower overall survival and time of progression were related to those patients with higher CTC counts. These studies point toward the critical role of CTCs in forecasting relapse and prognosis in patients with breast cancer.



Recognition of Resistance Mechanisms and Therapeutic Targets

ER/PR and HER-2 are therapeutic targets of breast cancer. Clinical data show that in approximately 30% of cases, the HER-2 status of distant metastatic tumor cells and CTCs are significantly different from that of cells in the primary site, suggesting that drugs targeting the primary tumor may not be appropriate for metastatic tumors. Detecting new properties and characteristics of tumors through conventional tissue biopsy may hurt patients; a non-invasive method like CTCs is an ideal alternative. Other than ER/PR and HER-2, in recent years, the discovery of immune checkpoint regulators such as PD-L1 has made the successful therapy of advanced breast cancer possible, which has become an exciting new therapeutic target. The evidence that PD-L1 is expressed on the surface of CTCs in breast cancer patients with ER or PR(+) and HER2(-) was first found by Mazel and his colleagues (26), and the established assays of CTC/PD-L1 will be used for liquid biopsy in future clinical experiments of breast cancer patients who are experiencing the immune checkpoint.



Real-Time Monitoring of Therapies

After therapy such as surgery or chemotherapy, real time detection of the level of CTCs in patients is needed to monitor and evaluate their conditions and furthermore, predict and assess survival period. During chemotherapy, the clinical validity of CTCs quantification via CellSearch method for monitoring was assessed in metastatic breast cancer patients through analyzing each patients’ real-time data of CTCs (27). Bidard et al. (28) contacted 51 European centres and requested them to offer both reported and unreported anonymized data for individual metastatic breast cancer patients who took part in experiments between January 2003 and July 2012. They concluded that when added to full clinicopathological predictive models, CTCs count can improve metastatic breast cancer’s prognostication, while tumor markers in serum cannot, which means real time monitoring of CTCs can not only detect and identify deterioration, but also be used in the assessment and monitoring of therapies.



The Clinical Application of CTCs of Other Common Cancers

Through current techniques of CTCs detection, different cancer types can be identified, this is usually done based on the physical, chemical, and biological properties of the tumor cells. For example, the source of the tumor can be determined by detecting CTC phenotypes, immunohistochemistry, and examining the genes of the cells. For example, KRT7 and TTF-1 positive CTCs are associated with lung cancer, PSA and PSMA positive cells are associated with prostate cancer, and KRT20 and CDX2 positive cells are associated with colorectal cancer. Therefore, the tumor type can be identified through the characteristics of circulating tumor cells. In addition to breast cancer, CTC detection technology is also widely used in clinical detection and clinical treatment of a variety of tumors, such as prostate cancer, digestive tract cancer, small cell lung cancer, etc. The CellSearch® system is the only US FDA-approved test platform for CTC isolation, primarily for breast, prostate, and colorectal cancer, and is considered the gold standard for CTC testing. In metastatic prostate cancer, breast cancer, and colorectal cancer, ≥5 circulating tumor cells per 7.5 mL of blood are often associated with poor overall survival and prognosis (23, 29, 30).

Prostate cancer is the most commonly occurring cancer, besides breast cancer. Several large phase II and III trials have established the prognostic value of CTCs in advanced prostate cancer, especially metastatic castrated prostate cancer. The test of CTC has gone beyond traditional PSA measurements to prove to be the strongest independent predictor of survival and has been approved by the FDA for monitoring prostate cancer treatment (30, 31). However, in the hormone-sensitive stage and early stage of prostate cancer, the clinical application of CTC is still a huge challenge due to the very low level of CTCs. In other words, the clinical application of CTC in prostate cancer largely depends on the progression stage of the prostate cancer itself.

Although the CellSearch® system has not been approved for CTCs detection for lung cancer, a large number of clinical trials have proved that CTCs detection has high clinical value in lung cancer, and CTCs technology has been proven to be a predictor of lung cancer prognosis. The number of CTCs in small cell lung cancer is ten times that in non-small cell lung cancer, so circulating tumor cells detection methods are mainly used in small cell lung cancer (32–34). Real-time monitoring of CTCs in the treatment of lung cancer enables prediction of disease progression before clinical deterioration occurs. Similar to breast cancer, a decrease in the number of CTCs in the blood after surgery or chemoradiotherapy often indicates remission of the disease. On the contrary, an increase in the number of CTCs is often indicative of tumor metastasis and recurrence. Interestingly, when He’s team detected CTCs in 165 patients with benign pulmonary nodules, they found 5 CTC-positive patients, and all of these patients developed lung cancer in the next four years, suggesting that CTCs may have a unique role in predicting the occurrence of lung cancer. T J N Hiltermann (35) pointed out that the number of CTCs at baseline and the dynamic change of CTCs after one month chemotherapy is an independent predictor of small cell lung cancer. The number of CTCs has no correlation with tumor response in small cell lung cancer, so when forecasting the survival rate of the patients, compared to the size and volume of tumor, spread of CTCs in blood is more important. In addition, the role of CTCs in the clinical prognosis of cancer has been widely recognized, and it is used as an influencing factor to complement the traditional TNM staging system, and is widely used in the diagnosis, screening, long-term monitoring of lung cancer, as well as to guide the treatment of lung cancer patients.

In non-metastatic urinary carcinoma of the bladder, the detection of CTCs was positively correlated with worse progression-free survival, overall survival, tumor-specific survival and relapse-free survival. In addition, in pure and variant urinary carcinomas of the bladder, CTCs are an independent prognostic factor (36). However, the presence of CTCs in patients with seminogenic and non-seminogenic testicular germ cell tumors is currently unknown (37). Although EpCAM is often negative or very low in renal cell carcinoma, one study claimed that it can detect CTC in 16% of patients with metastatic renal cell carcinoma, and although the detection level is low, it offers a glimmer of hope for the application of CTCs in kidney cancer.

CTC detection technology is also widely used in digestive tract tumors, and CTC count is significantly correlated with the metastasis and recurrence of digestive tract tumors, especially colorectal cancer (36). Guus van Dalum et al. (38) conducted a 5-year follow-up of 183 colorectal cancer patients from Mayo Hospital in the United States, and found that tumor patients with a higher level of CTCs before surgery, had a shorter disease-free survival and poorer prognosis after surgery. Surprisingly, the appearance of CTCS a few weeks after surgery was not significantly correlated with RFS (recurrence-free survival) and CCRD, while the appearance of CTCS two or three years after surgery was significantly correlated with RFS and CCRD. Preoperative CTCs in stage I-III CRC patients were associated with significantly reduced RFS and CCRS. This suggests that the preoperative level of CTCs can guide the chemotherapy of cancer patients. Similarly, in esophageal and gastric cancers, higher preoperative CTCs were associated with poorer postoperative outcomes (39). In pancreatic cancer, the detection rate of CTCs in metastatic pancreatic cancer is significantly higher than that in non-metastatic pancreatic cancer, and the level of CTCs has been shown to be one of the independent influencing factors for overall survival after surgery. However, it is difficult to detect circulating tumor cells from pancreatic cancer in peripheral blood, because CTCs are mostly blocked by the liver in the portal vein. The presence of a large number of CTCs in the portal vein is often indicative of liver metastasis. Therefore, a low level of CTC in peripheral blood and a high level in the portal vein is an important feature of the blood distribution in CTC analysis of pancreatic cancer. A study of 88 patients with cholangiocarcinoma (CCA) by Ju Dong Yang et al. (40) showed that CTCs were detectable in patients with CCA and were an independent predictor of survival in patients with CCA.However, given the small sample size of the study and the absence of continuous blood tests, it is not possible to determine whether CTCs predict overall survival in patients with CCA.

Although CTC applications can be used in a wide range of carcinoma, such as breast, prostate, rectal, small cell lung cancer and pancreatic cancer, CTC detection is not suitable for all tumors (41). According to some studies, the detection of CTCs in a small number of gynecological tumors, neuroendocrine tumors, head and neck tumors, and melanoma has not achieved significant results. This may be related to the mode of metastasis of the tumor itself, the affinity of antigens and antibodies on the tumor surface, and the low number of CTCs in the blood. For example, in recent years, although trace amounts of CTCs have been detected in squamous cell carcinoma of the head and neck, this largely depends on the test method, the timing of blood collection, and the patient’s clinical stage. Therefore, it is difficult to apply CTC detection techniques in the clinical treatment of head and neck tumors. However, if CTCs could be captured under EMT, it would greatly improve the detection of CTCs in head and neck tumors. Therefore, large-scale clinical trials are necessary for head and neck tumors, melanoma and other tumors with very low numbers of CTCs.




Conclusion and Discussion

Breast cancer is a malignant tumor usually known for its early metastasis and high heterogeneity and cure rates. Early detection and treatment can significantly elevate survival rates in breast cancer patients. CTCs have been proven to play a critically important part in the diagnosis and therapy of breast cancer. There are numerous CTC detection methods, which can be generally divided into in vivo and in vitro methods, and can be chosen on the basis of the requirements of the specific disease. At present, in order to isolate CTCs with integrity, high vitality and high purity, in vitro detection technology is able to capture and release CTCs mildly, construct the negative selection method of specific enrichment and remove normal blood cells to obtain CTCs, and integrate the modules of in situ culture and analyze the enriched CTCs immediately. There are two main methods for quantitative analysis of CTCs in vivo. One is optic-based IVFCs, which counts CTCs by optical signals. The other is to capture CTCs, then stain tumor cells, and count the number of cells under a microscope. Among them, the commercial CellCollector is the most representative. The currently developed in vivo capture technology of CTCs effectively ensures the quality of CTCs before and during capture, but downstream analysis of CTCs after in vivo capture is faced with such problems as cell inactivation; new techniques need to be developed to meet standards of CTC culture and molecular analyses. In any case, the detection and molecular characterization of CTCs remains challenging in that they are exceedingly rare and the number of samples available is extremely limited. Therefore, there is an urgent demand to develop a novel system with higher sensitivity, convenience, and efficiency. Clinically, compared with the conventional “gold standard” of tissue biopsy, CTC detection and monitoring can be acquired by routine blood sampling and is an innovative technique using less invasive methods that can sample consistently and repeatedly, so it is safer and timelier.

However, CTCs face many problems in terms of detection technology, clinical application and biological challenges. At present, there are many techniques and methods to detect CTCs in blood, but all of them are faced with the issue of poor sensitivity, which may lead to the delay of detection of tumor cell metastasis in patients, thus delaying treatment. Compared with traditional two-dimensional scaffolds, the implantation of three-dimensional scaffolds and the increase of antibody loading can greatly improve the sensitivity of CTC capture. In addition, although there are many different detection techniques, not one single technique can detect all different types of circulating tumor cells.

Through the detection of CTCs, we not only expect to obtain the dynamic change in the number of CTCs with the development of the tumor, but also hope to obtain biological information related to the phenotype, genome, transcriptome, proteome and metabolome of the primary tumor from CTCs, which are of vital importance in the field of clinical treatment and biological research. Current biological techniques only guarantee the activity of CTCs before and during capture, but in vitro downstream analysis of CTCs is faced with problems such as cell inactivation and distortion, which greatly affects the application of CTCs in clinical and biological engineering. Therefore, there is an urgent need to develop a method to isolate CTCs in vitro with a mild and specific technique for releasing captured CTCs, so that CTCs can be completely released from the surface of detection system. There is currently a lack of broad consensus on CDC isolation, extraction, collection and preservation of samples, and selection of biomarkers. In order to improve the accuracy of CTCs tests, a standard set of performance assessment criteria should be developed, including enrichment, cell viability and release efficiency, capture efficiency, and purity. This will improve the sensitivity and specificity of CTC detection and maximize the use of CTCs in the blood (which are already scarce).

Although CTCs have great potential in real-time monitoring, prognosis and diagnosis of tumors, CTCs alone cannot be used as an effective indicator to guide the formulation of clinical treatment plans for tumors. Large-scale clinical studies can be carried out in combination with CTCs and other tumor markers, so as to develop the index of circulating tumor cells combined with tumor markers to guide the formulation of clinical tumor programs, which will bring more far-reaching significance and improvements to the applications of circulating tumor cells in clinical and bioengineering. For example, CTC testing in combination with LDH measurements has been shown to be superior to baseline serum LDH measurements alone, in the evaluation of therapeutic efficacy (31). In addition, the biomolecular properties of CTCs have extremely important properties, which can be used to evaluate tumor consistency, prediction of site, specific metastasis, drug resistance map and identification of new drug targets, etc. Therefore, different subsets of CTCs may lead to different clinical outcomes. This gives us an important clue that the analysis of biomolecular properties of individual circulating tumor cells can be used as a novel prognostic or predictive marker to improve patient clinical outcomes. In recent years, CTC research on single biological molecular characteristics has made great progress, but due to the complex detection technology of CTCs, there is still no single enrichment method that can collect each and every CTC in blood, and separate the target cells and unspecific cells completely.

In general, the detection technology of CTCs is improving with each passing day. It is hoped that the current difficulties will be overcome in the near future, and CTC technology will be more widely applied in clinical practice. As an emerging diagnosis and treatment method, CTCs provides the possibility to find and treat breast cancer even at a stage before imaging methods can be used, guide treatment in conjunction with other tumor markers, monitor the treatment of patients after surgery, and predict the prognosis of patients. In addition, there is growing evidence that the current technology can be partially personalized for tumor types, and CTCs can also be applied to other cancers, such as prostate cancer, small cell lung cancer, straight colon cancer, etc., indicating that CTCs will significantly advance the development of precision oncology in the coming decades. However, CTCs still face great clinical and biological challenges, such as low sensitivity, small numbers, loss of cell activity and so on. Although it will be challenging to improve the detection rate of CTCs, make full use of CTCs for gene analysis of the primary tumor, and guide new treatments according to the molecular targets on the surface of CTCs, this also brings great hope for the further development of biology and emerging immunotherapy techniques.
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Cancers of unknown primary (CUPs) comprise a heterogeneous group of rare metastatic tumors whose primary site cannot be identified after extensive clinical–pathological investigations. CUP patients are generally treated with empirical chemotherapy and have dismal prognosis. As recently reported, CUP genome presents potentially druggable alterations for which targeted therapies could be proposed. The paucity of tumor tissue, as well as the difficult DNA testing and the lack of dedicated panels for target gene sequencing are further relevant limitations. Here, we propose that circulating tumor cells (CTCs) and circulating tumor DNA (ctDNA) could be used to identify actionable mutations in CUP patients. Blood was longitudinally collected from two CUP patients. CTCs were isolated with CELLSEARCH® and DEPArrayTM NxT and Parsortix systems, immunophenotypically characterized and used for single-cell genomic characterization with Ampli1TM kits. Circulating cell-free DNA (ccfDNA), purified from plasma at different time points, was tested for tumor mutations with a CUP-dedicated, 92-gene custom panel using SureSelect Target Enrichment technology. In parallel, FFPE tumor tissue was analyzed with three different assays: FoundationOne CDx assay, DEPArray LibPrep and OncoSeek Panel, and the SureSelect custom panel. These approaches identified the same mutations, when the gene was covered by the panel, with the exception of an insertion in APC gene. which was detected by OncoSeek and SureSelect panels but not FoundationOne. FGFR2 and CCNE1 gene amplifications were detected in single CTCs, tumor tissue, and ccfDNAs in one patient. A somatic variant in ARID1A gene (p.R1276∗) was detected in the tumor tissue and ccfDNAs. The alterations were validated by Droplet Digital PCR in all ccfDNA samples collected during tumor evolution. CTCs from a second patient presented a pattern of recurrent amplifications in ASPM and SEPT9 genes and loss of FANCC. The 92-gene custom panel identified 16 non-synonymous somatic alterations in ccfDNA, including a deletion (I1485Rfs∗19) and a somatic mutation (p. A1487V) in ARID1A gene and a point mutation in FGFR2 gene (p.G384R). Our results support the feasibility of non-invasive liquid biopsy testing in CUP cases, either using ctDNA or CTCs, to identify CUP genetic alterations with broad NGS panels covering the most frequently mutated genes.
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INTRODUCTION

Malignant solid tumors that are not fully eradicated at an early stage are doomed to spread to nearby lymph nodes and organs and eventually give origin to distant metastases. A diagnosis of metastatic cancer considerably reduces the chances to eliminate the tumor and cure the patient. The metastatic process is made possible by the progressive acquirement of genetic alterations in tumor cells, which eventually become anchorage independent and self-sufficient for cell growth. Disseminated tumor cells, including circulating tumor cells (CTCs) and CTC clusters, are highly metastatic (Aceto et al., 2014), and their number in the blood correlates with patient prognosis in several cancer types (Riethdorf et al., 2007; Joosse et al., 2015; Sparano et al., 2018).

The epitome of advanced cancers could be considered a particularly aggressive metastatic disease known as cancer of unknown primary (CUP, also occult primary cancer). CUP is a rare syndrome of metastatic cancers whose primary site cannot be identified after detailed physical examinations, blood analyses, imaging, and immunohistochemical (IHC) testing (Fizazi et al., 2015). CUPs make up 3–5% of newly diagnosed cancers worldwide and represent an important clinical problem (Varadhachary and Raber, 2014; Laprovitera et al., 2021), specifically when considering that current therapeutic protocols are primary site oriented. As a final result, CUP patients receive empirical cytotoxic chemotherapy regimens and have poor prognosis [average overall survival (OS) 4–9 months, about 20% survive more than 1 year]. It has been reported that CUPs present actionable genetic alterations (Ross et al., 2015; Varghese et al., 2017), and these alterations can be identified in circulating tumor DNA (ctDNA) (Kato et al., 2017). Therefore, an improvement in CUP treatment and outcome could derive from clinical trials where patients are treated in accordance to their specific actionable mutations (Conway et al., 2019), as in NCT02628379 based on FoundationOne CDx target sequencing (Roche Foundation Medicine), or basket trials extended to CUP patients. Moreover, recent studies evidenced how CUP patients could benefit from treatment with immune checkpoint inhibitors (Haratani et al., 2019), and clinical trials have been opened and are currently recruiting (NCT04131621) or positively concluded (UMIN000030649). In this clinical trial, 56 CUP patients, of whom 45 previously treated, were treated with anti PD-1 nivolumab; the objective response rate (ORR) in the overall population was 21.4%, with a median progression-free survival (PFS) and OS of 5.1 (95% CI, 2.7–5.6) and 15.9 months (95% CI, 8.4–not reached), respectively (Tanizaki et al., 2020).

CUP genetic testing is currently limited by the scarcity of tumor biopsy material and reduced biopsy DNA quality; therefore, a liquid biopsy approach could be of the outmost interest. Several works demonstrated the utility of ctDNA and CTC testing to monitor cancer patient prognosis and guide treatment decisions (Ignatiadis and Dawson, 2014). In addition, ctDNA variant allele frequency was found to be associated with a worse prognosis in patients with metastatic disease (Pairawan et al., 2020); moreover, CTCs became an important clinical prognostic biomarker (Amintas et al., 2020) with potential application in in vitro (Zhao et al., 2019) and in vivo disease modeling (Drapkin et al., 2018) and drug testing (Yu et al., 2014). Size-based or antigen-based technologies for CTC isolation and/or enumeration have been developed in the past 10 years, each one presenting advantages and limitations (Yu et al., 2011).

CUP patients are usually diagnosed with an advanced metastatic disease; therefore, they are likely to have a high number of CTCs and CTC clusters in the circulation. Given the CUP undifferentiated status and variable presentation, it is yet to demonstrate whether CUP CTCs could be isolated using tumor antigen selection (Komine et al., 2014). In this study, we explored liquid biopsy, specifically ctDNA- and CTC-based applications, as approaches to detect CUP druggable mutations. We compared two methods to isolate CTCs, one antigen-based, size-agnostic (CELLSEARCH, Menarini Silicon Biosystems) and another antigen-agnostic, size-based (Parsortix, ANGLE plc). CTCs and ctDNA were detectable in the blood of CUP patients and analyzed for genomic alterations, which were further compared with genomic alterations identified in tumor biopsy.



MATERIALS AND METHODS


Sample Collection

Two patients (Pt#71 and Pt#95) with a diagnosis of cancer of unknown origin (CUP) were recruited at Bologna University Hospital, Italy. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee Center Emilia-Romagna Region—Italy (protocol 130/2016/U/Tess). Patients provided written informed consent.

Metastatic tissue from lymph node (Pt#71) and ampulla of Vater (Pt#95) was formalin-fixed and paraffin-embedded (FFPE) and used for tumor DNA collection. For Pt#71, blood sampling was performed at three different time points: (A) at diagnosis (August 2018), (B) during FOLFOX-4 treatment (stable disease, November 2018), and (C) at disease progression (May 2019). For Pt#95, blood sampling was performed at diagnosis.

Plasma separation was performed via centrifugation at 1,900 × g for 10 min at 4°C. A variable number (N = 2–5) of plasma aliquots (1 ml) for each patient was collected and stored at –80°C prior to isolation of circulating cell-free DNA (ccfDNA). PBMCs were isolated from peripheral blood of Pt#95 using Ficoll-Paque Plus (17-1440-02, GE Healthcare, Chicago, IL, United States). Briefly, after plasma depletion, an equal volume of PBS was added to the remaining blood in EDTA tubes. Following, 4 ml of diluted blood was stratified on 3 ml of Ficoll-Paque Plus and centrifuged at 400 × g for 30 min at room temperature in a swinging-bucket rotor. The PBMC ring was carefully removed by pipetting and the pellet was washed with PBS and centrifuged at 100 × g for 5 min. Finally, the pellet was stored at –80°C prior to proceeding with DNA extraction.



CTC Isolation With CELLSEARCH and DEPArray NxT

Pt#71 and Pt#95 blood samples were collected at diagnosis. CELLSEARCH® system (Menarini Silicon Biosystems, Castel Maggiore, Italy) was used to enrich and enumerate CTCs, followed by single-cell isolation with the DEPArray® NxT system (Menarini Silicon Biosystems). Briefly, 7.5 ml of blood was loaded in CELLSEARCH Autoprep® for EpCAM-based immunomagnetic capture of CTCs, followed by immunofluorescent staining (CK-FITC, PD-L1-PE, CD45-APC, and DAPI using the CELLSEARCH CXC kit in one patient, and CK-PE, CD45-APC, and DAPI with the CELLSEARCH CTC kit in the other patient). After CTC enumeration with the CellTrack Analyzer II, the sample was loaded into a DEParray Cartridge and single CTCs and leukocytes were isolated with the DEPArray NxT system (Menarini Silicon Biosystems) from each sample. A variable number of CTCs and leukocytes, used as control, were isolated as single cells and then subjected to whole-genome amplification employing the Ampli1 WGA Kit (Menarini Silicon Biosystems).



CTC Isolation With the Parsortix System

For Pt#95, tumor cells were enriched from peripheral blood also using the Parsortix system (ANGLE plc, Guildford, United Kingdom). Blood cells were forced to pass through a 6.5-μm separator cassette that can capture CTCs based on their size and deformability properties. Then, to confirm the CTC nature of retained cells, we stained CTCs using a combination of anti-human EpCAM-FITC, anti-human CD45-APC (BD 561864/555485), and DAPI for cell nuclei staining. Images were acquired using a Leica DMI6000 B inverted fluorescence microscope (Leica Microsystems, Wetzlar, Germany).



DNA Extraction

DNA was extracted from the tumor area after selection by an expert pathologist, with the guidance of the hematoxylin–eosin-stained section. The DNA from different areas of FFPE unstained slides was extracted using the QIAamp DNA FFPE Tissue Kit (Cat No: 56404, Qiagen, Hilden, Germany) following the manufacturer’s guidelines (as described in Cinausero et al., 2019). Normal DNA was extracted from a non-tumor area in formalin-fixed paraffin-embedded (FFPE) tissue for Pt#71 and from PBMC for Pt#95. DNA from PBMCs was extracted using the QIAamp DNA Micro kit (Cat No: 56304, Qiagen, Hilden, Germany). Ten slices of Pt#71 FFPE tumor tissue were sent to Roche Foundation Medicine (Cambridge, MA, United States) for comprehensive genomic profile analysis with FoundationOne CDx (F1CDx) assay.

ccfDNA was purified from 1 ml of plasma by Maxwell RSC instrument (Cat No: AS4500, Promega, Madison, WI, United States) using the Maxwell RSC ccfDNA Plasma Kit (Cat No: AS1480, Promega). Genomic and ccfDNA were quantified using the Qubit 4.0 Fluorometer (Cat No: Q33238, Thermo Fisher Scientific, Waltham, MA, United States) and the Qubit dsDNA High Sensitivity Assay Kit (Cat No: Q32854, Thermo Fisher Scientific).

We assessed yields and quality of FFPE-derived gDNAs using the NGS FFPE QC Kit (Cat No: G9700B, Agilent Technologies, Santa Clara, CA, United States) according to the producer’s protocol (G9700-90000, v. E1, May 2018, Agilent Technologies).



Analysis of Tumor Genetic Alterations

A 1.2-Mb custom SureSelect capture bait library (Agilent Technologies, Santa Clara, CA, United States) was designed to target 92 genes (listed in Supplementary Table 1), selected to be the most frequently mutated genes in CUPs, as reported in MSK Impact study CUP cohort (Zehir et al., 2017), including druggable or potentially actionable alterations. The panel was designed using Agilent SureDesign web application (v. 7.0, Agilent Technologies)1 to cover coding exons and UTRs, with 25 flanking bases from 3′ and 5′ ends. This panel comprehends up to 51,466 probes included in five probe groups, with 2 × tiling density, balanced boosting, and 86% of probes with the most stringent masking. Libraries were prepared using the custom gene panel following SureSelectXT HS/SureSelectXT Low Input Target Enrichment with Pre-Capture Pooling protocol (G9702-90005, v. A0, June 2019, Agilent Technologies). An input of 50 ng of gDNA (normal and tumor) underwent enzymatic fragmentation according to SureSelect Enzymatic Fragmentation protocol (G9702-90050, Revision B0, January 2020, Agilent Technologies). Libraries from ccfDNAs of Pt #71 (A, C) and Pt#95 were prepared starting from 25 ng of DNA bypassing the fragmentation step, as described in a published application note (Barber et al., 2017). Libraries were sequenced on NextSeq 500 (Illumina) platform using High Output 2 × 75-bp flow cells. Variant calling and paired analyses (tumor vs. normal) were performed using SureCall software (v. 4.2), applying a filter for all samples at 5%, and at 1% for ccfDNAs. Somatic alterations were filtered to only keep exonic non-synonymous single-nucleotide variants (SNVs), insertions, deletions, multiple nucleotide variants, and long deletions not detected in the normal sample.

Alterations with population allele frequency (Genome Aggregation Database, GnomAD; Karczewski et al., 2020) higher than 0.5% in Non-Finnish European (NFE) population were also filtered out. All variants reported had a coverage higher than 100. Target sequencing data (92-gene custom panel) were used to assess copy number variants using panelcn. MOPS pipeline (Povysil et al., 2017). Variants triage and clinical classification was obtained with Alissa Interpret software (Agilent Technologies). Variants were also annotated using ANNOVAR (Wang et al., 2010). Bioinformatic pathogenicity prediction, reported in Tables 1, 2, of the identified variants was performed consulting the prediction score/outcome of SIFT (Sort Intolerated From Tolerated; Vaser et al., 2016), Polyphen2 HVAR (Polymorphism Phenotyping v2; Adzhubei et al., 2010), LRT (Likelihood Ratio Test; Chun and Fay, 2009), Mutation Taster (Schwarz et al., 2014), Mutation Assessor (Reva et al., 2011), FATHMM (Functional Analysis Through Hidden Markov Model; Shihab et al., 2013), CADD (Combined Annotation Dependent Depletion; Kircher et al., 2014), and VEST (Variant Effect Scoring Tool; Douville et al., 2016). Genes with evidence for actionability and the FDA-approved drugs reported in Tables 1, 2 were obtained consulting OncoKB (Chakravarty et al., 2017).


TABLE 1. Mutation report of tumor, ccfDNA, and CTCs from Pt#71.

[image: Table 1]
TABLE 2. Mutation report of tumor, ccfDNA and CTCs from Pt#95.

[image: Table 2]Single-cell genomic DNA from DEPArray NxT sorted cells, amplified using the Ampli1TM WGA Kit, was processed to obtain Illumina-compatible libraries using the Ampli1TM OncoSeek Panel and the Ampli1TM LowPass kits. Conversely, tumor gDNA was directly processed with DEPArrayTM LibPrep and DEPArrayTM OncoSeek Panel kits. After sequencing on MiSeq platforms, raw data were analyzed using assay-specific applications on the MSBiosuite platform (Menarini Silicon Biosystems).

FFPE tumor tissue of Pt#71 was eligible for genetic testing using FoundationOne CDx (F1CDx) assay. F1CDx is performed exclusively as a laboratory service using DNA extracted from FFPE tumor samples. A library was prepared with a hybrid capture−based target enrichment approach and whole−genome shotgun library construction to detect substitutions, indels, copy number alterations, and selected rearrangements in a total of 324 genes. Sequencing was performed using the Illumina HiSeq 4000 platform, obtaining a >500 × median coverage. F1CDx specimens were also simultaneously profiled for tumor mutation burden (TMB) and microsatellite instability (MSI) status (further technical information is available at https://www.foundationmedicine.com/genomic-testing/foundation-one-cdx).



Droplet Digital PCR Validation

Droplet Digital PCR technology (Bio-Rad, Hercules, CA, United States) along with Mutational and Copy Number Determination assays (Bio-Rad) were used to validate specific alterations in both genomic and ccfDNAs. A Copy Number Variation assay was used to assess the amplification of FGFR2 gene (dHsaCB2500320, Bio-Rad) using RPP30 as reference gene (dHsaCP2500350, Bio-Rad). A digestion with HaeIII restriction enzyme was performed during ddPCR, according to the manufacturer’s instruction. Mutational assay for wild-type and mutated ARID1A (p.R1276∗) was performed with a custom IDT assay (02516372). For this assay, DNA digestion with HindIII restriction enzyme was performed only for gDNA. Probe-based Droplet Digital PCR experiment was performed according to the manufacturer’s instruction and thermal cycling conditions were 95°C for 10 min, 94°C for 30 s and 58°C for 1 min for 40 cycles, 98°C for 10 min, and an infinite hold at 4°C (ramping rate reduced to 2%). Droplet selection was performed individually for each well using QuantaSoft software v 1.7 (Bio-Rad) obtaining the final copy number variation or the wild-type/mutated allele fractions.



RESULTS


Case Presentation


Pt#71

A 49-year-old woman with a history of primary biliary cholangitis (PBC) was admitted at Bologna University Hospital in June 2018 due to enlarged left cervical lymph nodes associated with severe asthenia, pruritus, and fever. A contrast-enhanced computed tomography (CT) scan showed multiple pathologic abdominal (epigastrium, mesogastrium, stomach curvature, hepatic hilum, pancreatic, and retroperitoneal regions) and left supraclavicular lymph nodes, confirmed also by a F-Fluorodeoxyglucose positron emission tomography/computed tomography (18-F-FDG PET/CT) scan. The patient underwent abdominal surgery leading to the excision of two lymph nodes. Pathological examination confirmed the presence of nodal metastasis from adenocarcinoma.

Immunohistochemistry staining reported positivity for keratin 7, keratin 20, and CDX2, and negativity for neuroendocrine markers (chromogranin, synaptophysin, and CD56). Therefore, the conclusive pathological diagnosis was suggestive of lymph node metastasis from adenocarcinoma of the gastrointestinal tract. Esophagogastroduodenoscopy (EGDS) and pancoloscopy (PC) failed to identify any neoplastic lesion. In addition, molecular analyses for the determination of MSI, HER2, ALK, and PD-L1 status (by IHC); KRAS, NRAS, BRAF mutational status and MGMT methylation status (by pyrosequencing); and ROS1 and MET (by FISH) were all negative. Among the serum oncomarkers, the positive ones were Ca19.9 (291 U/ml, n.v < 40 U/ml), Ca125 (130.9 U/ml, n.v < 35 U/ml), and NSE (34 μg/L, n.v < 12 μg/L).

Taking into account the history of PBC and its association with a higher risk of cholangiocarcinoma, a magnetic resonance cholangiopancreatography (MRCP) and MRI with contrast was performed and ruled out the presence of any tumor lesion. Then, the patient was treated with FOLFOX-4 as first-line treatment every 2 weeks up to 11 courses, obtaining a partial response. A maintenance treatment based on De Gramont regimen (FULCV) was continued for four courses followed by a worsening of patient’s clinical condition and the appearance of pleural and abdominal effusions. Blood was collected for CTC analysis with CELLSEARCH and DEPArray at November 2018. Treatment with Pazopanib, a novel multi-kinase inhibitor (VEGFR1, VEGFR2, VEGFR3, PDGFR, FGFR, c-Kit, and c-Fms/CSF1R), was proposed due to the presence of FGFR2 amplification (F1CDx testing). However, death occurred in June 2019 due to progressive disease and hepato-renal syndrome.



Pt#95

A 63-year-old woman was admitted at Bologna University Hospital in February 2019 due to an edema of the upper limb. Echo-Doppler scanning revealed thrombosis in basilica, axillary, subclavian, internal jugular, and external jugular veins. The patient experienced weight loss, asthenia, nausea, and cough.

A contrast-enhanced total body CT showed the presence of supra- and infradiaphragmatic enlarged lymph nodes associated with edema and diffuse suffusion of mesenteric and perivisceral tissues suggestive of peritoneal carcinosis, confirmed also by a 18F-FDG-PET/CT scan.

A CT-guided biopsy of a left paraortic lymph node led to a pathological diagnosis of node metastasis from poorly differentiated carcinoma with microglandular and signet-ring architecture. At immunohistochemistry, cells presented a focal positivity for K7 and CDX2 and negativity to K20 and synaptophysin. The immunophenotypical findings suggested to suspect a gastric primary tumor. Blood was collected for CTC analysis with CELLSEARCH and DEPArray and Parsortix at December 2019.

In May 2019, molecular analyses for the determination of MSI and HER2 status (by IHC) were negative, as well as KRAS, NRAS, BRAF, mutational status, and MGMT methylation status (by pyrosequencing). The patient underwent EGDS with ecoendoscopy, which found a suspicious area in the ampulla of Vater. Histological examination confirmed the presence of poorly differentiated adenocarcinoma with mixed, micro-glandular pattern, and signet-ring cells and a lymphangitic infiltration of the mucosa of duodenal type. IHC analysis reported a strong immunoreactivity to MUC1, MUC5AC, MUC6, and a complete negativity to MUC2 in addition to the previously identified K7+/K20–/CDX2+ profile, suggesting a likely bilio-pancreatic origin.

Starting from May 2019, the patient was treated with FOLFOX-4 regimen up to nine cycles, obtaining an initial partial response. In October 2019, the patient was admitted at the Emergency room of the Bologna University Hospital due to dyspnea and bilateral pleural effusion. The patient underwent pleural drainage and cytological examination, followed by video-assisted thoracoscopy and pleurodesis. The cell block was tested by IHC and the identified tumor cells were found to be reactive for BEREP4, K7, and CDX2 and negative for TTF1 and calretinin. Molecular analysis on pleural-derived cytological specimen was performed in the diagnostic setting. The analysis reported a pathogenic alteration in FGFR2 gene (c.1150G > A, p. Gly384Arg, AF:33.4%); no gene amplification or fusion was detected. In December 2019, the patient started weekly gemcitabine regimen as second-line treatment. After 2 weeks from the first administration, the patient had uncontrolled ascitic effusion. Abdominal CT with and without contrast showed progressive disease due to evident radiological signs of peritoneal carcinosis. The patient died in January 2020 due to further progressive disease.



Identification and Characterization of CTCs From CUP Patients Using CELLSEARCH and DEPArray or Parsortix Systems

CTCs from patients’ peripheral blood were isolated by combining CELLSEARCH and the DEPArray system. For Pt#71, 66 (CK+/CD45–/DAPI+) cells (none of which was positive for PD-L1) were captured with immunomagnetic beads. The isolated cells were then loaded on DEPArray that retrieved n = 12 CTCs. Three CTCs and one leukocyte as control were subjected to single-cell whole-genome amplification and sequencing.

For Pt#95, CELLSEARCH captured 133 CTCs cells (defined as above) from which DEPArray recovered 34 putative CTCs (Figure 1 and Supplementary Figure 1). A total number of 32 CTCs and four leukocytes ware subjected to single-cell whole-genome amplification, and 10 CTCs passed quality control criteria for low-pass whole-genome analysis.


[image: image]

FIGURE 1. DEPArray NxT analysis. Scatter plot of the enriched blood sample of patient#95. On the X-axis, the mean intensity fluorescence of PE channel is reported, corresponding to the intensity of CK IF staining. On the Y-axis, the mean intensity of CD45-APC is represented.


Pt#95 whole blood was also used to isolate CTCs with the Parsortix system (ANGLE plc). Large cells were isolated with a 6.5 μm Parsortix cassette. Some EpCAM-positive and CD45-negative CTCs were captured in the cassette (Figure 2), together with EpCAM-positive and CD45-positive cells of unknown significance (Figure 2).


[image: image]

FIGURE 2. Staining of cells isolated with Parsortix from patient #95. Cells were forced to pass through a 6.5-μm cassette in the Parsortix system and then stained with different antibodies. Nuclei stained with DAPI (blue), CD45 (red), and EpCAM (green). From top to bottom: double-positive cells (CD45+, EpCAM+) of unknown significance, three exemplary CTCs (CD45–, EpCAM+), one exemplary leucocyte (CD45+, EpCAM–) Scale bar, 50 μm (double-positive cells) and 25 μm (CTCs and leucocyte).




Mutational Analysis of CTCs, ctDNA, and Tumor


Pt#71

F1CDx testing reported the amplification of FGFR2 (Copy Number, CN: 49) and CCNE1 (CN: 8) genes along with a somatic variant in ARID1A gene (p.R1276∗) with an allele frequency (AF) of 7.3%. Moreover, F1CDx reported an intermediate tumor mutational burden (13 mutations/Mb). Single-cell genome-wide characterization of CTCs (Ampli1 LowPass, Menarini Silicon Biosystems) allowed sub-chromosomal losses detection, including a LOH region comprising the APC gene, and pattern of extensive gains, including FGFR2 and CCNE1 genes (Figure 3).


[image: image]

FIGURE 3. Whole-genome copy number profiles and mutation analysis of CTCs and FFPE gDNA from patient #71. (A) Detection of a homozygous somatic variant (absent in a single WBC), in two out of three CTCs in APC gene (APC:p.T1556Nfs*3), a region also subjected to LOH, and the detection of the same variant in the FFPE tissue at lower frequency, due to the possible contamination by normal cells. (B) Representative copy number profile of one CTC. Amplification signal was detected for FGFR2 and CCNE1 genes, indicated with red arrows. The LOH region in chromosome 5, comprising the APC gene, is indicated with a blue arrow. (C) LowPass profile of L5589 CTC showing the complete deletion of APC genomic region, in agreement with the lack of coverage in targeted sequencing (grayed out in A). (D) Copy number aberration (CNA) distribution showing FGFR2 amplification in all three CTCs (D) and FFPE biopsy (E).


The same alterations were confirmed on bulk tumor DNA. Moreover, targeted sequencing (Ampli1 OncoSeek panel, Menarini Silicon Biosystems) was able to detect the presence of FGFR2 amplification in 3/3 CTCs and the inactivating homozygous somatic variant in APC gene (p.T1556Nfs∗3, AF: 90.2–99.2%). The APC somatic variant, which was missed by F1CDx, was detected (Figure 3) in two out of three analyzed CTCs, while the third CTC shows no coverage in the APC region (L5589, grayed out), in agreement with the deletion detected by the LowPass copy number profile in this cell, and a single-WBC control from the same sample (L5601) was wild type, as expected. The tumor gDNA target sequencing (DEPArray OncoSeek panel, Menarini Silicon Biosystems) confirmed the FGFR2 amplification and reported the same frameshift variant in APC, even though with a lower allele frequency (p.T1556Nfs∗3, AF: 14%), likely due to contamination by normal cells. The single-copy homozygous variant in APC found in CTCs is coherent with a ∼15% variant frequency in the presence of 70% of normal cells in FFPE. Indeed, when setting the contamination parameter to 70% in the FFPE low-pass analysis, the bioinformatic pipeline was able to call, out of the increased noise, some CNA regions similar to those detected in CTCs, which were otherwise undetectable without the correction factor (Supplementary Figure 2).

The SureSelect 92-gene custom panel detected the APC insertion in bulk tumor DNA (AF:9.8%) and also in circulating cfDNAs analyzed at two different time points (ccfDNA at diagnosis, AF: 22.6% and ccfDNA at the progression of the disease, AF:29.9%). The tool panelcn.MOPS (Povysil et al., 2017) used to analyze target sequencing data confirmed the FGFR2 and CCNE1 gene amplification reporting a copy number alteration higher than four in both genes; however, no APC loss was detected. Moreover, we confirmed the mutation in ARID1A gene (p.R1276∗), ERBB3 (p.S128R), KEAP1 (p.R135H), PALB2 (p.P807S), and NTRK1 (p.Q736X), previously reported by F1CDx, both in the tumor and in the ccfDNAs. All detected variants and CNVs are listed in Tables 1, 3.


TABLE 3. Copy number (CN) alterations detected in Pt#71.

[image: Table 3]In Table 1, we reported other mutations detected by F1CDx in genes not included in the custom panel and some variants detected in ccfDNAs not observed in the tumor. Of note, we observed mutations in ALK (p.K434R, AF:7%), EPHA5 (p.T473P, AF: 8.3%), PTPRD (p.Q1039H, AF:6.8%), and other alterations at lower frequency.

Droplet Digital PCR technology validated the ARID1A mutation (Figure 4A and Supplementary Figure 3A) and the FGFR2 amplification (Figure 4B and Supplementary Figure 3B) in bulk tumor DNA and in longitudinally collected ccfDNAs at three different time points of disease evolution. Of note, the frequency of ARID1A mutation decreases at time point B, during FOLFOX-4 treatment, then it increases during the progression of the disease, while the FGFR2 amplification has a decreasing trend in terms of copy number value during disease progression. The Variant Allele Frequency reported by target sequencing at two time points was found to be consistent with the Fractional Abundance (FA% = mutated copies/mutated copies + wild-type copies) measured by ddPCR.


[image: image]

FIGURE 4. Kinetics of mutated fractional abundance and CNV in longitudinal ccfDNAs measured by Droplet Digital PCR. The graph in (A) illustrates ARID1A mutated fractional abundance (p.R1276X) during patient’s follow-up. This value decreases during treatment and later rises at the worsening of patient’s conditions; on the contrary, when monitoring FGFR2 amplification at the same time points, as reported in (B), a decreasing trend was detected from the diagnosis to disease progression.




Pt#95

Single-cell whole-genome characterization of 10 CTCs detected a recurrent amplification signal in the regions of ASPM and SEPT9 genes and a deletion including FANCC gene in all analyzed CTCs (Supplementary Figure 4), as shown in the CNV profile clustering in Figure 5. CTCs and bulk tumor DNA-targeted sequencing (Ampli1 OncoSeek Panel, Menarini Silicon Biosystems) reported no somatic mutation in the regions covered by the panel.


[image: image]

FIGURE 5. Clustering analysis of 10 CTCs based on whole-genome copy number profile. The heatmap represents the relative copy number profiles of 10 different CTCs isolated through CELLSEARCH® and DEPArrayTM technologies. Segments of gains or deletions are color-coded according their relative log2 copy number ratios.


Target sequencing performed on ccfDNA and tumor FFPE tissue with the 92-gene custom panel identified 16 non-synonymous, somatic genetic alterations not detected in the normal cells in the ccfDNA and 8 in the tumor DNA (Table 2), including ARID1A deletion (I1485Rfs∗19, AF: 32.6%) and mutation (p. A1487V, AF: 33.2%) and a mutation in FGFR2 gene (p.G272R, AF:19%). Of note, mutational analysis performed in the diagnostic setting (obtained with Oncomine Comprehensive Assay by Thermo Fisher Scientific) reported the same mutation in FGFR2 gene; no amplifications or deletions were detected with Agilent custom panel, but regions including ASPM, SEPT9, and FANCC genes were not captured.



DISCUSSION

The identification of driver and actionable genetic alterations is crucial to broaden the treatment choices of cancer patients. This is particularly relevant for patients with CUP, who have reduced access to targeted and immunotherapies. One main reason resides in treatment protocols being designed in a tumor-gnostic way. Furthermore, CUPs are characterized by scarce availability of tumor material for genetic testing, due to the extensive use of tissue slices in immune-phenotypic testing required for diagnostic procedures.

In this pilot study, we took advantage of liquid biopsy approaches to genetically characterize CUP tumors using both CTCs and DNA as a source of tumor DNA, with the aim to identify druggable genetic alterations.

The isolation and counting of CTCs is becoming an important tool to evaluate aggressiveness and prognosis of different solid tumors. The CELLSEARCH system (Menarini Silicon Biosystems) is to date the only platform cleared by the FDA for detecting and enumerating CTCs in metastatic breast, prostate, and colorectal cancer patients, while other technologies are at preclinical and clinical stages of development. CTC count as measured by CELLSEARCH System proved to have prognostic value in different metastatic solid tumors, including breast (Cristofanilli et al., 2004), colorectal (Cohen et al., 2008), and gastric cancers (Matsusaka et al., 2010). In addition, the detection of one or more CTCs using this system was found to predict early recurrence and a worse prognosis in chemo naïve patients with non-metastatic breast cancer (Lucci et al., 2012). A considerable number of CTCs were detected in the two CUP patients enrolled in our study, and they were successfully enriched and enumerated by CELLSEARCH and isolated with DEPArray for downstream molecular analysis (Ampli1 kit).

Recently, CTC isolation methods based on label-free systems were also developed. In one patient, we used the Parsortix system (ANGLE plc) for the size-based enrichment of CTCs from peripheral blood of CUP patients. This approach ensured a size-based selection of CTCs without the need of specific markers, which is a potential issue when isolating these cells from CUP patients. Some CTCs enriched with the Parsortix system proved to be positive for EpCAM marker, therefore confirming their epithelial origin, although no genetic confirmation could be produced. We also detected cells that co-express hemato-epithelial markers, as previously reported for a subpopulation of epithelial ovarian cancer tumor cells (Akhter et al., 2018). In this paper, the authors proposed a cell–cell fusion theory to explain the origin of these peculiar cell population. Indeed, EpCAM+ and CD45+ cells show more invasive mesenchymal properties and overexpress genes related to drug resistance, anti-apoptosis, and stemness. The detection of cells with these characteristics in circulation could be associated with CUP highly invasive phenotype and deserves further investigations.

CTCs and ccfDNA were used for CUP genetic testing. Our results from two longitudinally monitored patients suggested that CTCs and ctDNA can be isolated from the blood of CUP patients and are suitable for genetic characterization. FFPE tumor tissue was used to validate the liquid biopsy results. In addition, we analyzed and compared different targeted sequencing approaches applied to tumor FFPE tissue, CTCs, and ccfDNA: FoundationOne CDx (Roche Foundation Medicine), OncoSeek Panels (Ampli1 and DEPArray OncoSeek Panels, Menarini Silicon Biosystems), and an in-house developed, Agilent SureSelect panel, focusing on 92 genes frequently mutated in CUPs and metastatic solid tumors. The comprehensive genomic analysis was highly overlapping among the different approaches, when the region was covered by all panels. Clearly, these three different technologies cover a different number of genes and hot spot regions, which explains the differential detection of some variants.

Interestingly, both CUP patients presented actionable FGFR2 aberrations. Specifically, a ∼80-fold copy number amplification (Pt#71) and a gene mutation (Pt#95), both at the tumor and CTC/ctDNA level, suggest a potential implication of this pathway in tumor progression and aggressiveness (Dienstmann et al., 2014). FGFR2 is a member of the fibroblast growth factor receptor family, whose signaling pathway activates downstream effectors that play a crucial role in cell proliferation, survival, and migration (Turner and Grose, 2010). FGFR2 rearrangements have been detected in 10–15% of intrahepatic cholangiocarcinomas (Arai et al., 2014; Silverman et al., 2019), amplifications in up to 15% of gastric cancers (Deng et al., 2012; Seo et al., 2017) and point mutations in about 10% of endometrial cancers (Byron et al., 2012); moreover, FGFR2 amplification has also a prognostic significance in gastric cancers (Chang et al., 2014; Seo et al., 2017). Of note, in longitudinal ccfDNAs from Pt#71, we observed a progressive reduction of FGFR2 CN during treatments, which mirrors the initial partial response. Taking into account the chemo-naïve status of the two patients and the unavailability of clinical trials testing multi-kinase or FGFR2 inhibitors in CUP patients, the patients were treated with platinum salts and fluoropyrimidines, as suggested by the current guidelines.

Pt#71 also presented an amplification in CCNE1 (Cyclin E1) gene, which is known to be associated with poor prognosis in ovarian and triple-negative breast cancer, probably involved in the emergence of resistance to chemotherapy (Nakayama et al., 2010; Huang et al., 2020).

Another common genetic feature of the two tested CUP tumors was the presence of alterations in ARID1A gene, which is a tumor suppressor gene encoding the DNA-binding subunit of the chromatin remodeler complex SWI/SNF (Trizzino et al., 2018). Despite not being druggable, this gene is the most frequently mutated chromatin regulator across all human cancers (Kadoch et al., 2013) and its loss impairs RNA polymerase II (RNAPII) pausing. Compromised RNAPII pausing results in transcriptional dysregulation of active genes, such as TP53 and ESR1, which could explain the oncogenic effects of ARID1A loss (Trizzino et al., 2018). The recurrence of these mutation in both reported cases open an interesting prospective on the role of ARID1A in regulating the aggressiveness of CUPs. Of note, when longitudinally evaluated in ccfDNAs of Pt#71, the Fractional Abundance of ARID1A mutation (p.R1276∗) decreased during treatment and then increases at disease progression, suggesting its potential involvement in disease worsening. Moreover, we noticed that in ccfDNAs at diagnosis and disease progression, in which the Fractional Abundance of ARID1Amut was high, there was also the emergence of novel mutations in TP53, ALK, EPHA5, FAT1, and MGA genes, not detected in the tumor biopsy. In vitro experiments demonstrated that ARID1A deficiency leads to DNA replication stress (Tsai et al., 2020) and impaired checkpoint activation and repair of DNA double-strand breaks (DSBs), which sensitizes to DSB-inducing treatments (Shen et al., 2015). Moreover, ARID1A normally recruits MSH2 to chromatin during DNA replication and promotes mismatch repair (MMR); however, its deficiency is associated with the impairment of MMR and thus an increase in mutagenesis and mutational load (Shen et al., 2018). As a consequence, ARID1A deficiency has been investigated as a biomarker of response to anti-PD-1/PD-L1 immunotherapy treatment (Okamura et al., 2020); alterations in this gene were found to be associated with a longer PFS in patients treated with anti-PD-1/PD-L1 immunotherapy (regardless of microsatellite and tumor mutational burden status). It has been demonstrated that 15% of CUP patients harbor alterations in ARID1A gene (MSK impact study; Zehir et al., 2017). Therefore, immune checkpoint inhibitors could be considered as a therapeutic option for ARID1A mutated CUP cases. In the two CUP cases investigated in this study, ARID1A-dependent accumulation of genetic alterations could explain the number of novel mutations that were longitudinally detected in the ccfDNA.

However, another explanation could be that the mutation load was boosted by the mutagenic activity of oxaliplatin (L-OHP), a DNA-alkylating-like agent, which is included in FOLFOX-4 chemotherapy combination along with Leucovorin and 5-fluorouracil (5-FU) (Silva et al., 2005; Kawamoto et al., 2012). This chemotherapy regimen is commonly used to manage metastatic colorectal cancer (Benson et al., 2014), but also administered to CUP patients with K20+/K7–/CDX2+ IHC signature.

Overall, our analysis constitutes the proof of concept needed to assess the relevance of liquid biopsy genetic testing in metastatic cancer of unknown origin and underlies the importance of using dedicated NGS panels to identify actionable genetic alterations.

Altogether, our results support the use of liquid biopsy, either using CTCs or ccfDNA, in the genetic characterization of CUPs and identification of driver mutations, with the advantage of a minimally invasive approach and potential longitudinal monitoring. This is a proof-of-concept study on a small number of patients, but given the rarity of the disease and the great need for effective therapies, we believe we provided valuable novel data. We can also conclude that a timely genetic testing and the use of broad or CUP-dedicated NGS panels, covering the most frequently mutated genes, are of the outmost importance to offer these patients novel therapeutic options and potentially improve their survival.
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The circulating tumor DNA (ctDNA), as a promising biomarker of liquid biopsy, has potential clinical relevance on the molecular diagnosis and monitoring of cancer. However, the trace concentration level of ctDNA in the peripheral blood restricts its extensive clinical application. Recently, high-throughput-based methodologies have been leveraged to improve the sensitivity and specificity of ctDNA detection, showing a promising avenue towards liquid biopsy. This review briefly summarizes the high-throughput data features concerned by current ctDNA detection strategies and the technical obstacles, potential solutions, and clinical relevance of current ctDNA profiling technologies. We also highlight future directions improving the limit of detection of ctDNA for better clinical application. This review may serve as a reference for the crosslinks between data science and ctDNA-based liquid biopsy, benefiting clinical translation in advanced cancer diagnosis.
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Introduction

Liquid biopsy, a non-invasive real-time method, can provide diagnostic and prognostic information during cancer progression and treatment (1). Unlike tissue biopsy, liquid biopsy examines circulating tumor cells (2) or tumor-released molecules, such as DNAs (3) and RNAs (4), from the circulatory system. Circulating tumor DNA (ctDNA) is generated from tumor cells (5), which forms a small minority of the cell-free DNA (cfDNA) in circulation against a background of fragments mostly derived from normal cells in the event of cell death or exosome secretion (6, 7). Plasma ctDNA could originate from both the nuclei or the mitochondria of tumor cells (8). However, only nucleus ctDNA records sufficient information of tumor genome, revealing tumor generation, development, metastasis, and recurrence (9), while mitochondrial ctDNA often provides information noise due to its less genomic information and higher copy number (Supplementary Figure 1). Thus, the concentration and abnormal sequence features of nucleus ctDNA (hereinafter ctDNA for convenience) in patients’ blood are significantly correlated with the course of the disease and curative effect (10), rendering it an emerging tumor marker and an essential part of liquid biopsy (11). Although the trace concentration of ctDNA in the peripheral blood and intense background noises challenge the clinical application of ctDNA, a series of ctDNA capture methods based on data science aiming at its biological features improves the sensitivity and accuracy of ctDNA detection and gradually clears the obstacles in the potential clinical application of ctDNA detection (12, 13). This review briefly summarizes the recent development and application of data science for highly sensitive and robust ctDNA detection. We also discuss the current challenges of ctDNA detection technologies and provide insights into the potential development direction in their future application.



Data Features Utilized by Current ctDNA Detection Strategies

Current ctDNA detection strategies are developed mainly based on the fragment concentration and the sequence features, such as abnormal mutations and methylations. The dynamic concentration of ctDNA is significantly correlated with the progress of the cancer disease. Because of its short half-life of less than 2 hours (14) and its low concentration (5), ctDNA is almost undetectable in patients with primary tumors. However, along with the progression of the disease, the immune system is attenuated, and ctDNA is gradually accumulated, which could be discriminated from cfDNA under certain limits of detection (15). The increased concentration of ctDNA could identify patients with cancer from healthy cohorts and stratify patients in the early and advanced stages (16). Besides, the changes in ctDNA levels before and after drug treatment are related to the therapeutic effect for patients (17). Furthermore, for tumor-free patients after treatment, the concentration level of ctDNA indicates the risk of cancer recurrence (18).

Technically, concentration analysis of ctDNA is a challenging task because ctDNA makes up a small proportion of the total cfDNA extracted from serum (19, 20). For example, Diehl et al. found that the mean mutated allele frequency of APC gene of patients with colorectal cancer ranged from early stages’ 0.04% to late stages 11% (21). Extraction of ctDNA information from other cfDNA noise should be an initial step for ctDNA detection. Size selection–based data selection has been widely utilized in ctDNA detection to increase the signal-to-noise ratio. The size of cfDNA generated from the apoptosis of normal cells is about 167 bp, which is due to the structure of the histone octamer (22). However, studies show that the ctDNA is shorter than cfDNA in the meaning of statistics (23) and has a typical size of less than 142 bp in low molecular weight (24). The enriched mitochondrial ctDNA is about 100 bp in size, much smaller than that of nuclear ctDNA, further displaying the size variety of ctDNA fragments (8). Notably, there are long-size cfDNA fragments that exist, such as 2 kb and 20 kb fragments, which are probably generated from cancer cell necrosis (25) and blood cell surface (26), respectively. The accurate enrichment of ctDNA in a particular interval size eliminates some background noises to some extent and relatively enhances data processing efficiency. For example, Mouliere et al. mapped the distribution of ctDNA fragments and optimized the ctDNA capture by choosing to concentrate ctDNA fragments in the size of 90–150 bp from the blood samples (27). In parallel, the interference from mitochondrial ctDNA fragments can be significantly eliminated by reducing the interval size of captured DNA fragments (28, 29), and the size selection strategy not only greatly reduces the cost of sequencing but also considerably decreases the false-positive rates of results by data analysis (30).

The sequence information carried by ctDNA can reflect the mutation load and the methylation features of tumor cells. ctDNA profiling facilitates their delineation not only on a genome-wide scale but also in some specific genes or intervals of the tumor genome. Some studies showed that the mutational spectrum constructed by ctDNA is highly consistent with that of tissue biopsy (31, 32). Besides, ctDNA, which comes from a broader range of tumor cells, represents the heterogeneity of the tumor mutational spectrum better than the tissue biopsy (31). The spatial heterogeneity with the tumor’s continuous self-cloning and the temporal heterogeneity possibly resulting from drug resistance can be tracked by real-time monitoring in ctDNA fragments (33). An inspiring technology termed Cancer Personalized Profiling by deep sequencing (CAPP-Seq) preselected some specifically mutational exon regions by mining a large number of genetic mutations in silico. These exon-containing ctDNAs are subsequently extracted from serum cfDNAs using customized probes and then analyzed by high-throughput sequencing. This method could remarkably improve the detection sensitivity and specificity of ctDNAs by reducing the potential impact of stochastic noise and biological variability (34) (Supplementary Figure 2).

In addition, the methylation features of ctDNA reveal some epigenetic information of cancer patients. The methylation patterns can be maintained stably throughout the life span after de novo methylation (35), and the changes in the methylated patterns predict the risk of diseases (36). Because of the increased accuracy of high-throughput sequencing (HTS) technologies, the slight differences in methylation profiles between cancer patients and healthy cohorts shed light on the differential gene expression patterns at the epigenetic level and the relevance of epigenetic modification and tumor stage (37). For instance, the hypermethylation of tumor suppressor genes is strongly consistent with cancer occurrence, indicating that the methylation status of these modifications detected by ctDNA can play an essential role in the early detection of cancer and the determination of tissue of origin, and those patterns benefit machine learning for classification modeling (38).

Data mining has increasingly become a potential requirement for algorithm design of ctDNA detection. Given the rapid development in omics, the biological data in the open database online have increased exponentially, reforming the traditional data processing methods (39–41) (Supplementary Figure 3). By narrowing the scope of previous experimental data and using an appropriate workflow, the data mining system for ctDNA is simplified, accompanied by dramatically reduced costs of the whole research project. It provides the possibility for finding the new features of ctDNA hidden in the data structure to promote further development of ctDNA capture (Figure 1). For example, Misawa et al. mined the transcriptome data and filtered out the abnormal methylations as biomarkers in ctDNA, which assists in designing a mathematical model of ctDNA detection to identify patients with human papillomavirus–associated oropharyngeal cancer (42).




Figure 1 | Data mining process of ctDNA detection. ctDNA, circulating tumor DNA.





Technical Obstacles and Potential Solutions of Data Processing in ctDNA Profiling

With the deepening understanding of biological features of ctDNA, the prevalence of ctDNA detection in cancer diagnosis inspired researchers. However, several technical shortcomings limit the clinical application of ctDNA detection.

Firstly, the sensitivity and specificity of ctDNA profiling are remarkably influenced by poor experimental conditions when facing complex biological characteristics (43). The trace amount and inevitable degradation of plasma ctDNA jeopardize ctDNA detection, especially when the blood sample is isolated and collected by centrifugation. Recent related studies demonstrate that plasma ctDNA loses about 50% after centrifugation (44, 45). The current blood storage manners are always accompanied by hemagglutination and extravasation, which considerably hamper ctDNA detection. Moreover, several commercial kits have been developed but show different extraction efficiencies and fragment size preferences, thereby challenging the repeatability and comparability of ctDNA detection resulting from different studies (46–49). Thus, the development of a universal standard protocol used for ctDNA extraction is essential in the future clinic application of ctDNA detection strategies.

Furthermore, the low signal-to-noise ratio remains a major problem for data processing of ctDNA detection. In addition to the low proportion of ctDNA in the serum cfDNA pools, as mentioned above, somatic mutations deriving from clonal hematopoietic (CH) and mitochondrial ctDNA also bring significant background noises. CH variants are cumulated with age, which could be attributed to the cloning expansion of stem cells carrying somatic mutations (50). Due to the high false-positive rate in ctDNA detection results, CH variants also interfere with the construction of the ctDNA mutation spectrum (51). Although mitochondrial ctDNA could be roughly excluded by size selection manner, the leaking information still exists during ctDNA detection (52). Given the above, the development of data analysis algorithms to increase signal-to-noise rate will facilitate the reliability of ctDNA as a tumor biomarker applied in clinical diagnosis. For instance, Nassiri et al. have developed a machine learning–based model to analyze the data generated from methylated HTS in ctDNA detection, increasing the accuracy of subtyping intracranial tumors (53). Moreover, CH variances produced by white blood cells are recognized by the combination of computational algorithms, then the false-positive rates of ctDNA detection would be decreased (54). With the help of statistical analysis and machine learning models, the CH variances spectrum can be built quickly and will be removed effectively by comparing it to the mutational spectrum of tumors constructed by ctDNA assays (30).

Additionally, the technological bias of HTS platforms inevitably interferes with the high-throughput ctDNA detection. These sequencing errors can be partially reduced or corrected. For instance, increased sequencing depth dilutes the error information (55), and the introduction of appropriate barcodes and indexes could evaluate the sequence duplication bias produced through polymerase chain reaction (PCR) amplification (56). The erroneous sequencing on barcodes, which affects the deduplication of unique ctDNA molecules and results in errors in aligning molecules to unique ctDNA, can be optimized by increasing the hamming edit distance between different barcodes (57). However, these additional barcodes occupy some part of reads and then reduce the actual length of target ctDNA to be sequenced, attributing to the limitation of the reading sequence length of long-read assembly technology. Therefore, the choice of proper barcodes used for HTS of ctDNA detection is the critical factor in resolving the inevitable sequencing errors, calling for new methods for pre- and post-sequencing error correction based on a statistical landscape.



Clinical Relevance of Current ctDNA Profiling Technologies

The clinical relevance of the ctDNA biomarker shows substantial potential in non-invasive liquid biopsy, which may benefit millions of patients for early detection of tumor (58, 59), determination of tissue of origin (37), prediction of therapeutic effect, especially for immunotherapies (60–62), and monitoring (15, 30). The dynamic risk stratification correlated to the tumor genesis could also be facilitated by ctDNA detection such as occupation, age, living habits, and even mutational signatures (63). With the aid of classification or non-supervisor clustering, ctDNA detection technologies are conspicuously improved in terms of accuracy, sensitivity, specificity, operational convenience, and reasonable cost.

The patterns of mutational spectrums or epigenetic profiles recognized by data mining uncover the particular clinical relevance of ctDNA detection. The genome-wide mutational landscape is conducive to the evaluation of tumor mutation burden (13), neoplasm staging (64), genotyping (11), and the choice of therapies (65). Meanwhile, the methylation profiles of ctDNA contribute to discriminating patients from healthy cohorts (37), differentiating cancer types (53), and identifying the primary tumor location (66). These profiles can complement each other in many aspects, though those meaningful patterns below them require plenty of modeling theories for recognition accuracy. The combination of mutation and methylation spectrums makes the acquirement of detailed genomic landscapes possible, provides multiple insights into the tumor heterogeneity, and evaluates the impact of tumor heterogeneity on the selection of therapies, such as non-responders or drug resistance (67, 68).

In addition to its non-invasiveness, near real-time monitoring and prognosis prediction are additional advantages of ctDNA detection over tissue biopsy (69, 70). For example, the concentration of ctDNA was correlated with the prognosis of patients treated with pembrolizumab (10). Furthermore, ctDNA detection, as an auxiliary method for low-dose computed tomography, can track the molecular minimal residual disease and predict the risk of recurrence for tumor-free patients (18, 71). Finally, the real-time information of ctDNA detection reflects patients’ status and sheds light on the personalized profiling for each patient, which is essential for precision medicine (72).



Future Directions Improving the Limit of Detection of ctDNA

There is a definite clue that an evolution is happening in high-throughput ctDNA detection by introducing novel sequencing platforms, a combination of different biomarkers, and a development of new principles. New-generation sequencing technologies, such as nanopore sequencing, begin to be utilized in ctDNA detections (73). Compared with HTS technologies, nanopore sequencing exhibits real-time sequencing and long reads, resulting in its potentially broad application in the field of nucleic acid sequencing in the future (74). Moreover, nanopore sequencing is PCR-free, avoiding amplification bias and errors of PCR during the process of sequencing library preparation. Although nanopore sequencing remains to have some shortcomings in sequencing short DNA fragments, many efforts have been made to ameliorate these shortcomings (2, 75). For instance, Sun et al. have applied the solid-state nanopore to detect ctDNA originating from serum samples. This strategy cooperates with the hybridization chain reaction to amplify the target’s signals, improve data authenticity, and overcome the hurdles of nanopore application (76).

Combining multi-biomarkers in liquid biopsy, based on optimized models and algorithms, has a higher efficiency in tumor detections. The various biomarkers used as the inputs of the detection model have a complementary function because of their different sensitivity and specificity to patients. For example, combining exosome RNA and ctDNA in plasma, Krug et al. leveraged the threshold of a predefined model to detect EGFR mutations in non-small cell lung cancer, achieving a higher sensitivity than that of ctDNA detection alone (77). Cohen et al. utilized the protein biomarkers as a supplement to ctDNA detection, and a few patients with ctDNA undetectable were finally detected (78). Furthermore, the combination of multi-biomarkers provides the convenience of multi-parameters to machine learning in future liquid biopsy and promotes the development of detection tools in the diagnosis and prognosis for patients with cancer.

New principles, whether biological feature-based or data-driven, are the catalyzers of the ctDNA detection improvement. In the last decades, discovering new principles of ctDNA detection methods contributes to promoting the clinical application of this intriguing biomarker of liquid biopsy (Table 1). For example, the definition of recurrence index, an index equal to total unique patients with mutations covered per kb of an exon, has been introduced into CAPP-Seq as a selection principle that obviously improved the limit of detection of ctDNA (34). The continuous evolution of new technical principles of data analysis provides the substantial potential to ctDNA as a promising biomarker for its future clinical utility (79).


Table 1 | Comparison of techniques in ctDNA detection.





Conclusion

Embracing data science, ctDNA is a promising biomarker in cancer detection. ctDNA has several exciting characteristics, which could be handled to raise strategies to improve ctDNA detection performance. Herein, we reviewed data science that played an essential role in current strategies, such as data selection, data mining, and data correction, to overcome the technical obstacles in ctDNA detection. The recognition of the value of directing data processing indicates a possible trend to exploit ctDNA assays further. With the rapid development of data acquisition methodologies, modeling, and data processing algorithms, ctDNA detection enhanced its prevalent advantages in monitoring intrinsic tumor information. Novel high-throughput technology platforms and the combination of diverse biomarkers in liquid biopsy were also essential for this technology advancement. ctDNA-based liquid biopsies, as an alternative or even a substitutive choice of tissue biopsy, have significant clinical relevance in cancer diagnosis and prognosis. Subsequent efforts should be continued to promote the advancement of the detection technologies, theories, and principles accelerated by prosperously developed data science.
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Neuroendocrine carcinoma of the cervix is a rare and aggressive form of cervical cancer that presents with frequent metastasis at diagnosis and high recurrence rates. Primary treatment is multimodal, which often includes chemotherapy with or without radiation therapy. There are no data available to guide treatment for recurrence, and second-line therapies are extrapolated from small-cell lung carcinoma data. Close monitoring of these patients for recurrence is paramount. Evaluation of circulating tumor DNA (ctDNA) in the peripheral blood is an attractive approach due to its non-invasive nature. Ultra-low-pass whole-genome sequencing (ULP-WGS) can assess tumor burden and response to therapy and predict recurrence; however, data are lacking regarding the role of ULP-WGS in small-cell carcinoma of the cervix. This study demonstrates a patient whose response to chemotherapy and cancer recurrence was accurately monitored by ctDNA analysis using ULP-WGS and confirmed with radiologic imaging findings.
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Background

Neuroendocrine carcinoma (NEC) of the cervix is a rare form of cervical cancer and accounts for only 2% of all invasive cervical cancers (1–3). The majority are small-cell carcinomas, which tend to behave aggressively; are characterized by a high mitotic rate, extensive necrosis, high propensity for lymphovascular space invasion (LVSI); and are frequently associated with HPV 18 (4, 5). NECs of the cervix are highly aggressive; therefore, they require a multimodality treatment approach, which often includes platinum/etoposide-based chemotherapy with or without radiation (6). Gardner et al. published the SGO clinical document that provided treatment guidelines highlighting radical excision and chemotherapy for early-stage disease (7). NEC of the cervix tends to affect young women with a median age of 37 years. The prognosis is poor, usually a short clinical course with a median survival of less than 24 months (8, 9). In patients with recurrent disease, data to guide treatment decisions are absent for this rare cancer subtype. Second-line drugs are mostly extrapolated from small-cell lung cancer (SCLC), including chemotherapy like topotecan, paclitaxel, or VAC combination chemotherapy. However, these regimens are toxic with limited activity. Recently, the role of immunotherapy with immune checkpoint inhibition has been explored in SCLC and other high-grade neuroendocrine carcinomas (10, 11). Even though the benefit is restricted to small subgroups, the data is limited in NEC of the cervix or other gynecologic origin. Recently, Frumovitz et al. reported low activity of pembrolizumab in patients with recurrent small-cell carcinoma of the cervix and other lower female genital tract (12).

Evaluation of circulating tumor DNA (ctDNA) in the peripheral blood of patients with solid tumors represents an attractive approach given its non-invasive nature and the potential to do a serial evaluation at the time of diagnosis, during therapy, and at follow-up (13–15). However, the extent of the shedding of tumor DNA into the peripheral blood depends on many factors, including the type of cancer, the extent of disease, visceral metastasis, etc. The impact of ctDNA on the management of solid tumors has been highlighted in several aspects, including somatic genomic characterization, therapy selection, and tumor fraction, as well as molecular residual disease to predict tumor burden, prognosis, response, and resistance to therapy, and disease recurrence (15–18).

Ultra-low-pass whole-genome sequencing (ULP-WGS) represents an attractive approach to assess tumor burden and therapeutic response/resistance, given that it is affordable, is cost-effective, and does assess the whole genome with low coverage (0.1 x coverage) (18, 19). The data on the role of ctDNA in general and specifically ULP-WGS in predicting prognosis, response to chemoradiation, and recurrence in small-cell carcinoma of the cervix are lacking. ULP-WGS could be a potentially promising approach given the aggressive nature of this cancer and the tendency for the metastatic spread at the time of diagnosis and recurrences. Further, these patients tend to have a scant amount of tissue that limits extensive genomic characterization because most of them are treated with chemotherapy or chemoradiation rather than surgical resection.

In this study, we sought to investigate the tumor fraction and copy number alteration in ctDNA using ULP-WGS in the peripheral blood of a patient diagnosed with stage IV small-cell carcinoma of the cervix who underwent chemotherapy with cisplatin and etoposide concurrent with pelvic radiation and achieved complete clinical response followed by recurrent disease in the liver, adrenal gland, and brain within 6 months. Here, we show that tumor fraction assessment at the time of diagnosis and during treatment correlated with response to chemoradiation therapy and recurrent disease.



Case Presentation


Clinical Case Course

A 32-year-old female with a non-contributory past medical history presented to medical care with the complaint of brown vaginal discharge and an abnormal sensation in her vagina. A 2.5–3 cm pedunculated mass was noted on examination with cervical biopsy pathology positive for invasive high-grade neuroendocrine carcinoma, most consistent with small-cell type and associated with endocervical adenocarcinoma in situ. Immunostaining for p63, p40, synaptophysin, and chromogranin was performed to assist with cell typing. The carcinoma cells express neuroendocrine markers synaptophysin and chromogranin (Figures 1A, B). P63 stains were weakly positive, and the p40 stain was negative (data not shown). She then underwent MRI and PET/CT imaging, which was positive for uptake in the cervix region. Metastases in the liver and right adrenal gland were also noted (Figure 1C), leading to the final diagnosis of stage IV invasive high-grade small cell NEC of the cervix. The patient began therapy with cisplatin 75 D1 and etoposide D1, 2, 3 - Q21 days. She was transitioned to carboplatin AUC5 after C2 due to severe tinnitus. After three cycles of the above chemotherapy, a CT scan was performed, which demonstrated decreased hepatic metastasis and complete resolution of a right adrenal metastatic lesion. The patient received four additional cycles of the aforementioned carboplatin and etoposide and then underwent a repeat PET/CT scan, which demonstrated complete interval resolution of the previously seen hypermetabolic cervical mass, hepatic mass, and adrenal mass (Figure 2A). The patient then underwent two additional cycles (consolidation cycles) of carboplatin and etoposide after imaging confirmation of disease resolution. Simultaneously, during the consolidation chemotherapy cycles, the patient underwent EBRT to the pelvis with a total dose of 4,500 cGy in 25 fractions and HDR brachytherapy to cervix and parametria with a total dose of 1,400 cGy in two fractions. The patient completed therapy and was with no evidence of disease for 5 months. One year after her initial diagnosis and 5 months after completing therapy, she presented with new-onset dizziness. She underwent imaging, which demonstrated an interval development of hepatic and right adrenal metastatic disease (Figure 2B, right), as well as a heterogeneously enhancing 2.9 cm likely intra-axial mass involving the right temporal lobe (Figure 2B, left). She received a gamma knife to two brain targets—the right temporal lobe and left insular regions. She was then started on ipilimumab plus nivolumab immunotherapy. Newly detected spinal nerve root metastases and leptomeningeal disease were discovered, for which she underwent 20 Gy in five fractions of palliative RT to the spine. Shortly thereafter, the patient was admitted to the hospital in the setting of altered mental status and noted to have disease progression. The family selected hospice care, and the patient expired 15 months after the initial diagnosis (Figure 3).




Figure 1 | (A) The initial cervical biopsy (100× magnification) demonstrated extensive mitotic activity, high-grade nuclei with hyperchromasia and nuclear molding, scant cytoplasm, and ill-defined cell borders, all characteristic of small-cell carcinoma. (B) The carcinoma was diffusely positive for chromogranin (100× magnification) and synaptophysin (not pictured). (C) Positron Emission Tomography/Computed Tomography (PET/CT) scan at the time of diagnosis that showed evidence of cervical disease, multiple hepatic metastases, and right adrenal gland metastasis.






Figure 2 | (A) PET/CT scan after completing chemoradiation therapy showed no evidence of disease. (B) At the time of diagnosis of recurrent disease, brain MRI and CT scan of the abdomen confirming brain metastasis and multiple hepatic metastatic disease.






Figure 3 | A schematic representation showing treatment course and timeline.





Correlation of Tumor Fraction (TFx) Determined Using ULP-WGS With Clinical Outcome

To establish TFx as a non-invasive biomarker using cell-free DNA, first, we sought to investigate the relationship of TFx with disease burden at the time of diagnosis and during chemoradiation. We focused on the time of diagnosis, during treatment, and at the completion of treatment. At the time of diagnosis, her tumor TFx was 26%, with wide variability in somatic copy number alteration (sCNA). After completion of chemotherapy, her TFx dropped to 5%, which coincided with the finding of complete response by her PET/CT scan. Then after completion of pelvic radiation a month after, her TFx was 2.5%. Then 5 months later, she had another evaluation, and her TFx was 36%. This was consistent with the diagnosis of recurrent disease that was evident by imaging, confirming recurrent brain, multiple hepatic, and right adrenal metastasis (Figures 4A, B).




Figure 4 | (A) sCNA at three different time points (left panels) with copy number (log2 ratio) indicated on the y-axis and chromosome on the x-axis. PET/CT images corresponding to the time of liquid biopsy collections (right panels). (B) Diagrammatic representation of the serial trend of tumor fraction at diagnosis, during treatment, and at the time of recurrence. (C) A descriptive comparison of selected gene-level copy number data between time of diagnosis and time of recurrence. -2/-1/0/1/2 refer for homozygous deletion, heterozygous deletion, copy neutral, low gain, and high amplification, respectively.





Comparison of Somatic Copy Number Alteration (sCNA) Between Primary Disease at Initial Diagnosis and Recurrent Disease

We sought to investigate sCNA to see if there is a difference between the primary and recurrent disease and if there are interval changes. sCNA at the time of recurrence was comparable with that at the time of initial diagnosis, but with higher amplitude, especially for amplification (Figure 4A). Similarly, genes-level copy number data were comparable too with evidence of additional gains at the time of recurrence as evident in selected genes that correspond to certain pathways like PI3K/AKT, RAS/RAF, DNA-damage response, MYC/MCL, TP53, RB1, and others (Figure 4C).




Discussion

Here, we present a case study with longitudinal monitoring of sCNA and tumor fraction using ULP-WGS in cell-free DNA of a patient diagnosed with stage IVB small-cell carcinoma of the cervix. We demonstrate that tumor fractions correlate positively with radiologic disease burden and response to chemoradiation therapy. Our data show evidence of tumor shedding into the peripheral blood at the time of diagnosis of small-cell NEC of the cervix. The decline of tumor fractions from 26 to 2.5% after treatments was correlated with PET/CT scans. Furthermore, a spike to 36% at the time of recurrent disease was also correlated with the radiologic evidence of recurrent metastatic disease. This highlights the potential use of measuring tumor fractions in cell-free DNA using ULP-WGS to monitor tumor burden, response to therapy, and disease recurrence in high-grade neuroendocrine carcinoma of the cervix.

This is the first report to the best of our knowledge that highlights the role of serial assessment of tumor fractions using ULP-WGS in NEC of the cervix. Small-cell NEC of the cervix is rare, highly aggressive, and has a poor prognosis. ctDNA may play a role in monitoring disease burden, assessing response to therapy, and predicting disease recurrence during surveillance. It is likely a more acceptable approach to these patients, especially during surveillance, due to the overall ease and safer blood draw. Further, these cancers tend to be metastatic at the time of diagnosis and less likely to be treated with surgical resection. Given that, getting adequate tissue is usually problematic, and often, there is scant tissue from biopsy to obtain a diagnosis. Therefore, ctDNA can be used to genomically characterize these cancers at diagnosis and monitor recurrence and disease progression.

We observed a high tumor fraction at the time of diagnosis and recurrence, possibly due to the presence of distant visceral metastasis, especially to the liver, high disease burden, and aggressive biology of this cancer. Prior studies reported that liver metastasis is associated with higher shedding of ctDNA than other metastatic sites, which could be explained by the anatomy and blood flow supporting the metastatic disease in the visceral sites (18). The potential utility is to monitor patients during surveillance for evidence of visceral metastasis, especially when other diagnostic modalities are negative like imaging and other biomarkers or those with rising biomarkers with negative imaging, which represent a real challenge in some cancers.

A critical question is whether this patient had a complete molecular response or not at the completion of therapy. Although she had a complete metabolic response with full resolution of her disease, it is not clear if there was still residual molecular disease given that the tumor fraction significantly dropped to 2.5%. Furthermore, it is not clear whether there is an optimal cutoff that can be used to make a judgment on the role of therapy duration, treatment intensification, or changing treatment regimens. These need to be investigated further in future prospective studies.

There is no reliable serologic biomarker to monitor response to therapy or recurrence during the surveillance of patients with small-cell NEC of the cervix. Therefore, longitudinal monitoring of ctDNA represents an attractive approach in managing these patients, especially if combined with radiology imaging. Remarkably, the sCNA patterns and genes-level data (Figure 4) at the time of recurrence were comparable to that of initial diagnosis but with higher amplitude. These data support that at least at the copy number level, the recurrent tumors of this aggressive cancer have similar molecular characteristics compared to primary disease but with a higher amplitude of amplification. These data are interesting but should be interpreted cautiously and need to be validated in the future in a prospective cohort of this aggressive cancer.

In conclusion, this case study highlights the role of serial assessment of tumor fraction and ctDNA as a potentially promising non-invasive biomarker in patients with advanced-stage small-cell NEC of the cervix. Future studies are warranted to assess the role of ctDNA as a prognostic and predictive biomarker in this highly aggressive cancer, particularly in correlation with the extent of disease, tumor burden, and site of metastasis. Further, it will be important to explore the additional benefits by combining ctDNA analysis with radiologic imaging during follow-up of response to therapy and routine surveillance.



Methods


Clinical Case Data Extraction

The clinicopathologic, treatment, and response evaluation data were collected retrospectively from the patient’s chart.



Clinical Specimens, Circulating Tumor DNA Extraction and Quantification

Plasma samples were prospectively collected as part of an ongoing study approved by the Cleveland Clinic Institutional Review Board. Patients have consented for blood collection prospectively. Blood was collected in 10 ml of Cell-Free DNA BCT (Streck, Omaha, NE, USA). Blood was processed to collect plasma and buffy coat through standard density gradient centrifuge protocol. In brief, blood samples were centrifuged at 1,500 rpm for 6 min. The plasma was isolated and stored in 1.5 ml microfuge tubes and frozen in −80°C till further processing. Further, DNA was extracted using the standard protocol. In brief, RBC lysis buffer was used for 5–10 min then spun at 450 rcf for 5 min. The supernatant was removed, and 500 ml of PBS was added and spun for 5 min, then lysis solution was added to lyse overnight, and then samples were stored in −80°C till future use. Subsequently, for the purpose of cell-free DNA analysis, frozen aliquots of the plasma samples were thawed at room temperature and subjected to a second high-speed spin after thawing. Cell-free DNA extraction and quantification were performed as previously described (13).



Ultra-Low-Pass Whole-Genome Sequencing (ULP-WGS) and Analysis

Library construction of cell-free DNA was performed using the Kapa HyperPrep kit with custom adapters (IDT, Coralville, IA, USA). Three to 20 ng of cell-free DNA input (median, 5 ng), or approximately 1,000 to 7,000 haploid genome equivalents, was used for ultra-low-pass whole-genome sequencing. Constructed sequencing libraries were pooled and sequenced using 100-bp paired-end runs on a HiSeq2500 (Illumina, San Diego, CA, USA) to get an average genome-wide fold coverage of 0.13. Segment copy number and tumor fraction (TFx) were derived via ichorCNA (13). Samples were excluded if the median absolute deviation of copy ratios (log2 ratio) between adjacent bins, genome-wide, was >0.20, suggesting poor-quality sequence data.



Gene-Level Copy Number Analyses

GISTIC2.0 output (20, 21) was used for all gene-level copy number analyses. Segmented data files derived from ichorCNA were purity and ploidy corrected, then input into GISTIC2.0 with amplification/deletion threshold log2 ratio > 0.3, confidence level 0.99, and Q-value threshold 0.05. Genes were defined as gain (GISTIC value 1; corresponds to three copies) or amplification (GISTIC value 2; corresponds to four or more copies) versus diploid (GISTIC value 0).
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Low-Coverage Whole Genome Sequencing of Cell-Free DNA From Immunosuppressed Cancer Patients Enables Tumor Fraction Determination and Reveals Relevant Copy Number Alterations
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Cell-free DNA (cfDNA) analysis is a minimally invasive method that can be used to detect genomic abnormalities by directly testing a blood sample. This method is particularly useful for immunosuppressed patients, who are at high risk of complications from tissue biopsy. The cfDNA tumor fraction (TF) varies greatly across cancer type and between patients. Thus, the detection of molecular alterations is highly dependent on the circulating TF. In our study, we aimed to calculate the TF and characterize the copy number aberration (CNA) profile of cfDNA from patients with rare malignancies occurring in immunosuppressed environments or immune-privileged sites. To accomplish this, we recruited 36 patients: 19 patients with non-Hodgkin lymphoma (NHL) who were either human immunodeficiency virus (HIV)-positive or organ transplant recipients, 5 HIV-positive lung cancer patients, and 12 patients with glioma. cfDNA was extracted from the patients’ plasma and sequenced using low-coverage whole genome sequencing (LC-WGS). The cfDNA TF was then calculated using the ichorCNA bioinformatic algorithm, based on the CNA profile. In parallel, we performed whole exome sequencing of patient tumor tissue and cfDNA samples with detectable TFs. We detected a cfDNA TF in 29% of immune-suppressed patients (one patient with lung cancer and six with systemic NHL), with a TF range from 8 to 70%. In these patients, the events detected in the CNA profile of cfDNA are well-known events associated with NHL and lung cancer. Moreover, cfDNA CNA profile correlated with the CNA profile of matched tumor tissue. No tumor-derived cfDNA was detected in the glioma patients. Our study shows that tumor genetic content is detectable in cfDNA from immunosuppressed patients with advanced NHL or lung cancer. LC-WGS is a time- and cost-effective method that can help select an appropriate strategy for performing extensive molecular analysis of cfDNA. This technique also enables characterization of CNAs in cfDNA when sufficient tumor content is available. Hence, this approach can be used to collect useful molecular information that is relevant to patient care.

Keywords: liquid biopsy, cfDNA, CNA profile, cancer, immunodeficiency


INTRODUCTION

Patients infected with human immunodeficiency virus (HIV) or who are organ transplant recipients are at increased risk of developing several cancers compared to the general population (Hortlund et al., 2017; Yarchoan and Uldrick, 2018). Moreover, the risk of cancer-related mortality is increased in these patients (Sigel et al., 2011; Au et al., 2019; Horner et al., 2020). Tissue biopsies performed on immunosuppressed patients entails an elevated risk of complications and demonstrates lower diagnostic yields and increased mortality (Plattner et al., 2018; Cleveland et al., 2020). Compared with tissue biopsy, liquid biopsy such as cell-free DNA (cfDNA) has several benefits. Molecular profiling of cfDNA could allow patients to undergo close, longitudinal follow-up that can enable primary diagnosis of extensive disease, optimal choice of treatment, early diagnosis of clinical progression, and identification of secondary resistance mechanisms. In addition, cfDNA analysis offers comprehensive coverage that can help address issues of tumor heterogeneity (Ilie and Hofman, 2016). Collecting and analyzing cfDNA may be particularly advantageous for immunosuppressed patients, as this approach offers a minimally invasive and cost-effective alternative to more traditional molecular profiling methods.

The cfDNA tumor fraction (TF), which is the proportion of tumor molecules that are present in a cfDNA sample, varies greatly across cancer type and between patients, and represents a clinically relevant biomarker (Adalsteinsson et al., 2017; Van Roy et al., 2017; Chen et al., 2019). The detection of tumor-associated single nucleotide variants (SNVs) in the cfDNA can be achieved by using high-depth targeted sequencing methods (Newman et al., 2014; Ishii et al., 2020) or PCR-based methods (Denis et al., 2017). Broader analyses such as whole exome sequencing (WES) at standard depth (∼150 × coverage) are generally informative when the TF is ∼5% to 10% (Cibulskis et al., 2013). Therefore, the estimation of the TF could help guide selection of the appropriate molecular approach for subsequent detection of SNVs in cfDNA.

Recently, a cost-effective approach, ichorCNA11, was established to calculate the TF of cfDNA using low-coverage whole genome sequencing (LC-WGS). This method identifies segmental/arm-level copy number aberrations (CNAs), which enables the TF to be inferred (Adalsteinsson et al., 2017).

The aim of our study was to calculate the TF and determine the CNA profile of cfDNA in immunosuppressed patients or patients with tumors located in immune-privileged sites, such as the central nervous system (CNS) using LC-WGS and ichorCNA. This approach can guide the decision to subsequently perform a targeted PCR-based method, a targeted sequencing, or a WES, based on the circulating tumor content, to provide a more comprehensive molecular analysis of cfDNA in this specific, frail population.

For this purpose, we recruited patients with cancers known to be associated with variable amounts of cfDNA (from low to high) in immunocompetent patients (Mouliere et al., 2018). Specifically, we enrolled untreated immunodeficient patients with non-Hodgkin lymphoma (NHL) (either systemic or localized to the CNS), HIV-positive patients with non-small-cell lung cancer (NSCLC), and immunocompetent patients with glioma.



MATERIALS AND METHODS


Patient Cohort

Patients were enrolled in the IDeATIon project (ClinicalTrials.gov identifier: NCT03706625), a multidisciplinary, multicentric, translational research program that focuses on severe tumors that appear in immunosuppressed patients or in immune-privileged sites such as the CNS. The protocol was approved by the French national IRB (no. 2018-A01099-46) and the “Commission Nationale de l’Informatique et des Libertés” (CNIL no. 918222).

Three types of rare and severe cancers were selected: (1) NHL (either systemic or localized to the CNS) occurring in patients with HIV or in transplant recipients, (2) NSCLC in patients with HIV, and (3) glioma. The inclusion criteria were as follows: (1) male or female adults (age ≥ 18 years old), (2) confirmed histopathological diagnosis of one of the three types of cancer listed above, (3) anti-tumoral treatment-naive (except for some glioma patients), (4) hemoglobin level > 9 g/dl for lung cancer patients and > 7 g/dl for NHL and glioma patients, and (5) written informed consent. From July 2018 to December 2020, 118 patients were enrolled in the IDeATIon project. This study includes 36 of these prospectively enrolled patients (Table 1).


TABLE 1. Study cohort description.
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Spike-In Experiment

Genomic DNA (gDNA) was isolated from two human NSCLC cell lines, H2030 (ATCC® CRL-5914Tm) and H1975 (ATCC® CRL-5908Tm), and healthy donor blood using a QIAamp DNA Blood Mini Kit (Qiagen). The DNA concentrations were quantified on a QuantusTm Fluorometer (Promega) using QuantiFluor® ONE dsDNA Dye (Promega). Genomic DNA was sheared to an average size of 150 bp using The Bioruptor® Pico (Diagenode). Fragment size was confirmed on a TapeStation 4200 electrophoresis system (Agilent). To create the spike-in mix, H2030 or H1975 DNA was mixed with healthy donor DNA to a final proportion of 5% or 15%, and the samples were analyzed by LC-WGS.



Plasma Preparation and cfDNA Extraction

Blood was collected in Cell-Free DNA Collection Tubes (ROCHE), which were then centrifuged for 10 min at 820 g. Next, the supernatant was transferred to a fresh tube, centrifuged at 20,000 g for a further 10 min, and stored in 1-ml aliquots at −80°C until later extraction. cfDNA was extracted from 5 ml of plasma using the QIAamp Circulating Nucleic Acid Kit (Qiagen) following the manufacturer’s instructions and eluted in a volume of 35 μl. cfDNA was quantified using a QuantusTm Fluorometer (Promega). The size distribution of the cfDNA was checked on a TapeStation 4200 electrophoresis system (Agilent) using Cell-free DNA ScreenTape.



LC-WGS and Analysis

Sequencing libraries were prepared from 4 to 10 ng of cfDNA using the SMARTer® ThruPLEX® Tag-seq Kit (Takara Bio). Libraries were quantified using a QubitTm dsDNA HS Assay Kit (Thermo Fisher), and the fragment sizes were confirmed using a TapeStation 4200 electrophoresis system (Agilent). Equal amounts of the sequencing libraries were pooled to generate a single sample for sequencing. WGS at an average coverage of 4 × was performed on a Novaseq (Illumina) system using 2 × 150-bp paired-end sequencing. BCL2FASTQ (Illumina) was used to convert bcl files to fastq files. The coverage statistics are summarized in Supplementary Figure 1. Paired-end fastq files were aligned to the hg38 human reference genome using the BWA-MEM algorithm (Li and Durbin, 2009). PCR duplicates were removed, and a Base Quality Score Recalibration (BQSR) was executed with the Genome Analysis Toolkit (GATK) version 4.1 (McKenna et al., 2010) following GATK best practice.

Based on the pre-processed aligned reads, the TF in the cfDNA was calculated using the ichorCNA workflow, as described previously (Adalsteinsson et al., 2017). Briefly, using the readCounter tools from the HMMcopy suite, we calculated the read count coverage of reads with a mapping quality greater than 20 in 1-Mb-window bins across all autosomal chromosomes. The read counts were then normalized to correct for GC content and mappability bias. The copy number analysis and TF prediction were performed using the ichorCNA R software package. LC-WGS sequencing of the healthy donor sample served as the normal WIG. Adjustments were made to the standard ichorCNA settings to account for ploidy (2 or 3) and an initial normal contamination range of 0.1 to 0.99. Genotype count at genomic position on LC-WGS data were performed using bcftools mpileup command (Supplementary Table 1).



DNA Extraction From Tissue Biopsy

Tumor gDNA was isolated from fresh or formalin-fixed paraffin-embedded (FFPE) diagnostic tissue biopsies using a QIAamp DNA Mini Kit (Qiagen) or a QIAamp DNA FFPE Tissue Kit (Qiagen), respectively, according to the manufacturer’s instructions.



WES and Tumor Tissue Analysis

Libraries were prepared and hybrid-captured using the SeqCap EZ MedExome Enrichment Kit (Roche) with 200 ng of DNA input. Sequencing was performed on an Illumina Novaseq system with 150-bp paired-end reads. Raw paired-end fastq files were pre-processed using fastp (Chen et al., 2018) for quality control, adapter trimming, and quality filtering. The filtered reads were aligned to the hg38 human reference genome using BWA-MEM (Adalsteinsson et al., 2017). Reads were pre-processed according to GATK best practice. Coverage summary statistics of the consensus coding sequence are shown in Supplementary Figure 2. Somatic SNVs and indels that differed between tumor–normal pairs were called using MuTecT (Cibulskis et al., 2013) and Strelka2 (Kim et al., 2018), respectively. We excluded potential oxidative damage-induced mutations as per Costello et al. (2013) using in-house scripts.

Copy number analysis for tumor biopsy WES was performed using the TitanCNA pipeline (Ha et al., 20141). Briefly, we first identified heterozygous single nucleotide polymorphisms (SNPs) from the matched normal germline blood sample using the Samtools mpileup command and the Exome captured regions bed file and computed read counts for the reference SNPs and alternative genotypes from the tumor biopsy samples. Next, we computed read counts for 50-kb bins using HMMcopy (Ha et al., 2012). Centromeres were filtered based on chromosome gap coordinates obtained from UCSC for the hg38 human reference genome. The read coverage for 50-kb bins across the genome was corrected for GC content and mappability. Finally, TitanCNA was used with default values (except for alphaK = 2500 and minDepth = 20) to generate solutions with one to five clonal clusters, with the initial ploidy set to 2 and 3. The solution with the optimal number of clonal clusters was selected using the minimum S_Dbw validity index (using log ratio and allele ratio) as recommended. Tumor purity estimation was performed using ABSOLUTE (Carter et al., 2012).



Comparing the LC-WGS Results for the cfDNA and Matched Tumor Biopsies

We performed a log2 ratio comparison for 23 patients for whom both LC-WGS cfDNA data and matched tumor biopsy WES data were available (Supplementary Figure 3). We excluded LC-WGS cfDNA segments that did not overlap the tumor biopsy sample. Additionally, we restricted the comparison to segments with cellular prevalence = 1, indicating a higher proportion of tumor cells containing that event. If more than one log2 ratio was assigned to the same segments, the median value of the log2 ratios in the LC-WGS segments was retained for comparison. Similarity between each cfDNA sample and the matching tumor biopsy was calculated by computing the Spearman correlation coefficient.



WES and cfDNA Analysis

WES was performed on three cfDNA samples with a detectable TF. The same libraries prepared for LC-WGS were hybrid-captured using a SeqCap EZ MedExome Enrichment Kit (Roche). The sequencing and bioinformatic analysis were performed as described above for tumor tissue, except that variant calling was performed on SNVs only.



RNA Sequencing and Expression Analysis

RNA was extracted from tumoral tissue using an RNeasy Micro Kit (Qiagen). Libraries were prepared from 500 ng of RNA. After end repair, A-tailing, ligation, and purification, sequencing was performed on an Illumina Novaseq with 150-bp paired-end reads. Reads were aligned to the human hg38 reference genome after an index was generated using STAR v2.7.2 (Dobin et al., 2013) by applying per-sample two-pass mapping. The generated BAM files were pre-processed according to GATK v4.1 RNA-seq best practice (Mark Duplicate, SplitNcigarReads and BQSR), followed by transcript quantification using Kallisto v0.45.0 (Bray et al., 2016). To summarize transcript-level abundance estimates for gene-level analysis, we used tximport R packages (Soneson et al., 2015). Gene expression comparison was achieved by simple extraction of the listed genes (ABC and GCB, Supplementary Figure 4C) from total gene expression level, followed by Wilcoxon test to compare the regularized-logarithm transformation (rlog) of the gene count between the two gene sets.



Statistical Analysis

We used R (version 4.0.0) to perform all statistical analyses and tests. The Wilcoxon test was used to compare ploidy across the exome and LC-WGS data. Copy number variation (CNV) segment tests and p-values were computed using Spearman’s test.



RESULTS


Cohort Description

The clinical features of the 36 patients included in our cohort are shown in Table 1. Twenty-four patients were immunodeficient, namely, 19 who had NHL and 5 who had NSCLC. Among the patients with NHL, 6 were HIV-positive [1 with primary central nervous system lymphoma (PCNSL) and 5 with systemic NHL] and 13 were organ transplant recipients (5 with PCNSL and 8 with systemic NHL). All five patients with NSCLC were HIV-positive. The other 12 patients in the cohort were immunocompetent and had glioma. Biological material, including blood and tumor tissue samples, was collected at the time of diagnosis and prior to any anti-tumoral treatment (except for some glioma patients).



Estimation of the TF in the cfDNA

To establish the LC-WGS protocol and ensure reproducibility, we first performed a spike-in experiment by mixing gDNA from two lung cancer cell lines (H2030 and H1975) with known genomic profiles with DNA from a healthy donor at different ratios. We found that a detectable TF using our method was a TF > 5% (Supplementary Figure 1). Following LC-WGS and bioinformatics analysis, the TF in cfDNA from 24 immunodeficient patients with cancer (19 NHL and 5 NSCLC-HIV) and 12 immunocompetent patients with glioma was determined. We prioritized ichorCNA solutions with a ploidy of 2, as our cohort did not exhibit high-copy genome amplification, and subjected the CNV profiles to manual review to account for bias introduced to bin log2 ratio values after GC content correction.

The calculated TF values ranged from 8 to 70% (Figure 1A). Thirty-two percent of immunodeficient NHL patients (6/19) and 20% of HIV-positive NSCLC patients (1/5) had a TF greater than 5%. However, no tumor-derived cfDNA was detected in any of the glioma or PCNSL patients. The estimated TF for the HIV-positive patient with NSCLC was 23%; this patient had metastatic cancer (T4 N3 M1c, stage 4B disease).
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FIGURE 1. Tumor fraction dot plots. (A) All three cancer types studied. (B) Based on non-Hodgkin lymphoma location, immunodeficiency type, nodal location, and International Prognostic Index group.


Next, we compared TF values across different groups of patients with NHL, based on localization, International Prognostic Index (IPI) score, and type of immunodeficiency (Figure 1B). Six of the NHL patients with detectable TF (TF = 8%, 10%, 12%, 13%, 55%, and 70%) had exclusively systemic localization. In contrast, the TF was below the limit of detection of all the patients with PCNSL. Five out of the six patients with a TF value > 5% had extranodal manifestations of disease. No difference was observed in terms of type of immunodeficiency. Finally, five out of nine patients with a high IPI score (2 or 3) exhibited detectable levels of tumor cfDNA, whereas only one in four with a low IPI score (0 or 1) had a detectable TF.



Copy Number Alteration Profile Concordance Between Tumor Biopsies and cfDNA

Next, we compared the CNA profiles for the cfDNA samples as established by LC-WGS and ichorCNA with the CNA profiles deduced from WES of matched tumor biopsies (100× to 200×, n = 23). These analyses involve comparison of the normalized log2 copy ratios between the two sample types from same patients. We found that the Mb-scale copy numbers correlated well in samples with a TF > 5% (ranging from ρ = 0.34 to ρ = 0.81; p < 0.001, Figure 2A), while there was no significant correlation for patients with undetectable TFs (ρ = −0.31 to ρ = 0.08; Figure 2B, Supplementary Figure 3).


[image: image]

FIGURE 2. Copy number profile and comparison from LC-WGS cfDNA and WES tumor biopsy. (A) Left track shows genome-wide copy number from two ID-NHL patients (FR-02-056 and FR-02-067 with the following median coverage for cfDNA 4.24X, 3.49X and for WES tumor biopsy 216X, 211X, respectively). Right track shows cfDNA tumor fraction (TF) computed using ichorCNA and Tumor purity calculated using ABSOLUTE. (B) Left track shows genome-wide copy number from a 1p19q codeleted glioma patient FR-03-057 with the following median coverage for 4.30X for cfDNA and 166 X for WES tumor biopsy. Right track shows Spearman rank correlation between LC-WGS cfDNA and WES tumor biopsy (see Materials and Methods).




Copy Number Alteration Profile Analysis of cfDNA

To evaluate whether cfDNA can serve as a proxy for tumor biopsies in cancer analyses, we analyzed the CNA profiles of cfDNA from patients with a TF > 5%.

In the HIV-positive patient with NSCLC, chromosomal gains were identified for several genes known to be associated with NSCLC, such as SOX2 (3q), TERT (5p), and EGFR (7q). Furthermore, we found amplification of MYC and heterozygous deletion of the PTEN tumor suppressor, located at 8q and 10q, respectively (Figure 3B).


[image: image]

FIGURE 3. Genome-wide copy number alteration (CNA) landscape in patients with a tumor fraction >5%. (A) Cell-free DNA (cfDNA) results from six immunodeficient non-Hodgkin lymphoma patients. Top, frequency of copy number variation (CNV) regions detected by low-coverage whole-genome sequencing of cfDNA. Bottom, CNV pattern for each patient. The plots show the CNV log2 ratios between the cfDNA sample and the healthy donor (HD). Neutral copy numbers are shown in blue, copy number gains are shown in dark red, copy number amplifications are shown in red, and copy number losses are shown in green. (B) cfDNA results from the non-small-cell lung cancer (NSCLC) patients infected with human immunodeficiency virus. Top, CNV pattern. Bottom, genes affected by CNA known to be associated with NSCLC, and their chromosomal locations.


In the NHL group, at the chromosomal level, chromosome 12 gain was the most frequent event (encountered in 4/6 patients), followed by chromosome 15 loss (detected in 2/6 patients). These CNAs were mutually exclusive in our cohort (Figure 3A). Focal chromosomal alterations were also detected, including 8q24 gain and 6p22, 6q21 loss, which were identified in 3/6 and 2/6 patients, respectively. These findings were compared to known cancer-associated somatic CNAs seen in patients with NHL (Lopez et al., 2019; Cascione et al., 2020) or NSCLC (Spoerke et al., 2012; Qiu et al., 2017).

The NHL patients in our cohort exhibited two distinct CNA profiles. The first group included patients [three patients with diffuse large B-cell lymphoma (DLBCL) and one patient with Burkitt lymphoma] who exhibited gain of chromosome 12, which is where STAT6, MDM2, and BCL7A are located. The second group (two patients with DLBCL) exhibited neutral chromosome 12 copy numbers but had gains in a region harboring the HLA locus, PRDM1, and POLG1 (Supplementary Figure 4A). Interestingly, patient FR-02-40 harbored alterations in genes associated with the activated B-cell (ABC) DLBCL subgroup (Testoni et al., 2015; Schmitz et al., 2018), such as PIK3CA, NFKBIZ, BCL2, and SPIB.

To confirm whether this patient belonged to the ABC molecular subgroup, we analyzed somatic mutations from WES analysis of a biopsy of the patient’s tumor. We identified mutations in the tumor suppressor gene TBL1XR1 and the proto-oncogene PIM1 (Supplementary Figure 4B). In addition, RNA-seq expression analysis of the matched tumor tissue revealed overexpression of ABC-associated genes (Alizadeh et al., 2000; Rosenwald et al., 2002) (Supplementary Figure 4C). Finally, immunohistochemistry analysis using the Hans algorithm classified patient FR-02-40 as non-GCB.



WES of cfDNA

The availability of sufficient tumor-derived cfDNA material allowed us to generate WES data (median coverage of 200×) on three of the cases with LC-WGS and tumor biopsy exome sequenced. We detected shared coding somatic SNV in cfDNA and tumor biopsy in FR-02-040-BP (16%), FR-02-056-LTT (28%), and FR-01-092-PA (83%). Across the common mutations, we identified mutations of known-driver genes in NSCLC as TP53 and MAP2K1 (Wislez et al., 2021) and recurrent mutated genes in NHL as MYC, TBL1XR1, IGLL5, GNA13, and PIM1. We found a strong correlation between the variant allele frequency (VAF) on cfDNA and the somatic VAF in tumor tissue biopsy (Pearson test, ρ = 0.7–0.78, all p-value < 0.001, Supplementary Figure 4). Notably, the median VAFs of shared SNV were larger as the estimated TFs were higher (Supplementary Table 2). In addition to somatic variant analysis, we estimated ploidy and purity in cfDNA WES data. Computed tumor purity on cfDNA was comparable to TFs calculated using LC-WGS (Supplementary Table 2).



DISCUSSION

Studies have shown that LC-WGS and ichorCNA analysis can accurately detect low fractions of circulating tumor DNA in blood plasma (Adalsteinsson et al., 2017; Chen et al., 2019). Calculating the TF in the cfDNA can help select a method with appropriate sensitivity for performing a comprehensive molecular analysis. Using CNAs to calculate the TF is particularly relevant, as the vast majority of cancers harbor arm-level somatic CNAs (Beroukhim et al., 2010).

Our pilot study is the first to calculate TFs and characterize somatic CNA profiles for cfDNA using LC-WGS and ichorCNA in immunosuppressed patients (HIV-positive or transplant recipients) with NHL (systemic or CNS-localized) or lung cancer. Immunocompetent patients with glioma were also included, given the location of the tumor in an immunosuppressive environment, and, for the purposes of this pilot study, were expected to exhibit a low TF in the blood (Bettegowda et al., 2014).

A TF was detectable in 29% (7/24) of the immunodeficient patients in our cohort, with a TF range of 8% to 70%.

No TFs or CNAs were detected in PCNSL and glioma patients. The failure to detect a TF in these patients was presumably caused by insufficient ctDNA levels in the blood that were below the limit of detection for ichorCNA. Indeed, the lower limit of ichorCNA sensitivity for detecting the presence of tumor is 3% (Adalsteinsson et al., 2017). Glioma-associated mutations have been detected in liquid biopsies using highly sensitive droplet digital PCR (Muralidharan et al., 2021) or by analyzing cerebrospinal fluid (CSF) instead of plasma (Mouliere et al., 2018), suggesting that it could be valuable to test LC-WGS on CSF cfDNA in PCNSL patients. Our results support the use of targeted molecular analyses with high sensitivity when the TF is not detected or is very low.

In contrast, patients with a detectable TF should be selected for further larger-scale sequencing methods, such as WES, for which the calculated TF could help guide calibration of the sequencing depth.

One immunosuppressed lung cancer patient included in our study had a TF of 23%. This patient had non-small-cell adenocarcinoma, was HIV-positive, and had advanced metastatic disease (T4 N3 M1c, stage 4B disease). The CNA profile derived from the tumor tissue biopsy taken from this patient correlated well with the findings from the corresponding liquid biopsy (ρ = 0.81). Moreover, the CNA profile was consistent with patterns that are typically observed in patients with NSCLC (Chen et al., 2019; Raman et al., 2020). Determining the CNA profile from cfDNA could constitute an attractive method to support histological subtyping of lung cancer patients, as suggested by Raman et al.

In our study population, the immunodeficient NHL patient group had the highest proportion of patients with detectable aberrations (6/19, 32%). The proportion of patients with detectable cancer-derived cfDNA in this group was lower than that described in the literature for NHL patients. Bohers et al. identified tumor-associated mutations in the cfDNA in 19/30 patients (63%), and Rossi et al., in 20/30 patients (66.6%) (Rossi et al., 2017; Bohers et al., 2018). However, these two studies focused on targeted detection of somatic SNVs in recurrently mutated cancer genes using high-throughput targeted sequencing. It has been shown that a CNA is > 20 times more likely to be detected by LC-WGS than by arrays (Zhou et al., 2018).

Interestingly, 5/6 NHL patients with a TF > 5% had extranodal manifestations and a high IPI score. Given that our patients were untreated at the time of liquid biopsy, our results agree with a study concluding that ctDNA is a promising biomarker for identifying NHL patients at high risk of treatment failure and at risk of recurrence before clinical evidence of disease relapse (Roschewski et al., 2015).

The potential utility of cfDNA as a biomarker and as a way to molecularly characterize tumors is supported by the concordance between the cfDNA and tumor tissue CNA profiles. Despite the low number of patients with cfDNA WES data, VAF comparison and purity estimation collectively suggests an accurate sensitivity of TF estimation using LC-WGS/IchorCNA. Surprisingly, the strongest correlation was found in the patient with a TF of 23% and not in the patient with a TF of 70%. This may be attributable to the fact that several CNA events were detected in the patient with the lower TF, while only chromosome 12 gain was found in the patient with the higher TF. However, this patient harbors coding variants with high VAFs in cfDNA (median VAF = 0.28, Supplementary Table 2).

The CNA profiles derived from the cfDNA from the DLBCL subgroup are consistent with patterns that are usually observed in DLBCL and have been previously detected by analyzing tumor tissue (Testoni et al., 2015). However, based on events observed in the cfDNA CNA profiles, we were further able to distinguish two distinct groups of patients. These two groups (chromosome 12 gain or neutral copy number) correlate with the ABC and GCB gene expression subgroups (Schmitz et al., 2018). Furthermore, mutations in genes corresponding to one subgroup or the other were found in the matched tumor tissue. These results should be confirmed in a larger cohort.



CONCLUSION

Our pilot study showed, for the first time, that ctDNA can be detected by LC-WGS/ichorCNA in the plasma of immunosuppressed patients with advanced NHL or lung cancer. This cost-effective method accurately calculated the TF and determined the CNA profile from the cfDNA and can be used to guide the choice of molecular method for further larger-scale investigations of cfDNA. Applying this method to a larger cohort of immunodeficient patients, as well as an immunocompetent cohort, may help shed light on cancer pathogenesis, the genomic mechanisms by which tumor cells acquire treatment resistance, and the response to treatment in this specific population. Liquid biopsy can be particularly useful in immunosuppressed patients, who are at higher risk for complications during tissue biopsy. Using this approach, molecular information from ctDNA can be collected before and during treatment to help improve patient care. Future analyses could help elucidate the direct impact that immune system impairment has on the circulating TF in these patients.
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While tissue biopsy has for the longest time been the gold-standard in biomedicine, precision/personalized medicine is making the shift toward liquid biopsies. Cell-free DNA (cfDNA) based genetic and epigenetic biomarkers reflect the molecular status of its tissue-of-origin allowing for early and non-invasive diagnostics of different pathologies. However, selection of preanalytical procedures (including cfDNA isolation) as well as analytical methods are known to impact the downstream results. Calls for greater standardization are made continuously, yet comprehensive assessments of the impact on diagnostic parameters are lacking. This study aims to evaluate the preanalytic and analytic factors that influence cfDNA diagnostic parameters in blood and semen. Text mining analysis has been performed to assess cfDNA research trends, and identify studies on isolation methods, preanalytical and analytical impact. Seminal and blood plasma were tested as liquid biopsy sources. Traditional methods of cfDNA isolation, commercial kits (CKs), and an in-house developed protocol were tested, as well as the impact of dithiothreitol (DTT) on cfDNA isolation performance. Fluorimetry, qPCR, digital droplet PCR (ddPCR), and bioanalyzer were compared as cfDNA quantification methods. Fragment analysis was performed by qPCR and bioanalyzer while the downstream application (cfDNA methylation) was analyzed by pyrosequencing. In contrast to blood, semen as a liquid biopsy source has only recently begun to be reported as a liquid biopsy source, with almost half of all publications on it being review articles. Experimental data revealed that cfDNA isolation protocols give a wide range of cfDNA yields, both from blood and seminal plasma. The addition of DTT to CKs has improved yields in seminal plasma and had a neutral/negative impact in blood plasma. Capillary electrophoresis and fluorometry reported much higher yields than PCR methods. While cfDNA yield and integrity were highly impacted, cfDNA methylation was not affected by isolation methodology or DTT. In conclusion, NucleoSnap was recognized as the kit with the best overall performance. DTT improved CK yields in seminal plasma. The in-house developed protocol has shown near-kit isolation performance. ddPCR LINE-1 assay for absolute detection of minute amounts of cfDNA was established and allowed for quantification of samples inhibited in qPCR. cfDNA methylation was recognized as a stable biomarker unimpacted by cfDNA isolation method. Finally, semen was found to be an abundant source of cfDNA offering potential research opportunities and benefits for cfDNA based biomarkers development related to male reproductive health.

Keywords: cell-free DNA, liquid biopsy, blood plasma, seminal plasma, preanalytics, cell-free DNA methylation, cell-free DNA integrity


[image: image]

GRAPHICAL ABSTRACT. Depiction of the experimental design.




INTRODUCTION

Tissue biopsies have been the gold-standard in disease diagnostics and prognostics (Constâncio et al., 2020). However, the issues with tissue biopsies have become more apparent, such as its invasiveness, the need for repetitive sampling, the problem of tumor heterogeneity, and unapproachability of certain tissues (Stewart et al., 2018; Constâncio et al., 2020; Lee E. Y. et al., 2020). With the advent of precision and personalized medicine these constraints are becoming both more evident and limiting. Utilization of the genetic material in liquid biopsies offers solutions in a reliable, cost-effective, and minimally invasive way (Lobo et al., 2019; Constâncio et al., 2020; Spiller et al., 2020; Thakral et al., 2020; Wang et al., 2020; Vandekerkhove et al., 2021).

Cell-free DNA (cfDNA) is one of the most prominent molecules present in liquid biopsies, discovered in 1948 by Mandel and Metai in human blood plasma (Aucamp et al., 2016; Cook et al., 2018; Krasic et al., 2018). Originating from apoptosis, necrosis, and direct cell secretion, cfDNA has been detected in almost all body fluids, such as urine, sputum, cerebrospinal fluid, pleural fluid, cyst fluid, saliva, bronchial lavages, and semen (Draškovič, 2017; Chen et al., 2018; Kumar et al., 2018; Johansson et al., 2019). It reflects the genetic and epigenetic characteristics of its tissue of origin, such as DNA methylation, mutations, or microsatellite alterations (Barták et al., 2019). cfDNA is double-stranded and varies in size, ranging from 180 bp up to 10,000 bp, with the majority being around 180 bp long, corresponding to the size of the DNA within the nucleosomes by apoptotic processes (Draškovič, 2017; Cook et al., 2018; Somen et al., 2019; Streleckiene et al., 2019; Li S. et al., 2020). In the blood of healthy individuals cfDNA quantity ranges from 1.8 to 44 ng/ml (Draškovič, 2017; Streleckiene et al., 2019), mostly originating from hematopoietic cells (Aucamp et al., 2016; Somen et al., 2019; Lampignano et al., 2020). Its quantity and fragment size can be increased by conditions such as physical activity, pregnancy, and various other states (Warton and Samimi, 2015; Cook et al., 2018; Barták et al., 2019; Johansson et al., 2019; Ottaviano et al., 2021). Disease-derived cfDNA primarily originates from necrotic and phagocytotic processes, such as in inflammation, sepsis, trauma, or cancer, and is elevated in quantity (Aucamp et al., 2016; Ponti et al., 2019; Somen et al., 2019; Yu et al., 2019; Li S. et al., 2020; Ottaviano et al., 2021). Among these cfDNA fractions, circulating tumor DNA (ctDNA), which originates from cancer cells, is of great interest as a novel oncological biomarker (Solassol et al., 2018; Keup et al., 2020; Ponti et al., 2020).

Biomarkers associated with different diseases have been successfully detected in cfDNA, such as copy number variations, single nucleotide polymorphisms, cfDNA integrity, and epigenetic modifications including cfDNA methylation (Vaissière et al., 2009; Vaca-Paniagua et al., 2015; Trigg et al., 2018; Lee et al., 2019; Constâncio et al., 2020; Li S. et al., 2020; Rodriguez-Casanova et al., 2021; Yin et al., 2021). In particular cfDNA quantity, integrity, and methylation have shown themselves to be the most prominent diagnostic parameters (Trigg et al., 2018; Mbaye et al., 2019; Lampignano et al., 2020; Lo et al., 2021; Vandekerkhove et al., 2021; Zhang et al., 2021). cfDNA methylation presents itself as a valuable biomarker in liquid biopsy research due to its high specificity for various biological states and robust biological stability (Constâncio et al., 2020; Miller et al., 2021), with some authors even presenting cfDNA methylation status as the universal cancer biomarker (Meddeb et al., 2019). Recent reports highlight multiple possible applications of the cfDNA methylation profiling among which are: being able to identify the tissue of origin and discern between different tissues (healthy and cancerous) (Moss et al., 2018; Stewart et al., 2018; Gaga et al., 2020; Sprang et al., 2020; Miller et al., 2021), as well as guiding therapy selection and monitoring disease prognosis (Somen et al., 2019; Tuaeva et al., 2019; Li S. et al., 2020). For example, LINE-1 cfDNA hypomethylation is associated with multiple cancer characteristics, such as risk, type, progression, and poor prognosis (Lee et al., 2019). Further research has shown a correlation between cfDNA quantity and tumor size, metastasis status, and burden (Stewart et al., 2018; Streleckiene et al., 2019). The cfDNA integrity index (CFI) is yet another biomarker for cancer diagnostics and therapy monitoring (Kumar et al., 2018; Chan et al., 2021) with longer fragments described in cancer patients (Meddeb et al., 2019; Shi et al., 2020; Chan et al., 2021). Research on the possible applications of cfDNA’s size profile is ongoing in many fields such as oncology, transplantation medicine, cardiology, and infectious disease medicine (Shi et al., 2020), as well as in reproductive medicine since sperm fragmentation index has been proposed to supplement routine diagnostics in identifying subfertility issues and predict in vitro fertilization success (Li L. et al., 2020). Limitations of cfDNA include the relatively short half-life and the variable amount of target cfDNA fraction (Ponti et al., 2019; Sorber et al., 2019; Lampignano et al., 2020). In particular, ctDNA is detected in blood samples of over 75% pancreatic, ovarian, and colorectal cancer patients, while in prostate cancer patients significantly lower levels were found (Ponti et al., 2019) suggesting that for different pathologies different liquids should be investigated as biopsies.

In contrast to blood plasma, very little research has been done on seminal plasma despite many factors pointing to its great promise in male reproductive medicine. For example, seminal plasma has a comparatively high amount of cfDNA of heterogeneous size in relation to other body fluids (Draškovič, 2017; Ponti et al., 2019) which allows for analysis such as the genome-wide promoter methylation of the human testis and epididymis to be performed (Wu et al., 2013). Seminal plasma cfDNA levels correlate with sperm parameters, with the quantity of low molecular weight cfDNA correlating to positive sperm parameters, and higher cfDNA concentrations discriminating azoospermic patients from normozoospermic (Li et al., 2009; Chen et al., 2018; Ponti et al., 2018; Mbaye et al., 2019; Morgan and Watkins, 2020). So far, cfDNA concentrations and their electrophoretic patterns have been shown to discriminate between prostate cancer, benign prostatic hyperplasia patients, and age-matched healthy controls (Ponti et al., 2019). This could allow seminal plasma to provide a non-invasive alternative to prostate tissue biopsies which carry risks of morbidity (Drabovich et al., 2014; Ponti et al., 2018). Seminal plasma is a true non-invasive biopsy, and with the high abundance of cfDNA is suitable for both cost-effective and more advanced diagnostic methods, promising to find a place in male reproductive medicine (Li et al., 2009; Drabovich et al., 2014; Ponti et al., 2018, 2019; Mbaye et al., 2019; Morgan and Watkins, 2020).

Although progress has been made many issues have remained unsolved, leaving the integration of cfDNA into routine clinical practice facing the challenge of standardization of both the preanalytical phase and analytical assays (Lampignano et al., 2020). Currently, there are over 60 clinical trials involving cfDNA approaches, which all depend on their practical advantage and robustness in the clinical setting (Kumar et al., 2018). So far, cfDNA is only being utilized by specialized laboratories which have reported 13 different techniques for the isolation of cfDNA, 5 different methodological approaches for quantification, and 11 different genotyping methods, clearly demonstrating little inter-laboratory standardization (Haselmann et al., 2018; Kumar et al., 2018; Lampignano et al., 2020). Sample collection, preservation, blood collection tube type, storage temperature, serum or plasma preparation, and cfDNA extraction were already proven to have an impact on the amount, integrity, and purity of isolated cfDNA with a strong influence on the downstream molecular analysis (Medina Diaz et al., 2016; Sorber et al., 2019; Lee J. S. et al., 2020; Samoila et al., 2020). A number of studies are being published on assessing various preanalytical variables and technical aspects of cfDNA extraction which are calling attention to new potential issues in the employed methodology and a need for greater standardization in liquid biopsy protocols and workflows (Page et al., 2006; Malentacchi et al., 2015; Draškovič, 2017; Cook et al., 2018; Kumar et al., 2018; Mojtabanezhad Shariatpanahi et al., 2018; Barták et al., 2019; de Kock et al., 2019; Meddeb et al., 2019; Sorber et al., 2019; Streleckiene et al., 2019; Abramovic et al., 2020; Augustus et al., 2020; Bronkhorst et al., 2020; Lampignano et al., 2020; Lee E. Y. et al., 2020; Lee J. S. et al., 2020; Salvianti et al., 2020; Samoila et al., 2020). The clinical use of cfDNA also requires the development and standardization of high sensitivity methods able to analyze highly fragmented DNA (Johansson et al., 2019; Sorber et al., 2019). Despite all this, comprehensive studies examining the impact of extraction methods on cfDNA diagnostic parameters are sorely lacking in both blood and seminal plasma (Draškovič, 2017). With both the preanalytical protocols and analytical assays standardized, reference values correlating to disease states could be reliably identified and translated to clinical practice (Aucamp et al., 2017).

The aim of this study was to identify and evaluate these preanalytic and analytic factors that influence cfDNA diagnostic parameters in blood and semen samples. For this reason, the impact of traditional cfDNA isolation methods and kit-based isolation methods was evaluated on cfDNA diagnostic parameters (cfDNA yield, integrity, and cfDNA methylation). We have employed fluorimetry, qPCR, digital droplet PCR (ddPCR), and capillary electrophoresis as the four most commonly used cfDNA detection methods. CFI was assessed using qPCR and capillary electrophoresis. The impact on cfDNA methylation was analyzed by pyrosequencing.



MATERIALS AND METHODS


Text Mining

In order to identify all studies comparing cfDNA isolation methods and cfDNA research in general, a Europe PMC based literature search was conducted, with the last update being on the 31st of December 2020. Europe PMC was selected due to it being a flexible platform with currently 1.3 billion annotations text mined from articles, and growing (Ferguson et al., 2021). Keywords were combined with Boolean operators into search terms and are listed in Table 1.


TABLE 1. List of search terms used in the literature search and the goal for which they were used.
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Sample Collection and Plasma Preparation

Blood and ejaculate samples were taken from 12 normozoospermic men. The criteria for normozoospermia were according to the guidelines of World Health Organization (WHO) (Cooper et al., 2009). Samples were drawn and plasma was prepared at the clinical hospital centers Zagreb and Sestre milosrdnice.

Of peripheral venous blood 12 ml (two 6 ml tubes) was collected into EDTA-containing tubes (Greiner Bio-One) and processed within 2 h after venipuncture. To ensure cell-free plasma collection and to prevent cellular contamination, all EDTA-blood samples were centrifuged in two steps (1400 × g for 10 min and then 4500 × g for 10 min). Blood plasma was stored at −80°C.

Ejaculate samples were obtained by masturbation after 3–5 days of sexual abstinence and were allowed to liquefy for 30–60 min at room temperature. Seminal plasma was obtained by triple centrifugation of ejaculate samples to prevent cellular contamination (400 × g for 10 min, 12,000 × g for 10 min, and 20,000 × g for 10 min), which is a modification of the protocol by Li et al. (2009). Seminal plasma was stored at −80°C.

Plasma samples were pooled before further processing into one blood plasma sample and one seminal plasma sample, to remove subject variance.



cfDNA Isolation

The most commonly used traditional methods for cfDNA isolation (TIM) were selected for the study: the Triton–Heat–Phenol (THP) by Xue et al. (2009), Phenol–chloroform isoamyl alcohol isolation (PCI) protocols by Yuan et al. (2012); Schmidt et al. (2005), and Hufnagl et al. (2013), which were all done following the author’s recommendations. We have also tested the salting-out method by Miller et al. (1988) which is one of the most widely used gDNA isolation methods and which has been previously used, with slight modifications in cfDNA isolation (Jorgez et al., 2006). The recommendations laid out in the original article were followed.

An in-house PCI cfDNA isolation protocol with dithiothreitol (DTT) was developed, following DTT amount recommendations for sperm gDNA isolation from the research article by Doerksen et al. (2000). Briefly, 100 μL of lysis solution (240 mM Tris–HCl pH 8.0, 1800 mM NaCl, and 120 mM EDTA), 120 μL of 10% SDS, 30 μL of proteinase-K, and 12 μL of 1 M DTT was added to 1 ml of blood plasma and seminal plasma, respectively. The plasma sample was vortexed, spun down, and left over-night in a heating block at 50°C. PCI was added 1:1 to the plasma, shaken, and incubated at room temperature for 5 min, after which the sample was centrifuged at 16,000 × g for 15 min. The supernatant was transferred to a new tube and the DNA was precipitated by adding 1/20 of the volume of 4 M NaCl and 1/1 volume of ice-cold ethanol and incubating at −20°C over-night. The DNA was centrifuged at maximum speed for 30 min, washed with 70% ethanol, centrifuged at maximum speed for 30 min and dissolved in 100 μL of TE buffer (10 mM Tris–HCl pH 8.0 and 1 mM EDTA).

The three most widely used commercial kits (CK) for cfDNA isolation were selected, Qiagen’s QIAmp Circulating Nucleic Acid Kit which is currently the gold standard (Streleckiene et al., 2019), Zymo’s Quick-cfDNA Serum & Plasma Kit, and Macherey-Nagel’s NucleoSnap cfDNA. All protocols were performed according to the manufacturer’s instruction, using the QIAvac 24 Plus vacuum station (Qiagen). The proteinase-K digestion step has been increased to overnight in all three kits, as it has been shown that longer digestion results in higher yields (Pérez-Barrios et al., 2016). Protocols used are depicted in Table 2.


TABLE 2. List of cfDNA isolation methods used in the study along with their sources.
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The impact of DTT on cfDNA isolation was tested as well, with the protocols described in Table 3. To the CK groups, 10 mM DTT was added since it is the standard concentration used in most sperm DNA isolations. To the modified Hufnagl et al.’s (2013) 80 mM DTT was added to test if the reported higher concentrations of DTT improve isolation yields (He et al., 2017).


TABLE 3. List of methods used to assess the impact of DTT addition on blood and seminal plasma isolation.
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The cfDNA isolation protocols were performed starting with 1 ml of blood or seminal plasma which was eluted in 100 μL of elution buffer (for CK) or TE buffer (for TIM). cfDNA of the same body liquid and isolated by the same protocol was pooled for fragment analysis.



Fluorometric dsDNA Assay

To perform fluorometric quantification of cfDNA quantity Quant-iT PicoGreen dsDNA Assay Kit (Thermofisher), was used, following the manufacturer’s instructions. Samples were excited at 480 nm and the fluorescence was measured at 520 nm using a TECAN Spark multimode reader. Lambda DNA was used to generate the standard curve. All samples and standards were run in triplicates.



Real-Time PCR

As described in detail in Rago et al. (2007), human LINE-1 is a retrotransposon family member with over 100,000 elements interspersed throughout the human genome. As such, quantifying human LINE-1 offers a sensitive method for quantifying human cfDNA, therefore the concentration and integrity of total cfDNA were determined by qPCR with primers targeting the second open reading frame of the human LINE-1 element.

Primers amplifying an 82-bp and a 224-bp LINE-1 region were used (Takai et al., 2015). The shorter amplicon was used to quantify total cfDNA, while the longer amplicon was used to calculate the CFI, with the ratio of longer cfDNA fragments to the shorter ones (Rostami et al., 2020). The primers used are listed in Table 4.


TABLE 4. List of primers used along with their amplicon size.
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qPCR reactions were carried out in triplicate, using 1 μL of isolated cfDNA, SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories), and 250 nM forward and reverse primers. Real-Time PCR amplification was performed on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories) according to the protocol: pre-cycling heat activation of DNA polymerase at 98°C for 3 min followed by 40 cycles of denaturation at 98°C for 10 s, annealing/extension at 60°C for 30 s, followed by a melting point gradient from 65 to 95°C. The analysis was performed using CFX Maestro Software (Bio-Rad Laboratories). Absolute quantification of cfDNA in each sample was determined by a standard curve with serial dilutions of human genomic DNA (Qiagen).



Droplet Digital PCR

To assess the viability of cfDNA concentration detection by ddPCR, the total 82 bp LINE-1 cfDNA fragments were quantified on the ddPCR system (Bio-Rad Laboratories), using the modified protocol from He K. et al. (2019).

Isolated cfDNA samples were diluted (with dilutions ranging from 3× to 1000×) to allow for accurate quantification of LINE-1 fragments and avoiding droplet oversaturation. Commercial human genomic DNA (Qiagen) was used to create a standard curve ranging from 3.125 to 100 pg/μL for accurate absolute cfDNA quantification. All samples and standards were HaeIII-digested and were ran in duplicates. The ddPCR reaction was set up using 1 μL of isolated cfDNA, QX200 ddPCR EvaGreen, Supermix (Bio-Rad Laboratories), and 100 nM forward and reverse primers (Table 4). Droplets were generated in the Bio-Rad QX200 droplet generator (Bio-Rad Laboratories) using the QX200 Droplet Generation Oil for EvaGreen. The droplets were transferred to a 96 well ddPCR plate (Bio-Rad Laboratories) and heat-sealed with a pierceable aluminum foil (Bio-Rad) in the PX1 PCR Plate Sealer (Bio-Rad). PCR amplification was done using the CFX96 Deep Well PCR thermal cycler (Bio-Rad Laboratories) according to the protocol: activation at 95°C for 5 min, 40 cycles of denaturation at 95°C for 30 s, and annealing/extension at 60°C for 60 s, followed by signal stabilization at 4°C for 5 min and 90°C for 5 min and the final step being an infinite hold at 4°C. All steps had a ramp rate of 2°C/s. Droplets were analyzed in the QX200 Droplet Reader (Bio-Rad Laboratories) using QuantaSoft software and quantified assuming Poisson’s random distribution. Data was acquired using one-dimensional or two-dimensional based plotting systems as recommended by the manufacturer. Thresholds were set by excluding only the true negative population, according to the no-template control which was included in each assay.



Bioanalyzer

The isolated cfDNA fragment profile and concentration were analyzed using capillary electrophoresis. The High Sensitivity DNA microchip kit (Agilent Technologies) and an Agilent 2100 Bioanalyzer (Agilent Technologies) equipped with Expert 2100 software were used to perform the analysis, according to the instructions provided by the manufacturer. After the nucleic acids were separated analogously to capillary electrophoresis, they were normalized to the two DNA markers and were visualized as a virtual band. Fragments were separated into short (223 bp and less) and long (224 bp and more), which has allowed the calculation of CFI, with the ratio of longer fragments to total quantified cfDNA.



cfDNA Methylation Analysis

Bisulfite conversion was performed using the EpiTect Plus DNA Bisulfite Kit (Qiagen) and 40 μL of the isolated cfDNA, according to the manufacturer’s instructions. Bisulfite-converted cfDNA was then eluted in 30 μL of elution buffer.

For the PCR amplification of the LINE-1 repetitive region using the PyroMark PCR Kit (Qiagen) 1 μL of bisulfite-treated DNA was used as the template. Samples along with methylated and unmethylated control DNA from the EpiTect PCR Control DNA kit (Qiagen) were run in triplicates. PCR protocol was as follows: initial denaturation at 95°C for 15 min; 50 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 30 s; final extension was at 72°C for 10 min (Daskalos et al., 2009). The biotinylated PCR product was purified using the Pyromark Q24 Vacuum Workstation (Qiagen). Methylation levels of the six CpG’s were then measured by Pyromark Q24 Advanced System with PyroMark Q24 CpG Advanced Reagents (Qiagen). cfDNA methylation levels were calculated as the ratio of C/T at a CpG site using the Pyromark Q24 Advanced Software 3.0.1 (Qiagen). Global cfDNA methylation was calculated as the average value of the six CpG’s. Primers used in cfDNA methylation analysis are listed in Table 4.



Statistical Analysis

Isolated cfDNA concentrations were statistically analyzed by the Kruskal–Wallis test with Dunn’s multiple correction test using the GraphPad Prism Software (GraphPad), with the level of significance set to 0.05.



RESULTS


Literature Mining

The literature search using Europe PMC for scientific publications involving cfDNA research has found the earliest two publications in 1967 while reaching up to 10 publications per year only in 1988. This low-publishing trend on cfDNA research existed until the 2000s when more than 10 publications per year were published consistently. The following increase in publication quantity regarding cfDNA was extremely rapid, with the first 6 years of the 21st century producing more articles than the whole period from 1967 to 2000 (Figure 1). The increase is still ongoing with 100 publications per year being achieved in 2010, 1000 per year in 2017 while in 2020 there were 2833 publications related to cfDNA. However, of the published articles 2105 included blood as the cfDNA source, urine being a distant second with 504 published articles, and semen (seminal fluid) has lagged even further behind with only 55 published articles as a source of cfDNA.
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FIGURE 1. Cell-free DNA article publication rate per year.


Publications on cfDNA research were then separated by type, being original research or review articles (Figure 2). Overall, review articles make up 27% of all articles published on cfDNA, 29% of all articles on blood, 45% on urine, and 46% on semen as a cfDNA source.
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FIGURE 2. Amount of original research articles and review articles in the total number of publications on cfDNA within respective body fluid of origin.


Next, Europe PMC literature search was carried out to identify publications that compare cfDNA isolation methods and the impact of various preanalytical factors on them. The search has produced 2198 results, of which 696 were discarded due to being reviews, thus leaving 1502 results. Poster and oral presentations were further excluded leaving 1393 results for review by title and abstract by two authors. Finally, 147 articles were left for full-text evaluation by two authors, who have additionally excluded articles with no comparison of different cfDNA isolation methods, with no investigation on the impact of preanalytical parameters on cfDNA isolation, and no usage of human samples. Eighty-three publications were obtained at the end, dating as early as 2006 with a frequency not more than a few publications per year, until 2018 where 13 articles were published. The increase in interest for cfDNA isolation methods continued in 2019 and 2020 with 21 and 20 research articles being published, respectively (Figure 3). The selected articles, when separated according to body fluid used for cfDNA isolation conform with the overall cfDNA article trends, blood as a liquid biopsy was generally the most explored, followed by urine and so far, only one published research was done on seminal plasma as cfDNA source dating from 2009 (Table 5). Most of the publications have compared the impact of different isolation methods using only one liquid biopsy source, followed by assessing the potential of body fluids (such as bronchial lavage or urine) for cfDNA isolation, while only rare studies compared the efficacy impact of different isolation methods on different body fluids.
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FIGURE 3. Articles published investigating the impact of various protocols on cfDNA research and analysis.



TABLE 5. Investigated parameters within the publications assessing the impact of various preanalytical and analytical parameters of cfDNA research.
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cfDNA Yield

Fluorometric assessment of cfDNA yield has shown a significant impact of isolation methods on cfDNA yield in both blood and seminal plasma. Yields of cfDNA extracted from blood plasma according to TIM protocols were in the range from 14 to 31 ng/ml, while CK protocols have produced a narrower yield range from 5 to 15 ng/ml. Seminal plasma cfDNA yields from TIM protocols have ranged from 95 to 727 ng/ml, while CK protocols have ranged from 86 to 656 ng/ml (Figure 4A). As seen in blood plasma, most of the TIM’s outperformed the CK’s, while in seminal plasma TIM-5, TIM-6, CK-2, and CK-3 samples stood out roughly equally above the rest. Moreover, in blood plasma, the addition of DTT in three CK has led to a reduction of 5, 6, and 1% of cfDNA yield, respectively. In seminal plasma, an increase in yield by 14% in CK-1, and by 33% in CK-3 was observed, while in CK-2 a reduction of 6% was found.
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FIGURE 4. Cell-free DNA yields from blood and seminal plasma. (A) Yields measured by fluorometry, with DTT impact on commercial kits depicted as percentage change; (B) yields measured by qPCR analysis of LINE-1, with DTT impact on commercial kits depicted as percentage change; (C) yields measured by ddPCR, with DTT impact on commercial kits depicted as percentage change; (D) yields measured by capillary electrophoresis, with DTT impact on commercial kits depicted as percentage of change. Values represented are means with SD. Asterisks were used to depict statistical significance, *P < 0.05, **P < 0.01.


Assessment of cfDNA yield by qPCR analysis of LINE-1 has again shown a significant impact of different isolation methods on blood and seminal plasma cfDNA yield (Figure 4B). However, contrary to the fluorometric measurement, in blood plasma, cfDNA yields from TIM protocols measured by qPCR were lower (1–7 ng/ml) than those from CK samples (5–9 ng/ml). A similar trend was observed for seminal plasma, with higher (75–753 ng/ml) yields of CK samples compared to TIM (0.2–429 ng/ml). Furthermore, we observed a negative impact of DTT addition to CK protocols on cfDNA yields in blood plasma with a decrease of 3% in CK-1, 94% in CK-2, and 9% in CK-3. In seminal plasma, however, an improvement of cfDNA yields was obtained by the addition of DTT with 22% in CK-1, 9% in CK-2, and 34% in CK-3. However, both the blood and seminal plasma cfDNA samples isolated by the TIM-5 protocol failed to be detected by the qPCR measurement.

Quantification of cfDNA yield by ddPCR analysis of LINE-1 has shown the same overall trend established by qPCR analysis (Figure 4C). In the blood plasma processed by TIM protocols, cfDNA yields have ranged from 1 to 6 ng/ml, while in CK protocols a range of 4–7 ng/ml, was obtained. In the seminal plasma sample processed by TIM cfDNA yields have ranged from 1 to 895 ng/ml with TIM-5 having had the highest yield overall, while in CK protocols the range was a bit smaller, from 68 to 584 ng/ml. With ddPCR employed as a measurement tool, the addition of DTT to blood plasma in CK protocols has reduced cfDNA yields by 4% in CK-1, 43% in CK-2, and 14% in CK-3. The seminal plasma sample has shown an increase in cfDNA quantity by 22% when processed by CK-1, and 28% by CK-3, while a reduction of 19% was found in CK-2 protocol after the addition of DDT.

Capillary electrophoretic analysis of cfDNA quantity from blood plasma has shown similar yields to fluorometric analysis, with TIM protocol ranges having been in the range of 1–20 ng/ml and CK yields were in the range of 15–27 ng/ml. The highest yield was exhibited by CM-3 protocol at 26 ng/ml (Figure 4D). The TIM-5 protocol, however, was not analyzable, similarly to qPCR analysis. In seminal plasma, the same overall trend was observed, with yields again being more similar to fluorometric analysis. cfDNA yields from TIM protocols were in the range from 350 to 982 ng/ml with TIM-2 having had the highest yield at 982 ng/ml. Meanwhile, the TIM-1 protocol was not analyzable (as in both the qPCR and ddPCR analysis). As for cfDNA yields from CK protocols, they were in the range of 138–775 ng/ml. The addition of DTT to blood plasma has reduced yield in the CK-2 protocol by 67%, while it has increased the yield of the CK-3 protocol by 28%. As for the impact of DTT on the cfDNA yield of blood plasma processed by CK-1, it was not analyzable by the bioanalyzer. In seminal plasma, DDT has reduced overall yield by 8% in CK-1, by 14% in CK-2, and by 1% in CK-3.



cfDNA Integrity

Analysis of the ratio of short (82 bp) and long (224 bp) LINE-1 fragments by qPCR has allowed us to quantify the total amount of long and short LINE-1 fragments in samples, and subsequently calculate the CFI for the cfDNA isolation methods (Figure 5A). Blood plasma CFI has ranged from 0.22 to 0.43, while seminal plasma CFI has ranged from 0 to 0.45. Most blood plasma protocols have exhibited a similar CFI of 0.4, with the lowest CFI having been exhibited by the CK-2 protocol, which has presented a lower amount of isolated fragments in general (Figure 5B). Seminal plasma CFI has shown a much higher variability depending on the isolation method, with only TIM-3, TIM-4, and the CK protocols having had comparable levels of CFI. It is also noteworthy that the seminal plasma processed by TIM-7 only contained short cfDNA fragments. The addition of DTT to blood plasma increased the CFI by 6% in CK-1 but reduced it in CK-2 and CK-3 by 16%. In seminal plasma, CK-1 has produced an increase of the CFI by 22% and CK-3 by 6%, while CK-2 saw a reduction of 4% due to DDT.
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FIGURE 5. Cell-free DNA fragmentation index. (A) CFI analysis by qPCR, with the impact of DDT on long fragment ratio; (B) total long and short LINE-1 cfDNA fragments quantified by qPCR, with the impact of DTT on total fragment yield; (C) CFI analysis by capillary electrophoresis, with the impact of DTT on long fragment ratio; (D) total long and short LINE-1 cfDNA fragments quantified by capillary electrophoresis, with the impact of DTT on total fragment yield. Values represented are means.


Analysis of fragment size was performed by capillary electrophoresis as well, with the cut-off set at 223 bp to discriminate between long and short cfDNA fragments. In blood plasma, CFI has ranged from 0.2 to 1.0, along with the fact that only long fragments have been detected in the TIM-1 protocol (Figure 5C). In seminal plasma, the CFI has ranged from 0.1 up to 0.6, while cfDNA isolated by TIM-1 has not been able to be analyzed. The largest amount of long cfDNA fractions was isolated using TIM-2, CK-2, and CK-3 protocols in seminal plasma (Figure 5D). The impact of DTT addition on the CFI of blood plasma in CK protocols was not analyzable in CK-1, while a 26% reduction in CK-2 and an increase of 44% in CK-3 was observed. In seminal plasma, the addition of DTT has increased CFI in CK-1 by 9%, CK-2 by 8%, and CK-3 by 4%.

The addition of DTT to CK-3 protocol in blood plasma sample has led to increased fragmentation of isolated cfDNA, with an increase in short fragments and decrease in long ones, while DTT has usually produced either a uniform increase or decrease in both long and short fragment amount.



cfDNA Methylation

We have assessed both the global and CpG specific cfDNA methylation of LINE-1 isolated from blood and seminal plasma by pyrosequencing. Here, no impact of either cfDNA isolation methods or the addition of DTT on cfDNA methylation levels has been found (Figure 6). Additionally, in seminal plasma global cfDNA hypomethylation of 6% in comparison to blood plasma was detected, with the detected blood plasma cfDNA methylation level of 69% and seminal plasma level of 63%. CpG 2 had the smallest difference between blood and seminal plasma cfDNA methylation, with blood plasma having had 84% methylation compared to 82% in seminal plasma. While CpG 4 had the largest difference, with blood plasma having had 53% cfDNA methylation compared to 45% in seminal plasma.
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FIGURE 6. Cell-free DNA methylation of LINE-1 in blood and seminal plasma. cfDNA methylation is depicted both as CpG specific and global, along with the impact of DTT on cfDNA methylation. Values represented are means. Every dot represents a different protocol used.




DISCUSSION

As the literature analysis has shown, interest in cfDNA research is only increasing year to year, from 10 publications per year in the 1990s to over 2800 publications in 2020. However, this rise in popularity hasn’t been followed by increased standardization in methods for isolation, quantification, and analysis of cfDNA, all of which lead to potential pitfalls when comparing results obtained from different methodologies (Trigg et al., 2018). This is accentuated by the fact that in the last 3 years more than half of all publications investigating the impact of different isolation methods or parameters impacting cfDNA yield were published. However, there is no clear consensus on the methodology using blood plasma as the body fluid of origin for cfDNA research, and so far, only one study has investigated this in seminal plasma, meaning this is far from a closed topic. With male reproductive system disorders affecting the quality of men’s lives both in their prime and in the aging population, their treatment is in part limited by the prejudice related to check up’s and the absence of accurate diagnostic methods (Drabovich et al., 2014). Seminal plasma promises to complement medical imaging and blood-based tests for non-invasive diagnostics of male reproductive health, with male infertility, prostate, and testicular cancer being pathologies most likely to see the greatest benefits (Drabovich et al., 2014).

With regards to plasma preparation, centrifugation protocols widely differ but previous research has shown the least amount of cellular DNA contamination when a two-step centrifugation protocol is used, with no negative impact on cfDNA yield (Pös et al., 2020). A two-step centrifugation protocol is the most common in blood plasma preparation, consisting of a slow speed first step (<2000 × g) followed by a high-speed second step (>3000 × g) (Sorber et al., 2019; Pös et al., 2020). While this is sufficient for blood plasma preparation and is according to the WHO guidelines for seminal plasma preparation (Cao et al., 2011; Pös et al., 2020) we have had multiple issues with the two-step approach in seminal plasma preparation for cfDNA analysis. Despite other studies successfully using this method for seminal plasma preparation (Li et al., 2009; Ponti et al., 2019; Eikmans et al., 2020; Fraczek et al., 2020) we have found that seminal plasma processed by standard double centrifugation still has too much cellular debris present. This debris can often result in spin column blockage at worst and at best increase the time required for the sample to pass through the column by a significant amount. In this research, a three-step method with an additional centrifugation step at 20,000 × g has removed most of the cellular debris allowing for unimpeded cfDNA isolation.

It has been demonstrated that preanalytical parameters, including cfDNA isolation methods, impact diagnostic parameters, notably the yield, quality, degree of cfDNA fragmentation, and cfDNA methylation (Barták et al., 2019; Johansson et al., 2019; Oreskovic et al., 2019). However, despite the research using cfDNA rapidly increasing very little is known on the exact degree of impact these parameters have on the diagnostic parameters and especially in semen. Furthermore, the results of cfDNA analysis vary according to the method employed (Bronkhorst et al., 2020). To investigate the impact of the selected preanalytical and analytical methods on the downstream cfDNA diagnostic parameters we have evaluated in this work the most commonly used methods of cfDNA isolation. We have analyzed both traditional methods and those based on CKs, as well as routine methods for cfDNA quantification: a fluorometric dsDNA assay, qPCR, and ddPCR assays and capillary electrophoresis (Ponti et al., 2018; Streleckiene et al., 2019). We were able to assess for potential discrepancies, downstream inhibitors, and confounding factors.

We have confirmed the previously reported higher yields of cfDNA from seminal plasma (Ponomaryova et al., 2020) regardless of the isolation method. Higher yields allow for easier overall sample processing of both high and low sensitivity downstream analytical methods allowing for greater application in male reproductive medicine, especially oncology and fertility management (Ponti et al., 2019). We have also noticed a discrepancy between PCR and fluorometric quantification of cfDNA yield both in blood and seminal plasma isolated samples, with fluorometry suggesting greater quantities for all TIM’s. Fluorometric quantification of cfDNA has been reported to overestimate cfDNA quantity possibly due to cfDNA fragmentation, standards used (Sedlackova et al., 2013), or even due to the presence of carrier-RNA during isolation such as in CK-1 (Streleckiene et al., 2019). Quantification by qPCR has shown a reduction in the obtained cfDNA yields, with the exception of TIM-1 and TIM-5 which seem to have inhibited the qPCR reaction altogether. In CK-2 and CK-3 protocols, the cfDNA yields detected correspond the most between those obtained by PCR methods and fluorimetry and also show the least variability irrespective of the detection method used. We have also reported the successful application of a modified LINE-1 ddPCR assay for cfDNA quantification from liquid biopsy samples, which has allowed for absolute quantification of cfDNA. The quantification by ddPCR was more in line with yields obtained by qPCR, which seem to suggest the fluorimetric overestimation, but has also allowed for detection of samples which were inhibited in the qPCR analysis, most notably samples TIM-1 and TIM-5. This could be of importance for highly valuable, low-volume samples or those with the presence of inhibitors, giving ddPCR a supplementary role to qPCR cfDNA quantification, which is currently the gold standard (Streleckiene et al., 2019; Yan et al., 2021). Quantification of cfDNA samples by capillary electrophoresis has shown yields more similar to the ones obtained by fluorometric analysis. However, in seminal plasma cfDNA obtained by TIM-1 and TIM-5 as well as the blood plasma cfDNA obtained by CK-1 protocol, there could be the presence of possible contaminants or inhibitory substances in the buffer which prevent the detection of molecular markers and subsequent analyses. Protocols TIM-4, TIM-6, and TIM-7, as well as CK-3, have produced the highest cfDNA yields with the highest purity in both blood and seminal plasma samples with TIM-6 and CK-3 being our recommendation.

To our knowledge, no research has been done yet on the effect of DTT on cfDNA isolation, despite the fact that DTT has been used for the purpose of increasing DNA yield in extraction protocols due to its ability to reduce disulfide bonds and keep proteins in a reduced state (Leite et al., 2019). Due to this, DTT has found a wide application in isolation of DNA from sources like bacteria, highly mucous liquids, and semen (Doerksen et al., 2000; Radford et al., 2015; Liu et al., 2018), in concentrations commonly ranging from 1 to 10 mM DTT (Doerksen et al., 2000; Pacheco et al., 2011; Radford et al., 2015). However, concentrations of DTT up to 200 mM have also been tested for the effect on DNA yield (He et al., 2017; Liu et al., 2018) where optimal DNA yields were obtained by higher (160 and 200 mM) DTT concentrations. In our research, among TIM protocols we have designed two protocols, TIM-6 and TIM-7, that included DTT in concentrations of 10 and 80 mM, respectively. While the addition of DTT has resulted in increased cfDNA yields in both seminal and blood plasma there was no further increase with higher concentrations. However, in seminal plasma cfDNA there was even a reduction in CFI with a higher concentration of DTT. This can be explained by the well-known effect of DTT, which causes single-stranded nicks in double-stranded DNA (Fjelstrup et al., 2017). The observed increase in cfDNA yield has prompted us to modify all three investigated CK protocols with the addition of 10 mM DTT. However, what we have found is that while having a negligible or even a slightly negative effect on blood plasma cfDNA yield, it has greatly increased seminal plasma cfDNA yield. The addition of DTT has also impacted the CFI of obtained cfDNA, and while in cfDNA from blood plasma there is a noticeable increase in short versus long fragments, in seminal plasma cfDNA there is also an overall increase in both short and long fragments isolated. To summarize, this effect of DTT on cfDNA isolation could be of interest when working with small liquid biopsy volumes and low amounts of cfDNA and should be investigated further.

Overall, we presented four different methods with all showing the same general trend each with its strength and weakness (Bronkhorst et al., 2020). While certain isolation methods seem more prone to inhibitions in PCR-based analysis, they might still be analyzable using fluorometry, while capillary electrophoresis can be used for a technical overestimation check-up. Conversely, PCR methods can be applied to get a more accurate estimation of usable cfDNA fragments for downstream analyses, rather than just very short (less than 40 bp) fragments, such as seen in TIM processed seminal plasma cfDNA. In addition, the previously reported greater efficacy of CKs (Mauger et al., 2015; He Z. et al., 2019) was confirmed only in seminal plasma and not in blood plasma. Finally, our results show that the comparison of cfDNA yields obtained by different isolation and quantification methods is not feasible or reliable. While PCR methods offer greater consistency there is a place for non-PCR detection methods in supplementing PCR-based methods in cfDNA analysis, especially in the case of samples processed by traditional isolation methods (Keshavarz et al., 2015; Akbariqomi et al., 2019) which can contain inhibitory substances. Concerning the variability of cfDNA yield with regard to the isolation method used, blood plasma samples show the least method-dependent variability and especially when using PCR detection methods. However, statistically significant differences were detected between different isolation protocols in both blood and semen as cfDNA source, and by different methods of cfDNA quantification. While mitigation of the analytical bias can be done by employing multiple methods (Lampignano et al., 2020), the isolation method-dependent bias can only be solved by greater inter-lab standardization, especially when using liquid biopsies other than blood.

Optimal isolation protocols should extract all cfDNA fractions present in the sample, and not have a preference for a certain size (Johansson et al., 2019). In the case of blood plasma, we observed that TIM’s have a higher ratio of long cfDNA fragments, while CK’s have a larger quantity of short fragments. Seminal plasma in general has exhibited a distinct electrophoretic profile, with both small and large fragments being present, while in blood plasma the 180 bp cfDNA fragment has made up the majority of the cfDNA. This distinct profile has been proposed to be of diagnostic and clinical relevance (Ponti et al., 2019), meaning parameters impacting CFI must be paid attention to when working with semen as the source of liquid biopsy, especially if the analysis should be comparable to those done by other laboratories and centers. Capillary electrophoresis of blood plasma samples seems unable to detect the presence of larger fragments analyzable by qPCR, while certain samples unable to be amplified by PCR are able to be detected by this method. Complementary usage of both methods is required for fuller characterization of investigated samples. Evaluation of the impact of isolation methods on CFI has revealed that the impact is higher when working with semen than with blood plasma, also that the PCR detection methods produces more uniform results. This could be due to seminal plasma possessing a higher abundance of longer fragments of cfDNA, so it is also more susceptible to procedure induced fragmentation. Thus, when working with semen, attention should be brought to both isolation and detection methods employed, to avoid inducing fragmentation and analytical bias into a diagnostic parameter.

While studies have previously reported that isolation methods could impact cfDNA methylation analysis results (Barták et al., 2019), in this study we have found no impact. LINE-1 cfDNA methylation of the six investigated CpG’s as well as the average global methylation has been consistent across all analyzed isolation methods in both seminal and blood plasma. The consistency within individual CpG sites is especially important since averaging the methylation value of a CpG island often leads to a loss of relevant information (Sprang et al., 2020). Even in our case of 6% hypomethylation in seminal plasma samples without individual CpG analysis, there is no way of distinguishing if it is present in an individual site or across all sites. With pyrosequencing, we were able to reliably assess cfDNA methylation both globally and CpG site-specific even in samples with minute amounts of cfDNA and even in samples that contained PCR inhibitors. The requirement for eluted cfDNA to undergo bisulfite conversion and subsequent clean-up could have “leveled out” the different isolation protocols. This finding of the consistency of cfDNA methylation irrespective of isolation method opens new possibilities and opportunities in cfDNA biomarker research since it could bypass the whole issue of inter-lab standardization. cfDNA methylation could be reliably compared across labs and studies irrespective of preanalytical methods used.

To our knowledge, the current study is the first comprehensive investigation of preanalytical and analytical impact on diagnostic parameters of cfDNA obtained from blood and semen. According to the presented results, NucleoSnap is the best cfDNA isolation method in both blood and seminal plasma, overtaking the current de facto gold standard Qiagen. The in-house developed isolation protocol TIM-6 has presented itself as an inexpensive method but with near kit performance in both blood and seminal plasma cfDNA isolation (Figure 7). The addition of DTT could be beneficial especially when isolating cfDNA from seminal plasma. We suggest PCR based protocols for cfDNA detection due to their ease-of-use, and comparability of ddPCR and qPCR results. LINE-1 ddPCR assay is a reliable method for quantification of minute amounts of cfDNA applicable to hard-to-detect samples. Isolation methods have had no impact on cfDNA methylation results obtained by pyrosequencing. Presented results facilitate further cfDNA biomarker development, promoting standardization in related diagnostics and research. Finally, we stress that semen offers a promising source of cfDNA for male reproductive health research and patient management.
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FIGURE 7. Key points. Short depiction of the takeaway points of this study.
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Introduction

Desmoid tumor (DT) is a rare neoplasm with high local recurrence rates, composed of fibroblastic cells that are characterized by the expression of key molecules, including the intermediate filament vimentin, cyclooxygenase-2 (COX-2), and nuclear β-catenin, and lack of epithelial markers. Circulating tumor cells (CTCs) isolated from the peripheral blood of patients with sarcomas and other neoplasms can be used as early biomarkers of tumor invasion and dissemination. Moreover, CTCs can also re-colonize their tumors of origin through a process of “tumor self-seeding.”



Objectives

We aimed to identify CTCs in the peripheral blood of patients with DT and evaluate their expression of β-catenin, transforming growth factor receptor I (TGF-βRI), COX-2, and vimentin proteins.



Material and Methods

We conducted a prospective study of patients with initial diagnosis or relapsed DT with measurable disease. Blood samples from each patient were processed and filtered by ISET® (Rarecells, France) for CTC isolation and quantification. The CTC expression of β-catenin, COX-2, TGF-βRI, and vimentin was analyzed by immunocytochemistry (ICC).



Results

A total of 18 patients were included, and all had detectable CTCs. We found a concordance of β-catenin expression in both CTCs and primary tumors in 42.8% (6/14) of cases by using ICC and immunohistochemistry, respectively.



Conclusions

Our study identified a high prevalence of CTCs in DT patients. Concordance of β-catenin expression between primary tumor and CTCs brings new perspectives to assess the dynamics of CTCs in the blood compartment, opening new avenues for studying the biology and behavior of DT. In addition, these results open the possibility of using CTCs to predict DT dynamics at the time of disease progression and treatment. Further studies with larger sample sizes are needed to validate our findings.
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Introduction

Desmoid tumor (DT) is a rare non-metastasizing mesenchymal neoplasm that can show aggressive local behavior and thereby can impact the functionality and quality of life of the patients (1, 2). DTs are typically diagnosed in adults (35–40 years) and are more common in women of reproductive age (3, 4). They can affect any anatomic site but are commonly localized in the extremities, abdominal wall, and abdominal mesentery (5). The clinical outcomes of DTs are unpredictable, with some progressing to large-sized tumors with infiltration and destruction of adjacent vital structures, and others showing spontaneous regression (6). Nevertheless, reliable and validated predictive factors regarding DT evolution are still lacking (7).

The initial management of asymptomatic patients with non-life-threatening DTs is often watch-and-wait, as up to 20% will regress spontaneously (8). If treatment is indicated, options include surgery, radiation, or systemic therapy with tyrosine-kinase inhibitors or chemotherapy (6, 8). Due to the infiltrative nature of the disease, post-surgical recurrence rates can exceed 50% of cases, especially for extra-abdominal desmoids, which reinforce observation as an adequate strategy (9).

Histologically, DTs are composed of fibroblastic cells characterized on immunohistochemistry (IHC) by the expression of intermediate filament vimentin, along with cyclooxygenase-2 (COX-2) and nuclear β-catenin, and lack of epithelial markers expression (1, 10, 11). Approximately 90% of DTs are sporadic, while the remaining cases are usually related to familial adenomatous polyposis (FAP), specifically Gardner syndrome (12). In both cases, mutations that activate the Wnt/β-catenin signaling pathway are likely to play a significant role in tumorigenesis (13). Wnt/β-catenin signaling is involved in numerous processes, such as the control of gene expression and regulation of cell adhesion and polarity (14). In addition, approximately 85% of DTs are related to mutations in the exon 3 of the beta-catenin encoding gene CTNNB1 (15). CTNNB1 mutations of DTs generally occur at codons 41 or 45, with p.T41A (threonine to alanine), p.S45F (serine to phenylalanine), and p.S45P (serine to proline) being the most frequent ones (15–21).

Used as a new tool for diagnosing and monitoring cancer, liquid biopsies have received increasing attention. Using a simple blood test has enormous implications for the diagnosis of cancer, so it is possible to avoid invasive tissue biopsies in the future and obtain a similar result from the circulating tumor cell (CTC) test (22).

CTCs play a central role on tumor dissemination and metastasis, which are ultimately responsible for most cancer deaths. Cancer cells can enter circulation years before a tumor is diagnosed. The majority of cells die, and only a minor fraction contains viable metastatic precursors that infiltrate organs and survive for eventual relapse (23–25). The presence of CTCs and/or circulating tumor microemboli (CTMs) in the peripheral blood of patients can be early markers of tumor invasion and spread (26). The dissemination of cancer cells from a primary tumor is conventionally viewed as a unidirectional process that culminates with the metastatic colonization of distant organs. CTCs and CTMs are associated with poor prognosis in several carcinomas. Furthermore, CTCs can colonize their tumors of origin through a process of “tumor self-seeding” (27). In contrast to carcinomas, few studies have examined CTCs and CTMs in mesenchymal tumor patients (28), and to the best of our knowledge, there are no reports of CTC detection in cases of DT.

Therefore, the aims of this study were to determine whether CTCs could be detected in DT patients and analyze their expression of mesenchymal proteins [vimentin, transforming growth factor receptor I (TGF-βRI)], as well as β-catenin and COX-2.



Methods


Patients and Samples

This was a prospective and descriptive study, conducted with DT patients treated at the A.C. Camargo Cancer Center, São Paulo, Brazil, between June 2017 and October 2019. Peripheral blood samples were obtained after written informed consent. CTCs were analyzed by ISET® assay (Rarecells Diagnostics, Paris, France). This study was approved by the local Research Ethics Board (REB protocol 2427/17). Inclusion criteria were age >18 years, diagnosis of DT, presence of measurable disease, and a negative medical history of recent surgical procedures or trauma. Patients with FAP were excluded.



ISET® Assay

Blood samples (8 ml) were drawn in EDTA tubes (BD Vacutainer®) with immediate gentle agitation after blood collection. If samples were not processed immediately after phlebotomy, the tubes were left on a blood homogenizer at room temperature for up to 4 h. The isolation by size of epithelial tumor cells (ISET) assay was performed as described previously (29). The samples were processed on the platform according to the manufacturer’s instructions. Eight milliliter of whole blood (1 ml per spot) was topped up to 80 ml with erythrocyte lysis buffer containing 0.02% formaldehyde, incubated for 10 min at room temperature, and filtered through an 8-µm pore membrane. To preserve cell integrity, filtration pressure was optimized at −10 kPa. The membrane was then washed once with phosphate-buffered saline 1×. After processing, membranes were dried, wrapped in aluminum foil, and stored at −20°C until use.



Immunocytochemistry

The spot membranes were subjected to immunocytochemistry (ICC) in 24-well plates to evaluate protein expression. We made single [one protein analyzed, stained with DAB (Dako™)] or double (two proteins analyzed, stained with DAB and magenta chromogen) ICC assays. Before ICC reactions, antigen retrieval was performed using Antigen Retrieval Solution (Dako™). Cells in the ISET spots were then hydrated with tris-buffered saline (TBS) 1× for 20 min and permeabilized with TBS + Triton X-100 for 5 min. Endogenous peroxides were blocked with 3% hydrogen peroxide and kept in the dark for 15 min. The spots were incubated with antibodies diluted in TBS supplemented with 10% fetal calf serum. For single staining, antibody staining was visualized with DAB (Dako™). To amplify the antibody signal for double staining, the spots were incubated with Envision G/2 Doublestain System, Rabbit/Mouse (Dako™), followed by a 10-min incubation with magenta chromogen to visualize the second antibody. Cells were stained with hematoxylin and analyzed by light microscopy (BX61-Olympus).

Negative and positive controls were added for each ICC staining. For positive controls, blood from healthy subjects was spiked with A549 and U-87 cell lines. According to the Human Protein Atlas (http://www.proteinatlas.org/), the A549 cell line expresses both β-catenin and TGF-βRI, whereas the U-87 cell line expresses both COX-2 and vimentin. These cell lines were acquired from ATCC® HTB-43™. For negative controls, A549 and U-87 cell lines spiked in healthy blood were not incubated with the primary antibody, to avoid cross-reactivity (Supplementary Figure 1). For protein expression analysis, cells were classified according to their staining characteristics. The absence of staining was considered negative, while staining of the nucleus or cytoplasm was classified as positive, as expected for each antibody. We did not perform statistical analysis to evaluate protein expression, progression-free survival, or overall survival due to the rarity of events in these patients and the short follow-up interval.




Results


Detection of CTCs and Protein Expression Analysis

Recently, it was shown that the limit of detection of ISET is 1 CTC/10 ml of whole blood and that despite its high sensitivity, the distribution of CTCs in membrane spots is not uniform (30). Thus, we tested all eight spots fixed with 0.02% formaldehyde to ensure the observation of all isolated CTCs.

Eighteen patients were enrolled in this study, including two males and 16 females, with median age at the time of recruitment of 43.5 years (18–65 years). DTs were diagnosed in the lower extremities of 27.7% of patients. Clinical and pathological characteristics were obtained from medical records and are summarized in Table 1.


Table 1 | Clinical characteristics of the patients.



CTCs were detected in all patients. Eight spots were tested for each patient. Two spots were tested for β-catenin and vimentin expression (double staining), two were single-stained for either COX-2 or TGFβ-RI, and the last spots were stained with hematoxylin for CTC visualization. In addition, the estimated CTC count was made considering the average count of the eight spots evaluated. The average number of CTCs detected by ISET® was 2.6 CTC/ml (0.5–13 CTCs/ml). One CTM, a cluster of three or more CTCs, was found in one patient. Quantification and characterization of CTCs are presented in Table 2, Figure 1, and Supplementary Figure 2.


Table 2 | CTC counting and characterization.






Figure 1 | (A–F) CTCs isolated from patients with DTs. Cells visualized with hematoxylin. We can observe pleomorphic desmoid tumor CTCs with all cytopathological features: nucleus size ≥ 12 µm, hyperchromatic and irregular nucleus, visible presence of cytoplasm, and a high nucleus–cytoplasm ratio (31). White asterisk: leukocytes. Black asterisk: membrane spots. Images were taken at ×600 magnification using a light microscope (Research System Microscope BX61—Olympus, Tokyo, Japan) coupled to a digital camera (SC100—Olympus, Tokyo, Japan). CTCs, circulating tumor cells; DTs, desmoid tumors.



CTCs of 11 patients (61.1%) expressed β-catenin. Immunohistochemical analysis of primary tumors revealed that 11 patients were positive for β-catenin (Figure 2) and three were negative, and the results of four patients were not reported. Five patients expressed β-catenin in both CTCs and primary tumors, and one who tested negative in the primary tumor also tested negative in CTCs. Two patients were positive for β-catenin expression in CTCs and negative in primary tumors (Table 2). Because i) IHC is the gold standard method for β-catenin detection in primary tumors and ii) primary tumor β-catenin expression was available in the medical records of only 14 patients, we found a concordance rate between primary tumors and CTCs of 42.8% (6 concordant/14 samples). As concordance, we considered simultaneous positive or negative expression of a given protein in both CTCs and primary tumors. Among the 18 patients evaluated for protein expression in CTCs, vimentin was observed in five patients (27.7%) (Figure 3), while nine were positive for TGFβ-RI (50%) and seven for COX-2 (38.8%).




Figure 2 | (A) Immunocytochemistry of CTC with β-catenin antibody counterstaining with DAB. (B–F) Immunocytochemistry of CTC with β-catenin antibody and counterstaining with magenta chromogen. We can observe different degrees of staining. (A, B) β-Catenin highly positive staining in a patient. (C, D) β-Catenin middle staining in a patient. (E, F) β-Catenin weakly positive staining in a patient. Black asterisk: membrane spots. Black arrows: β-catenin. CTC, circulating tumor cell.






Figure 3 | Immunocytochemistry for vimentin. (A, B) Immunocytochemistry of CTC with vimentin antibody and counterstaining with DAB. (A) High staining. (B) Weak staining. (C) Desmoid tumor CTMs observed in the blood filtered using the ISET, stained with vimentin and counterstained with DAB chromogen. (D) Leukocytes from desmoid tumor patient. Black asterisk: membrane spots. Black arrows: vimentin expression. White asterisk: leukocytes. Keys: size comparison between a leukocyte and a spot. CTC, circulating tumor cell; CTMs, circulating tumor microemboli; ISET, isolation by size of epithelial tumor cells.






Discussion

Although it was our first study with DT, we have extensive experience with ISET, as we have been working with this method for a long time, with many published papers (29, 32–40) including two with sarcomas (29, 41). In the first paper with sarcoma (29), we tested the sensitivity of the method, as we were the first group to test ISET for non-solid tumors, and we proved, with cell line, that its sensitivity was high, even for mesenchymal cells. After spiking 25, 50, 100, and 150 HT1080 cells (derived from human fibrosarcoma), in triplicate, in 1 ml of blood from healthy donors and filtering the blood using ISET, we found mean numbers of 25, 54, 100, and 155 cells, respectively. The numbers found were not identical to the numbers of cells spiked because tumor cells were counted in a counting chamber, by dilution, and not one by one. In this study, we also filtered blood samples from 30 healthy donors in ISET and found no CTCs.

Since DTs do not metastasize, it is apparently counterintuitive to find CTCs in the bloodstream of these patients. However, our study showed that CTCs can be detected and isolated from DT patients even from relatively low volumes of blood samples. This finding suggests that CTCs might be playing a different role on the DT biology. That allowed us to hypothesize that CTCs can be working as vehicles that reseed the primary tumor, which could potentiate its aggressiveness. CTCs are characterized by cytomorphological features that include nucleus size ≥12 µm; hyperchromatic and irregular nuclei; visible presence of cytoplasm; and a high nucleus–cytoplasm ratio (31). We defined CTCs as cells displaying all the aforementioned characteristics, and we also observed CTC pleomorphism (Figure 1 and Supplementary Figure 2). Morphologic changes resulting in more rounded or “fibroblastoid” CTCs were most likely acquired during in vitro cell handling or by the filtering process. In Supplementary Figure 3, examples of macrophages isolated from the blood of patients with DT can be appreciated, demonstrating the morphological differences between CTCs and macrophages.

The high prevalence of CTCs in our patient population might be explained by the self-seeding hypothesis. It has been proposed that self-seeding can accelerate tumor growth, angiogenesis, and stromal recruitment through seed-derived factors (27). Therefore, tumor self-seeding might explain the relationships among anaplasia, tumor size, vascularity, and prognosis and also suggests that local recurrences may result from seeding of disseminated cells following complete tumor excision (1, 42, 43).

CTMs were isolated from a single patient (Figure 3 and Table 2) and were positive for β-catenin and vimentin expressions. Interestingly, it was in a 57-year-old woman whose diagnosis was in 2013 with the blood collection in this study made in September 2019 and who has not yet progressed. She has received only one treatment line (tamoxifen + celecoxib). Knowledge regarding CTMs, also called CTC clusters, has evolved over the last decade, and increasing evidence suggests that they play an essential role on the pathophysiology of metastasis (44). Preclinical and clinical studies exploiting other cancers have demonstrated that CTMs are associated with increased metastatic potential and poor prognosis (36, 45–48). Hayashi et al. detected CTMs in sarcoma patients using CellSieve™, a low-pressure microfiltration device. Our group previously isolated CTMs in sarcoma patients using ISET® but did not address DTs (41). Taking this into account, together with our current data, it is reasonable to hypothesize that the inability of DTs to metastasize can be explained in part by their failure to generate CTMs (as we rarely found CTMs in our cohort of 18 patients). However, this hypothesis needs to be interpreted cautiously, due to the small sample size of our cohort.

β-Catenin is broadly used for DT diagnosis. In line with this, we thought that this protein could also be expressed in CTCs. Analysis of β-catenin protein expression in CTCs showed 35.7% of concordance with primary tumors (considering both i) patients from whom reports of the primary tumor were available and ii) those patients in whom the spots analyzed for β-catenin did not present CTCs). β-Catenin is encoded by the CTNNB1 gene in humans and is involved in cell signaling, acting primarily as a transcription factor. It has an essential role on developmental biology and cell adhesion. Mutations and overexpression of this gene are associated with several types of cancers, such as lung, breast, ovarian, endometrial, hepatocellular, and colorectal carcinomas (19–21, 49). We also identified vimentin expression in the CTCs of five patients (27.7%). Vimentin is required for plasticity of mesenchymal cells under normal physiological conditions and migration of cancer cells that have undergone epithelial/mesenchymal transition. In a previous study of sarcoma CTCs conducted by our group, we detected vimentin in CTCs of three patients in a cohort of 11 (29).

TGF-β is a secreted cytokine that regulates cell migration, differentiation, and proliferation (50). Depending on its expression level, TGF‐β has both proangiogenic and antiangiogenic properties. Angiogenic factors (vascular endothelial growth factor and basic fibroblast growth factor) increase TGF‐β expression when its levels are low. At high levels, TGF-β rebuilds basement membrane and inhibits the growth of endothelial cells and smooth muscle cells (51, 52). In this study, curiously, nine patients (50%) were positive for TGFβ-RI expression in CTCs. In another study by our group (37), TGF-βRI expression was associated with poor prognosis of locally advanced head and neck cancer. The identification of TGF-βRI in CTCs opens paths for the comprehensive exploitation of this pathway in DT.

COX enzymes play important roles on human physiology and various pathological conditions (53, 54). There is evidence for the critical involvement of COX-2 in many pathologies, including cancer (55, 56). Here, we also found a high frequency of DT patients expressing COX-2 in CTCs. Considering that DTs do not form metastases but show aggressive local invasion, it is possible that COX-2 plays an essential role on this process, which needs to be further investigated.

In general, we found that β-catenin was highly expressed in CTCs. Except for patient #6, we also found that at least one marker was expressed by CTCs across the whole cohort analyzed in this study, suggesting that evolution of protein expression in CTCs might be used as a biomarker that allows the non-invasive diagnosis of DT patients.

In this study, we showed that CTCs are composed of highly heterogeneous cell populations with very different phenotypes. This difference in phenotypes makes the identification of CTCs challenging, due to their similarities with other cells of the immune system, such as giant monocytes and micromegakaryocytes. However, training in analysis with the help of cytopathological criteria can overcome these difficulties. Laget et al. (30) described results that consistently show the feasibility of isolating live and fixed tumor cells with a lower limit of detection (LLOD) of a cancer cell per 10 ml of blood and an LLOD sensitivity ranging from 83% to 100%. Those results demonstrated that ISET® allows highly sensitive and impartial isolation of fixed tumor cells from blood for reliable identification of CTCs, as well as the development of immuno-molecular studies. Here, we were able to demonstrate the expression of mesenchymal proteins in CTCs by ICC, which are probably involved in tumorigenesis process.

To conclude, our study opens the prospect of using CTCs to predict desmoid dynamics throughout the course of the disease. In addition, it demonstrates that DTs release CTCs, opening new avenues for studying the biology of this tumor and improving our understanding of its high local relapse rates without distant metastasis. Additional studies with larger sample sizes should be conducted to validate our findings and explore the mechanism of DT development and progression.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics Statement

The studies involving human participants were reviewed and approved by AC Camargo Cancer Center. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

AB: design, data analysis and interpretation, manuscript writing and collection and/or assembly of data. FC, MS and FP: clinical survey/review and writing. EA and AR: collection and/or assembly of data. TM: English review. CM: conception/design and writing of the clinical part of the manuscript. LC: conception/design, data analysis and interpretation, manuscript writing, final approval of manuscript. All authors contributed to the article and approved the submitted version.



Funding

We thank the National Institute for Science and Tecnology in Oncogenomics and Therapeutic Innovation (INCT) for financial support for this study. ACB had a PhD fellowship from São Paulo Research Foundation FAPESP (2019/18100-8).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.622626/full#supplementary-material

Supplementary Figure 1 | (A, B) Positive control, A549 cell line “spiked” in healthy blood and stained for β-catenin and TGF β-RI respectively. (C, D) Positive control, U-87 cell line “spiked” in healthy blood and stained for COX-2 and Vimentin respectively. (E) Negative control, A-549 cell line “spiked” in healthy blood and negative for β-catenin. Cells were analyzed by light microscopy (BX61-Olympus).

Supplementary Figure 2 | (A–I) Haematoxylin stained cells. Examples of isolated desmoid tumor CTCs with characteristic cytomorphological features (nucleus size ≥ 12 µm, hyperchromatic and irregular nucleus, visible presence of cytoplasm, and a high nucleus–cytoplasm ratio (31). White asterisk: leukocytes. Black asterisks: ISET membrane pore.

Supplementary Figure 3 | (A) Leukocytes from desmoid tumor patient. (B, C) Examples of macrophages isolated from the blood of patients with desmoid tumor. In (B), a macrophage stained with COX-2. In (C), a macrophage visualized with haematoxylin.
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Aims

To evaluate the value of tumor-educated platelet (TEP) miR-18a-3p in the early diagnosis and chemotherapy efficacy monitoring of nasopharyngeal carcinoma (NPC).



Methods

Expression levels of miR-18a-3p in platelets and plasma were detected by relative quantitative real-time PCR in NPC patients (n=54) and normal subjects (n=36). Diagnostic values of TEP miR-18a-3p for NPC was assessed by receiver operating characteristic (ROC) curve analysis. Follow up study was carried out to observe the dynamic changes of TEP miR-18a-3p with chemotherapy on 3 NPC patients.



Results

The expression levels of TEP miR-18a-3p in NPC patients were significantly higher than that in healthy controls (p < 0.0001). ROC curve analysis showed that the area under the curve (AUC) value was 0.841, the sensitivity and specificity for the diagnosis of NPC were 87% and 72.7%. No correlation was found between expression levels of TEP miR-18a-3p and patients’ clinical parameters and their NPC tumor-node-metastasis (TNM) stage. The positive rate of TEP miR-18a-3p and EBV DNA for NPC diagnosis were 85.4% and 66.7%. TEP miR-18a-3p expression were down-regulated after 77.8% (7 of 9) of chemotherapy, and in 66.7% (2 of 3) patients, TEP miR-18a-3p levels decreased after 3 cycles of chemotherapy.



Conclusion

The expression levels of TEP miR-18a-3p are upregulated in NPC and have a high probability to downregulated after chemotherapy, indicating a significant clinical value. TEP miR-18a-3p might serve as a novel type of liquid-biopsy biomarker for early diagnosis and chemotherapy efficacy monitoring in NPC.
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Introduction

Nasopharyngeal carcinoma (NPC) is a common malignancy arising in the nasopharynx epithelium with a remarkable ethnic and geographic distribution. NPC has a particularly high prevalence in eastern and southeastern Asia and southern China (1–3). The pathogenesis of NPC is complex and diverse, the etiology of NPC includes genetic susceptibility, dietary habits and Epstein-Barr virus (EBV) infection (4). Early symptoms of NPC include headache, neuro facial pain, neck mass, nosebleed or stuffy nose, NPC may easily be misdiagnosed since the early symptoms are non-specific (5). Radiotherapy and chemotherapy remains the mainstay of primary treatment for NPC. Non-keratinized, poorly differentiated and undifferentiated histological subtypes are particularly sensitive to chemotherapy, while radiotherapy can cure more than 90% of patients in stage I, but patients in advanced stages have a low 5-year survival rate due to local recurrence and distant metastasis (6). Therefore, early diagnosis of NPC is very important and necessary. Nasal endoscopic biopsy is the most commonly used method for diagnosis of NPC, but it is difficult to obtain tissue samples in early stage of the disease. Thus, there is an urgent need for the exploration of new biomarkers for non-invasive early detection.

MiRNAs are endogenous, small, non-coding RNA of 19 to 25 nucleotides that regulates gene expression by binding to the 3 untranslated region of target gene mRNA (7), have been demonstrated to regulate the development of many cancers by acting as tumor suppressor or oncogene in previous studies (8). MiRNAs have remarkable stability in solid and liquid specimens, so they can serve as a potential non-invasive biomarker (9), and offer a non-invasive opportunity for early diagnosis of cancer. Abnormal expression of miRNAs have been reported in the occurrence and development of NPC, such as MiR-34c, MiR124, miR-140-3p, miR-144-3p, miR-17-5p, miR-20a-5p, miR-20b-5p, and miR-205-5p (10–12). A recent study found that miR-18a was up-regulated in NPC samples, playing a role in the occurrence and development of nasopharyngeal carcinoma, and antagomir-18a might eventually be used in the treatment of NPC (13). Another study reported that miR-18a could promote proliferation of nasopharyngeal carcinoma cells by targeting miRNA processing enzyme DICER112 (14). However, the expression pattern of miR-18a-3p has not been investigated in nasopharyngeal carcinoma.

Platelets are multi-functional cell fragments best known as the cellular mediator of thrombosis. Platelets assist in sensing pathogens entering the blood stream, signaling to immune cells, releasing vascular remodeling factors, and negatively enhancing cancer metastasis. Platelets also contain a rich repertoire of RNA species, which is related to tumor biology and metastasis (15). The components in platelets can be affected by the specialized surrounding microenvironment, including tumor cells. Tumor cells appear to initiate intraplatelet signaling, resulting in splicing of platelet pre-mRNAs and enhance secretion of cytokines (15). In addition, platelet RNA appears to be dynamically affected by pathological conditions (15). It has been demonstrated that tumor cells influence platelet RNA through different mechanisms, resulting in tumor-specific RNA profiles (16). Tumor-educated platelet (TEP) RNA is involved in the progression and spread of several solid tumors, including lung, brain and breast cancer. Therefore, TEP RNA may serve as a liquid-biopsy biomarker in early diagnosis and monitoring treatment efficacy of cancer (17).

In this study, we investigated the expression levels of TEP miR-18a-3p in NPC patients and aimed to explore the value of TEP miR-18a-3p in early diagnosis and chemotherapy efficacy monitoring for NPC.



Materials and Methods


Study Design

All samples were collected at Cancer Center, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology and Zhongnan Hospital of Wuhan University from 2017 to 2019. The study was approved by the Ethics Committee of Wuhan Union Hospital, Tongji Medical College, Huazhong University of Science and Technology and the Medical Ethical Committee of Zhongnan Hospital of Wuhan University. Written informed consent was obtained from all participants. 57 NPC patients and 36 healthy donors participated in this study. 54 patients had one sample taken before any treatment to assess the diagnostic value of TEP miR-18a-3p for NPC. For the remaining 3 patients, samples were collected before and after each dose of chemotherapy to monitor dynamic change of TEP miR-18a-3p during treatment. All patients were pathologically confirmed NPC cases. The clinical and histopathological features of each participant, such as sex, age, TNM stage, history of EBV infection and pathological type, were recorded in detail.



Sample Collection

Whole blood samples (3 mL) were taken from each participant and collected into test tubes containing EDTA-K2. The blood samples were centrifuged at 120 g for 20 minutes at room temperature and the upper layer rich in platelets (about 900 μL) were collected. The platelets were precipitated by centrifugation at 360 g for 20min at room temperature, the supernatant was plasma. Pipetting 300 μL of plasma from the supernatant into a new centrifuge tube, then discarding the remaining plasma, the precipitates were platelets. The platelets were washed twice by phosphate buffer saline. A high purity platelet preparation was determined by a ratio of < 5 karyocytes per 107 platelets (18). After centrifugation, platelets and plasma were added with 500 μL RNA lysate (a reagent that lysed cells and inactivated RNase included in a Liquid Total RNA Isolation Kit) and mixed for 5 minutes, respectively, then stored in -80°C refrigerator ready for RNA extraction and amplification.



RNA Extraction and Relative Real-Time Quantitative PCR (qPCR) Analysis

The total RNA was extracted from platelets or plasma using a Liquid Total RNA Isolation Kit (RP4002, BioTeke, Beijing, China). The quantity and quality of RNAs were determined by Nanodrop 2000 spectrophotometer and analyzed by an agarose gel electrophoresis. In total, 1 μg of RNAs were used for cDNA synthesis using a PrimeScript™ RT reagent Kit with gDNA Eraser (RR047A, TAKARA, Dalian, China). The qPCR was performed using iQ™ SYBR® Green Supermix (BIO-RAD, CA, USA) on a BIO-RAD CFX96 system. The U6 was used as the internal amplification control. The primers used for amplification of miR-18a-3p and U6 are listed in Table 1. The URP was universal amplification primer, which was used in pairs with miR-18a-3p-S. The relative expression levels of miRNAs were calculated by 2−△CT method; while △CT = CTmiR18a-3p - CTU6. EBV DNA levels were determined using EB viral nucleic acid quantitative fluorescent probe PCR assay (Shengxiang Biotechnology, Hunan, China) on the Stratagene Mx3000P system (Agilent Technologies, CA, USA) at Department of Laboratory Medicine of Union Hospital.


Table 1 | Primers used for cDNA synthesis and real-time PCR.





Data Analysis

SPSS21.0 software was used for statistical analysis. MedCalc statistical software was used for ROC analysis. Mann-Whitney U test was used to compare the expression of miR-18a-3p in NPC and healthy donors, and subtypes of different TNM stages. The expression levels of miR-18a-3p were showed as (median, (lower quartiles, upper quartiles)). Independent sample t-test and Fisher’ exact test were used to determine the correlation between the expression level of miR-18a-3p and the clinical parameters of the subjects. The positive rates of miR-18a-3p and EBV DNA in the diagnosis of NPC were compared by McNemar and Kappa test. A two-sided test was performed in all statistical analyses. Statistically, significant difference was set at p < 0.05.




Result


Relative Expression Levels of miR-18a-3p in Platelet and Plasma of NPC Patients and Healthy Controls

The expression levels of TEP miR-18a-3p in NPC patients [0.0914 (0.0519, 0.2155)] were significantly higher than that in healthy controls [0.0300 (0.0162, 0.0607)] (p < 0.0001, Figure 1). However, there was no significant difference in the expression levels of miR-18a-3p in plasma between the two groups (p = 0.368, Figure 1).




Figure 1 | Relative expression levels of miR-18a-3p in platelet and plasma of NPC patients and healthy controls. (A) The expression levels of TEP miR-18a-3p in NPC patients were significantly higher than that in healthy controls. (B) There was no significant difference of plasma miR-18a-3p levels between NPC and control groups. Mann–Whitney U test was used for analysis. ****p < 0.0001. NS, no significance.





Evaluation of the Diagnostic Value of miR-18a-3p in NPC

ROC curve analysis was used to evaluate the diagnostic value of TEP miR-18a-3p in NPC. The area under the curve (AUC) value was 0.841 (95% CI: 0.747~0.910), Youden index was 0.5976 and the criterion was > 0.0357. The sensitivity and specificity for the diagnosis of NPC were 87% and 72.7%, respectively (Figure 2).




Figure 2 | ROC of miR-18a-3p in TEP for NPC.





Correlations Between the Expression Levels of TEP miR-18a-3p and the Clinical Parameters of NPC

We further investigated the relationship between TEP miR-18a-3p and NPC patients’ clinical parameters and their TNM stages. NPC patients were divided into high-expression group and low-expression group according to the cut-off point (0.0357) of miR-18a-3p in the Youden index analysis. The results showed that 87% (47 of 54) of the patients had high miR-18a-3p expression, but there was no significant difference in age (p=0.392, Table 2), gender (p=0.226, Table 2), hypertension (p=0.576, Table 2), diabetes (p>0.999, Table 2), Nasopharyngitis (p=0.322, Table 2), smoking (p>0.999, Table 2), alcohol drinking (p>0.999, Table 2), degree of differentiation (p=0.436, Table 2), TNM stage (p=0.806, 0.416, 0.58, respectively, Table 2) and EBV-DNA copies (p=0.392, Table 2). However, the positive rate of miR-18a-3p (85.4%) was higher than that of EBV-DNA (66.7%). Statistical analysis showed that there was no significant difference in the expression levels of miR-18a-3p among different TNM stages of NPC (p>0.05, Figure 3 and Table 3).


Table 2 | Correlations between expression levels of TEP miR-18a-3p and clinical parameters of NPC.






Figure 3 | There was no significant change in relative expression levels of TEP miR-18a-3p among different TNM stages of NPC. (A) Relative expression levels of TEP miR-18a-3p in T1-T4 stages; (B) Relative expression levels of TEP miR-18a-3p in N0~1, N2, and N3 stages; (C) Relative expression levels of TEP miR-18a-3p in M0 and M1 stages. Mann–Whitney U test was used for analysis.




Table 3 | The p values of comparing relative expression levels of TEP miR-18a-3p among groups with different TNM stages of NPC.





Clinical Value of TEP miR-18a-3p in Monitoring the Efficacy of Chemotherapy for NPC

We followed up and investigated the levels of TEP miR-18a-3p of 3 NPC patients. Each patients accepted 3 times of chemotherapy, and the chemotherapy schemes of 3 patients were paclitaxel combined with cisplatin, gemcitabine combined with cisplatin, gemcitabine combined with cisplatin, respectively. TEP miR-18a-3p levels were detected before and after every chemotherapy, respectively. EBV DNA copies were obtained from the electronic medical record system according to the corresponding time. TEP miR-18a-3p expression were down-regulated after 77.8% (7 of 9) of chemotherapy, in 66.7% (2 of 3) of patients, TEP miR-18a-3p levels decreased after 3 cycles of chemotherapy. (Figure 4). Simultaneously, EBV DNA copies decreased after 83.3% (5 of 6) of chemotherapy, and 100% of the patents’ EBV DNA copies were decreased after 3 cycles of chemotherapy (Figure 4). The dynamic changes of TEP miR-18a-3p and EBV DNA with chemotherapy were roughly the same.




Figure 4 | Dynamic changes of TEP miR-18a-3p and EBV DNA with chemotherapy. (A) Dynamic changes of TEP miR-18a-3p and EBV DNA with chemotherapy of patient (A, B) Dynamic changes of TEP miR-18a-3p and EBV DNA with chemotherapy of patient (B, C) Dynamic changes of TEP miR-18a-3p and EBV DNA with chemotherapy of patient (C) chemo, chemotherapy.






Discussion

MicroRNAs are short non-coding single-stranded RNA that regulates gene expression by binding to complementary sequences in 3 or 5 untranslated region of target gene mRNA. Some studies have reported that MicroRNAs may play an important role in the pathogenesis of various human cancers (19). MicroRNAs can induce abnormal metabolism of tumor cells by affecting the process of transcription and translation of tumor cells. High expression of MiRNAs can lead to abnormal proliferation and migration of tumor cells and induce cancer, but in other cases, the role of miRNAs may be tumor inhibition (20). MicroRNA expression profiles show that they are related to development, progression and response of tumor to therapy, suggesting that they have a great potential to be considered as diagnostic, predictive and prognostic biomarkers of tumor (7, 8).

Nasal endoscopy and clinical imaging examination are the main methods to diagnose NPC. Biopsy samples are obtained for pathological diagnosis, when no tumor is visible and the suspect index is high, blind or radiology-guided targeted biopsy will be performed. However, benign condition-like tuberculosis of the nasopharynx can also present with a similar range of symptoms, In addition, it is difficult to detect distant metastasis by computed tomography (CT) and magnetic resonance imaging (MRI) at early stage, especially when the diameter of the lesion is less than 5 mm, which will delay the detection of the tumor. At the same time, PET-CT/CT are unaffordable for most patients, especially in underdeveloped and developing countries. Nasopharyngeal tissue biopsy is the gold standard for the diagnosis of NPC, but it is invasive, which may cause some unanticipated complications in the patients at high risk, or it can only be only be effective in the middle to late stages of NPC. At this time, the effect of related treatment is not good enough (1, 21). Radiotherapy and chemotherapy remains the mainstay of primary treatment for NPC, but there are not many biomarkers used for treatment efficacy monitoring. Plasma EBV DNA is a commonly used biomarker, however, it is not applicable to NPC patients without EBV infection. Therefore, it is of great significance to find effective, non-invasive biomarkers for early diagnosis and chemotherapy efficacy monitoring in NPC.

Circulating tumor cells (CTCs), cell-free nucleotides, exosomes and TEPs are different sources of liquid biopsy for tumor-associated biomarkers and they play different roles in clinical application (22). Platelets are implicated in tumor biology and metastasis and can be changed on RNA and protein content by tumor cells (16, 18, 23, 24). Platelets contain a rich repertoire of RNA species and more than 500 different miRNAs have been detected in human platelets (25). Besides releasing factors, platelets can also sequester RNAs and proteins released by cancer cells. Thus, platelets actively respond to queues from local and systemic conditions, thereby altering their transcriptome and molecular content (15).We screened several RNAs that have been reported to be altered in NPC and found that the expression levels of TEP miR-18a-3p in NPC patients were significantly higher than that in normal subjects, but there were no significant difference in plasma miR-18a-3p expression levels. These data suggest that platelets may interact with tumor cells directly via different receptors or indirectly via different signaling molecules and lead to platelets RNA content changes. On the other hand, platelets may absorb and enrich miR-18a-3p released by tumor cells, therefore no difference was found between NPC patients and healthy donors in plasma. In addition, we followed-up 5 NPC patients (2 of the patients were excluded) and found that TEP miR-18a-3p expression were down-regulated after 77.8% of chemotherapy, in 66.7% of patients, TEP miR-18a-3p levels decreased after 3 cycles of chemotherapy. The chemotherapy schemes included paclitaxel combined with cisplatin, gemcitabine combined with cisplatin. Suzuki reported that inhibition of miR-18a-3p reduced proliferation of mesothelioma cells and sensitizes them to cisplatin (19), Rodriguez-Aguayo reported that miR-18a-3p was related to chemotherapy-resistant ovarian cancer (26). Their findings are similar to our study and support our conclusions. Plasma load of EBV DNA has been shown to be of prognostic value (27). EBV DNA copies decreased after 83.3% of chemotherapy and all the patents’ EBV DNA copies decreased after 3 cycles of chemotherapy, indicated that the treatments were effective. The dynamic changes of TEP miR-18a-3p are almost synchronized with EBV DNA copies, demonstrating the potential of TEP miR-18a-3p as an indicator of chemotherapy efficacy monitoring in NPC.

We used RT-qPCR to detect expression levels of TEP miR-18a-3p. Previous studies have demonstrated that none of the commonly used reference genes for normalization are universal for all tissue types or experimental situations (28–30). Platelet RNAs have a small amount and no reliable endogenous control miRNA has been identified in studying platelets miRNAs, U6 RNA is still the most common choice. We determined quantity and quality of RNAs and guaranteed 1 ug of RNAs were used for reverse transcription. To make the results reliable, the U6 RNA was set up as internal reference gene, and Ct value of U6 RNAs were differ within 1. TEP miR-18a-3p has certain sensitivity, specificity and accuracy in the diagnosis of NPC, and can reflect whether the chemotherapy is effective in a certain extent. These results indicate that TEP miR-18a-3p is a sensitive novel liquid-biopsy biomarker for early diagnosis and chemotherapy efficacy monitoring in NPC. However, TEP miR-18a-3p shows no difference in each TNM stage and other clinical parameters, this may be due to the small sample size, and the results can only be preliminary at this stage. Platelets are rich in peripheral blood and easy to obtained, detecting TEP RNA is convenience, economical, and non-invasive to patients. In addition, platelets have no nucleus so detecting platelets RNA can reduce interference from their own genome. Our assay is also easily applicable to clinical and automation applications since RT-qPCR is a very mature detection technology. Of course, this study has some limitations. The sample size for dynamic monitoring is small, and we only monitored the efficacy of chemotherapy, the efficacy of radiotherapy was not evaluated. These work will be completed in our follow-up research. A diagnostic consisting of more than a single miRNA might strengthen the overall approach. In general, this study found that TEP miR-18a-3p were upregulated in NPC and had a high probability to downregulated after chemotherapy. Our data suggest that TEP miR-18a-3p can potentially serve as an essential, non-invasive biomarker for early diagnosis and chemotherapy efficacy monitoring in NPC.
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Imaging limitations, invasive tissue biopsies and poor information over the course of treatment to evaluate ‘real-time’ tumor dynamics justify the emerging use of liquid biopsies in the field of brain tumors. Circulating tumor cells (CTCs) from high-grade astrocytomas might reach the circulation by crossing the blood–brain barrier. Here, for the first time, CTCs cytology in a case of pylocitic astrocytoma is described. An obstructive hydrocephalous due to a lateral mesencephalic tectum mass occluding the Silvio Aqueduct was diagnosed in a young, 18 years old, male. Considering the location of the tumor and the rapid deterioration of the neurological status, it has been decided to urgency treat the patient with ventriculoperitoneal shunting. Magnetic resonance imaging showed a nodular shaped lesion localized within the left lateral mesencephalic tectum. Stereotactic biopsy was not approachable due significant risk of neurological consequences. The diagnosis was performed by blood sampling, a non-invasive procedure for the patient, in order to provide tumor information. Cytopathological features on detected circulating atypical GFAP positive cells led to pilocytic diagnosis confirmed by the patient’s 68 months outcome.
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Introduction

A dramatic improvement in every aspect of intracranial tumors management has occurred in the last two decades. Nevertheless, the combined analysis of clinical signs, symptoms, and magnetic resonance imaging (MRI) and computed tomography (CT)-scan findings is not always diriment to perform a diagnosis, and brain biopsy is required. Many authors have reported significant post-operative complications rate associated to the biopsy procedure (1, 2). A personalized risk assessment for each patient must be evaluated. The negative selection criteria for brain biopsy comprises the lesions located in an eloquent or deep-seated area, like brainstem. As a rule, biopsy is avoided in young adult patient with “diffuse” brainstem glioma (3). Brainstem gliomas account for approximately 10–20% of Central Nervous System (CNS) child tumors. Brainstem gliomas are categorized according to location and appearance using magnetic resonance. They are classified into two types: low grade (or focal/exophytic) and diffuse intrinsic pontine gliomas. Diffuse tumors are typically infiltrating astrocytomas, which can be grade 2–4 depending on histopathological features, and have a poorer outcomes when compared to focal neoplasms (3). In adult tumor’s extension is considered “diffuse” when the lesion is poorly demarcated and is >50% of the brainstem diameter. When the biopsy is performed in the brainstem, a low-grade histology (grade II glioma) is found in up to 80% of cases (4). Occasionally, adult patients can present a rapidly growing tumor similar to the diffuse intrinsic brainstem gliomas, found in paediatric population (4). The classification based on the MRI findings, has been proposed but remains imperfect. Unfortunately, brain stem glioma has an anatomical basis that does not lend itself to easy study. The reason lies in the presence of numerous nuclei of the brain stem essential for the basic functions that alternate with stretches of the white matter. These anatomical features make biopsies and surgery here challenging. These difficulties justify to date also the limited biological knowledge of the pontine lesions of the young adult, compared to those of the child or of the gliobalstoma, identifying them as tumor entities still nosologically in definition.

To increase our knowledge about these tumor entities, characterized by a topographical anatomical dislocation that cannot be reached by conventional biopsy and/or surgical procedures, liquid biopsy represents an alternative and non-invasive strategy. In this field, liquid biopsy is intended as the procedure of isolation and analysis of circulating tumor cells, directly from a single blood sample. We have recently optimized and described an original protocol (5, 6) by which is possible to isolate from a blood sample, and short-time expand, CTCs deriving from different tumor sources included brain primitive neoplasms (7, 8). We have hypothesized that, the short-time expansion of rare circulating non-haematological cells can be useful in order to facilitate the diagnosis, thus avoiding other invasive methods. Therefore, we applied our protocol in this case in which the MRI was unable to identify lesions in the brainstem without a stereotactic biopsy (STB) approach, and the cytological examination of circulating non-haematological cells obtained from the patient blood sample and shortly cultivated led to the final diagnosis- performed by experienced pathologists- of pilocytic astrocytoma.



Case Presentation

A case of a 18-year-old male student having suffered from headache and visual impairments for about two months is reported. Neurological examination was negative. CT-scan performed in urgency revealed the presence of triventricular hydrocephalus caused by stenosis of the cerebral aqueduct. The most urgent therapeutic goal was mainly the management of the hydrocephalus, therefore a ventricular-peritoneal shunt placement (Medos Hakin-programmable valve) was used to provide an alternative flow pathway for the cerebrospinal fluid. The critical location of the lesion discouraged the STB procedure to obtain histopathological specimens available for the diagnosis. In addition, biochemical analysis of cerebrospinal liquor resulted normal with regard to cell count and protein content. Flow chart adopted in the diagnostic phase is reported in Figure 1.




Figure 1 | Flow chart of diagnostic work-up. Clinical presentation with headache, visual disturbances, and the intracranial location required differential diagnosis with a wide range of CNS conditions age-related. The patient underwent to clinical examination, instrumental and biochemical analyses. During the hydrocephalus decompression procedure, a sample of CSF fluid was collected. The CSF was clear and the cell count and protein content were normal. Disorders such as multiple sclerosis and Bickerstaff’s encephalitis, conceivable for the clinical symptoms and young age, were excluded. The tissue biopsy needed to exclude high-grade glioma, pineocytoma, germinoma or infectious and parasitic diseases was not recommended. Clinicians opted for performing a protocol of short-time culture on chamber slide to obtain cytological preparations from the blood. Pathological evaluation on liquid biopsy cytological specimens suggested the final diagnosis of pilocytic astrocytoma further confirmed by post-shunting MRI and 68 months of clinical outcome.



Post-shunting (20 days) MRI showed a significant decrease of the ventricular size. Moreover, the MRI revealed a nodular lesion within the mesencephalic tectum with hypo-intense areas on the T1-weighted images (Figure 2A) and hyper intense signals on the T2-weighted sequence (Figure 2B). Gadolinium- T1-weighted image showed a low focal enhancement of the lesion in the periaqueductal area which suggested a reduced damage of the blood-brain barrier (Figure 2C). Proton magnetic resonance spectroscopy (H-MRS) revealed elevated choline peaks (choline/creatinine ratio at 1,9) in addition to reduced NAA (N-acetylaspartate) (Figure 2D). The perfusion-weighted imaging (PWI) of the lesion showed a low value of relative cerebral blood volume (CBV) (Figure 2E). The MR signal alteration was non-specific and could suggest, as alternative diagnostic hypothesis to a neoplasm, inflammatory lesions of various types, demyelinating and vascular.




Figure 2 | MRI post-shunting (20 days). (A) MRI (T1-weighted image) shows a hypointensity signal periaqueductal area (red circle) with irregular profile suggesting the presence of the lesion. (B) MRI scan (T2-weighted image) shows a hyperintensity signal in the same area (red circle). (C) Gadolinium T1-weighted image shows a low focal contrast enhancement of the lesion in the periaqueductal area. (D) Proton magnetic resonance spectroscopy (MRS) reveals elevated cholin peaks (cholin/creatinine ratio at 1,9) in addition to reduced NAA (N-acetylaspartate). (E) Perfusion-weighted imaging (PWI) shows a low cerebral blood volume (CBV) in the area of interest.



The impossibility, given the mesencephalic location of the lesion, to perform a STB confirms the importance of the information which could be obtained with the cytological observation of peripheral blood CTCs shortly cultured in vitro and obtained applying a protocol previously described (6–8).

Biomolecular pathways and cell culture plays a pivotal role in cancer research (9–12). However, culture-induced changes in biological properties of tumor cells might profoundly affect research reproducibility and translational potential (13–15). For this reason, the cytological preparations we used in this diagnostic procedure were prepared with a protocol of short-time in vitro expansion, which we have widely shown to maintain phenotypic and genotypic features of CTCs (6–9). The volume of the starting blood sample was 5 ml. Briefly, adensity gradient was applied to the blood sample. The cellular suspension isolated in correspondence of the working density phase (Figures 3a, b) was seeded on chamber slides (Figure 3d) for a short-time expansion of 14 days. The procedure of expansion had two objectives: i) to unmask rare non-haematological cells with atypical proliferation ability in vitro and ii) to highlight rare cells numerically sufficient and viable for further characterization. After 14 days, the adherent cells were fixed and stained for cytological examination (13). The culture density of CTCs in the total cultivated cells was of 1:50. The lower rate of atypical cells in the blood-derived culture suggested finding these elements directly in peripheral blood difficult. In fact, the analysis for the presence of negative CD45 cells (CD45 is a marker of the haematological population) was negative in the patient’s whole blood sample.




Figure 3 |  Blood-derived glial cells in cytological preparations. (a) Peripheral blood sample collection. (b) Blood sample gradient. (c) From the gradient, a cellular suspension including non-haematological cells (N-HC) and residual of haematological cells (HC) was isolated. (d) The entire cell suspension was seeded in chamber slides and, after 14 days, adherent cells on slide were fixed for cytological analysis. (A, B) H&E staining of CTCs deriving from the presented case shows different cellular shapes. (C, D) Immunostaining shows CTCs S-100 and (E, F) GFAP-positive deriving from the presented case. (G, H) Cytological pattern of CTCs derived from one glioblastoma and one cerebral metastasis from melanoma used as positive controls. (I) Cytological pattern of cells from a frontal lobe scar used as negative control.



In this case, as shown in Figure 3, the Hematoxylin and Eosin (H&E) stained cytological preparations revealed the presence of bulky, polinucleated or spindled cell atypical elements (Figures 3A, B). In addition, these atypical cells found in the blood resulted, at the immunohistochemical analysis performed through methods previously described (14), positive for the expression of the astrocytes markers S-100 (Figures 3C, D) and glial fibrillary acidic protein (GFAP) (Figures 3E, F) (14, 15). A section of brain human tissue was used as internal positive control. Moreover, as negative control, demonstrating that the reaction visualized is due to the interaction of the epitope of the target molecule and the paratope of the antibody/affinity reagent, parallel assays with the primary antibodies omitted was performed. Moreover, as positive control for the presence of CTCs from cerebral lesions in the peripheral blood we used cytological preparations obtained with the same method from peripheral blood collected (7, 8) from one case of glioblastoma and from one case of brain metastasis from melanoma (cerebral metastasis) (Figures 3G, H). As negative control was used the cytological pattern isolated by peripheral blood collected from a case of post-stroke frontal lobe scar (Figure 3I). The final cytological diagnosis was of pilocytic astrocytoma because the protean features of the proliferating glial elements (Figures 3A–F).

The control MRI (6 months after shunt placement) documented that the lesion was stable. Moreover, the area of altered signal at the quadrigeminal plate, hyperintense on T2/Fluid Attenuation Inversion Recovery (FLAIR), hypointense on T1-weighted images, placed at the entrance of the aqueduct of Sylvius, decreased in width. MRI was repeated evert 6 months in the first 2 years; afterwards, an annual MRI was performed, without changes in the radiological picture. Clinical outcome (68 months) supported by follow up corroborates the pathological diagnosis of pilocytic astrocytoma/low grade glioma.

The patient provided written consent in accordance with ethical principles, relevant guidelines and regulations of the Declaration of Helsinki in accordance with experimental protocols included in the study approved by the local ethical committee, with study number 2013.34. The consent includes also authorization to publish the collected data for medical/scientific purposes in accordance with local laws.



Discussion and Conclusions

In the present case, the management of hydrocephalus was the most urgent goal, while the management of tectal gliomas, due to the slow growth of this type of tumor, was conservative and included long-term monitoring (16, 17). The monitoring schedule included serial MRI imaging and repeated blood samples for cytological preparations (every six months). Clinicians did not need to prescribe any type of therapy. Clinical outcome (68 months) supported by follow up, confirmed the pathological diagnosis of pilocytic astrocytoma. Successive blood sampling to monitor the number and the pathological detection of cellular elements of interest, reported no significant variation compared to the first pathological evaluation on peripheral blood sample. The patient now is well and leads a normal life.

A major question about our results was: why circulating cells deriving from a benign cerebral lesion can be detectable in the bloodstream? Despite the MRI showed a post-contrast low enhancement of the mesencephalic lesion, this signal supports the hypothesis of the corresponding breached blood-brain barrier (BBB) according to i) the low CBV resulted by PWI findings (Figure 2E); ii) low vascularity showed by Gadolinium-enhanced MRI; iii) the evidence of cellular elements brain tissue derived in the bloodstream. We believe that a possible role of the shunt as vehicle of tumor cells in general circulation can be considered unlikely, because it would in turn require an explanation of the entry into the circulation of neoplastic cells at the peritoneal level. The discovery of biomarkers for BBB permeability is starting to happen. The detection of CTCs in the bloodstream could also be an early index of damage of the BBB in brain tumors that precedes in time the neuroradiological signs detectable, for example, through the signal alterations of the MRI. Furthermore, our approach for analyzying circulating tumor elements can provide a more sensitive and integrative method than neuroradiological imaging for the study of barrier damage. These integrated parameters (18) can provide a better diagnostic and prognostic value. However, to date, the identification of ideal peripheral markers to graduate the BBB damage entity remains a challenge for radiologist and neuro-oncologist (19, 20). Our approach suggested that the recognition of circulating cells of brain origin could be useful to unmask the BBB dysfunction. On these considerations, the cytological preparations from peripheral blood could be considered a precious tool also in the diagnosis and monitoring the intracranial lesions, especially in paediatric age, in order to reduce side effect of invasive procedure.

Pyloytic astrocytoma is a slow-growing, circumscribed tumor frequently occurring in children and young adults in cerebellum optic nerves or brain stem. In the brain stem, it may occur as exophytic or deep lesions that may be difficult to biopsy. Through our procedure it was possible to formulate a diagnosis that allowed to decide the patient’s long-term management, avoiding further dangerous or useless diagnostic approaches. The possibility of having in short-term culture a population of cells with characteristics superimposable to single CTCs that may or may not be detected by other methods, may be an opportunity to verify the value of molecular biology techniques such as cancer genome studies and single-cell transcriptome for tumor heterogeneity. Such techniques could definitively prove their usefulness for a personalized approach to patient diagnosis and therapy (21, 22). We believe that this case highlights the strong potential of liquid biopsy to improve the diagnostic and prognostic evaluation and the quality of life in neuro-oncology.
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Chemoresistance is an impending challenge in cancer treatment. In recent years, exosomes, a subtype of extracellular vesicles with a diameter of 40–150 nm in bloodstream and other bio-fluids, have attracted increasing interest. Exosomes contain proteins, nucleic acids, and lipids, which act as important signaling molecules. Many reports indicate that exosomes play critical roles in chemoresistance through intercellular interactions, including drug removal from cells, transfer of drug resistance phenotypes to other cancer cells, and the increase in plastic stem cell subsets. Exosomes can reflect the physiological and pathological state of parent cells. Owing to their elevated stability, specificity, and sensitivity, exosomes are served as biomarkers in liquid biopsies to monitor cancer chemoresistance, progression, and recurrence. This review summarizes the exosome-mediated mechanisms of cancer chemoresistance, as well as its role in reversing and monitoring chemoresistance. The scientific and technological challenges and future applications of exosomes are also explored.

Keywords: exosome, cancer, chemoresistance, liquid biopsy, biomarker


INTRODUCTION

Chemotherapy is vital for cancer treatment. However, the majority of cancer patients develop drug resistance after repeated treatment, first to one and then to other chemotherapeutic agents (Gottesman, 2002). Chemoresistance is a major challenge for successful anticancer therapy. Cancer-derived exosomes have been implicated in chemoresistance by providing cancer cells with nucleic acids and proteins (Namee and O’Driscoll, 2018).

Exosomes are a subclass of heterogeneous extracellular vesicles (EVs) with a diameter of 40–150 nm, which are released from a variety of cells. Exosome secretion was initially considered as a form of waste excretion by cells (Johnstone, 1992). However, subsequent advances have revealed that exosomes play an important role in both physiological and pathological processes, highlighting their involvement in cell migration and invasion, immune response and chemoresistance (Namee and O’Driscoll, 2018; Yi et al., 2020). Exosomes are a key player in communicating among protein–protein, gene–gene, and gene–microRNA (miRNA) networks, as well as intracellular and distant cellular connection routes, which bestows them with untapped application potential (Kitano, 2004). Their role in cell communication suggests a potential connection between the dysregulation of exosomal cargo and chemoresistance in cancer. Increasing evidence indicates that exosomes mediate chemoresistance (Fan et al., 2018); therefore, exploring the underlying mechanism may help identify methods to prevent and reverse chemoresistance. In addition, exosomes hold great potential to be used as biomarkers and therapeutic tools in cancer in clinical settings (Xiao et al., 2020).

In this review, we focus on discussing the mechanisms of exosome-mediated chemoresistance in cancer, the use of exosomes to reverse chemoresistance, and their application as biomarkers in liquid biopsy to monitor chemoresistance. Finally, the technological challenges and future application prospects of exosomes in cancer therapy are also explored.



EXOSOMES AND CANCER CHEMORESISTANCE


Exosomes in Cancer Research

Initially, exosomes were considered cellular waste and hence did not receive much attention. However, the characterization of nucleic acids, proteins, and lipids isolated from exosomes have advanced our understanding of the role of exosomes in intercellular communication and epigenetic regulation (Pathan et al., 2019). According to the ExoCarta database, over 9769 proteins, 3 408 mRNAs, and 2 838 miRNAs have been identified in exosomes to date. Exosomes have been found to play a vital role in mediating physiological processes and pathological conditions, wherein they mediate tumorigenesis, metastasis, angiogenesis, and drug resistance (Bach et al., 2017; Fan et al., 2018; Feng W. et al., 2019). Huang et al. (2019) demonstrated that prostate cancer-related transcript 1 (PCAT1) was present in esophageal squamous cell carcinoma (ESCC) cell-derived exosomes and promoted tumor cell growth through exosomes, and the level of exosomes was higher in the serum of ESCC patients than that in healthy volunteers. Liu X. et al. (2019) reported that miR-501 promoted tumorigenesis and chemoresistance in gastric cancer by targeting the BH3-like motif protein (BLID). As exosomes induce cancer occurrence and progression, these harmful processes can be prevented by inhibiting the production of exosomes or their uptake by target cells (Milman et al., 2019).

Under both physiological and pathological conditions, the content of exosomes is finely regulated by their parent cells, which transmit information to recipient cells and let them acquire specific functions. In turn, the functional status of parent cells can be estimated by analyzing exosome cargo. In general, exosomes act as a “double-edged sword”: on the one hand, they promote cancer progression; on the other hand, they target tumor cells with anticancer drugs. Consequently, exosomes are becoming effective tools for cancer diagnosis and treatment. In the following sections, we focus on the role of exosomes in cancer chemoresistance.



The Role of Exosomes in the Tumor Microenvironment

The tumor microenvironment (TME) includes cancer cells, surrounding stromal cells (e.g., fibroblasts, inflammatory cells, and immune cells), cellular stroma, microvessels, and biomolecules. The TME is characterized by hypoxia, low pH, and high pressure. Due to these characteristics, the TME is rich in growth factors, cell chemokine factors, and proteolytic enzymes, which facilitate cancer proliferation, invasion, adhesion, angiogenesis, and chemoresistance (Cairns et al., 2006; Hui and Chen, 2015). For a long time, scientists focus exclusively on cancer cells and the use of targeted drugs to inhibit their growth. However, accumulating studies have shown that the TME plays an essential role in cancer invasion, metastasis, and chemoresistance (Hui and Chen, 2015; Ren et al., 2018). Ombrato et al. (2019) discovered that cancer-associated parenchymal cells in the TME exhibited stem cell-like characteristics, which helps cancer cells survive, spread, and develop resistance to treatment.

Exosomes provide a key communication channel between the TME and cancer cells. Wu et al. (2019) demonstrated that exosomes in the TME promoted the occurrence and progression of hepatocellular carcinoma by regulating energy metabolism and the inflammation microenvironment, as well as by inducing angiogenesis. Zhang X. et al. (2019) found that specific miRNAs carried by exosomes, including miR-193-3p, miR-210-3p, and miR-5100, promoted invasion by lung cancer cells through activation of the STAT3-induced epithelial-to-mesenchymal transition (EMT). Non-tumor cells in the TME were reported to be an important source of drug resistance, providing factors that facilitate cancer cell survival even during chemotherapy (Wilson et al., 2012). Xu et al. (2019) found that lncPSMA3-AS1 and PSMA3 were packaged into exosomes and transferred from mesenchymal stem cells to multiple myeloma, promoting proteasome inhibitor resistance (Xu et al., 2019). Binenbaum et al. (2018) shown that miR-365 in macrophage-derived exosomes inhibited the activation of gemcitabine by increasing nucleotide triphosphate levels and inducing cytidine deaminase, causing pancreatic cancer cells to become resistant to gemcitabine. From a clinical point of view, the identification of soluble resistance factors such as exosomes helps overcome drug resistance in cancer cells. This can be achieved by preventing exosomes from exerting protective effects on cancer cells and stimulating, instead, chemosensitivity.



The Mechanism Underlying Exosome-Mediated Chemoresistance

Chemoresistance is divided into primary drug resistance and multiple drug resistance (MDR). The former refers to cancer cells that are resistant to induced drugs, whereas the latter refers to cancer cells that develop resistance to induced drugs, as well as to other chemotherapeutic agents with different structures and mechanisms, to which cells were not even exposed (Gacche and Assaraf, 2018). The establishment of chemoresistance in cancer cells involves a variety of mechanisms, including increased DNA repair, downregulation of apoptosis, altered drug targets, increased drug efflux, and overexpression of MDR proteins (Housman et al., 2014; Alharbi et al., 2018). Growing evidence has demonstrated the role of exosomes in mediating cancer chemoresistance (Figure 1), and the following underlying mechanisms are proposed:


[image: image]

FIGURE 1. Mechanisms for promoting chemoresistance by exosomes. (A) Exosomes transfer chemoresistant phenotypes from resistant cancer cells to sensitive cancer cells. (B) The intracellular drug concentration can be reduced by increasing drug efflux, reducing cell lysis, and isolating cytotoxic drugs via exosomes. (C) Exosomes acting on recipient cells induce the formation of a “niche” through transferring their contents and recoding cell cycle and apoptosis genes of recipient cells. (D) Exosomes remodel the TME by increasing cancer cell immune escape, promoting cancer angiogenesis, EMT, and transforming basal fibroblasts into CAFs or even cancer cells.


(1) Influencing recipient cells: exosomes induce the formation of the pre-metastatic niche between the primary cancer and remote organs and recode cell cycle and apoptosis genes of recipient cells in the TME. Organ-specific metastasis is guided by the adhesion molecules such as integrins on the surface of exosomes (Hoshino et al., 2015).

(2) Limiting effective drug utilization by regulating drug efflux, reducing cell cytolysis, and isolating cytotoxic drugs (Pilzer and Fishelson, 2005).

(3) Transferring chemoresistance phenotypes from drug-resistant to sensitive cells (Milman et al., 2019).

(4) Reshaping the TME: exosomes increase cancer cell immune escape, promote local cancer angiogenesis and EMT, and transform basal fibroblasts into cancer-associated fibroblasts (CAFs) or even cancer cells through TME remodeling (Wang et al., 2018).

The exosome proteins and nucleic acids mediate signal transduction and regulate gene expression by initiating signal transduction pathways or binding to cell surface receptors. We will discuss hereafter how proteins and nucleic acids in exosomes mediate chemoresistance.


Proteins in Exosome-Mediated Chemoresistance

Exosomes have been shown to transfer proteins, such as P-glycoprotein (P-gp), annexin A3, ATPase copper transporting alpha (ATP7A), ATPase copper transporting beta (ATP7B), and survivin, from drug-resistant cells to sensitive cells or to induce direct drug efflux (Table 1). All these processes result in chemoresistance in sensitive cancer cells.


TABLE 1. Proteins associated with exosome-mediated chemoresistance in cancer.

[image: Table 1]P-gp is a 170-kDa protein encoded by the MDR-1 gene and plays a key role in maintaining appropriate intracellular drug concentration. It is currently one of the most studied proteins in cancer chemoresistance (Bebawy et al., 2009; Lv et al., 2014; Zhang et al., 2014; Kato et al., 2015). Ning et al. (2017) demonstrated that in adriamycin (ADM)-resistant human breast cancer cells (MCF7/ADM), ADM did not accumulate in the nuclei as expected but was secreted from the cells through exosomes. At the same time, a high level of P-gp was observed in the exosomes, together with the increased levels of its regulator transient receptor potential channel 5 (TrpC5). P-gp was found to be restored using a TrpC5 channel-specific blocker (T5E3), which limited drug efflux and increased breast cancer chemosensitivity (Ning et al., 2017). Further studies demonstrated that exosomes from MCF7/ADM cells carried ubiquitin carboxyl terminal hydrolase L1 (UCH-L1) and P-gp into the extracellular microenvironment, enabling their time-dependent integration in ADM-sensitive human breast cancer cells (MCF7/WT) and acquisition of drug-resistant phenotypes. Furthermore, the level of UCH-L1 in blood exosomes of breast cancer patients was found to correlate negatively with their prognosis. This can be explained by overexpression of UCH-L1, enhancing MDR in breast cancer through activation of the MAPK/ERK signaling pathway and upregulation of P-gp (Ning et al., 2017). In another study, the level of P-gp was reported to be significantly higher in exosomes isolated from docetaxel-resistant prostate cancer cells than in parent cells (Kato et al., 2015). The same result was observed in clinical blood samples, indicating that exosomal P-gp was associated with docetaxel resistance in prostate cancer and holds potential to be used as a biomarker to monitor docetaxel-resistant prostate cancer in clinic (Kato et al., 2015).

Annexin A3 belongs to the phospholipid-binding protein family, which is involved in intercellular interactions and is closely related to cancer cell invasion, metastasis, and chemoresistance (Donnelly and Moss, 1997; Yan et al., 2010; Yin et al., 2012). Yan et al. (2010) reported that annexin A3 was significantly enriched in Pt-resistant ovarian cancer cell lines, where it reduced the concentration of intracellular Pt-based drugs and prevented cancer cell apoptosis. Further studies showed that upregulation of annexin A3 in cancer cells led to the formation and release of multivesicular body vesicles. Western blotting and immunoelectron microscopy further confirmed the presence of annexin A3 in exosomes, suggesting that the latter transferred annexin A3 between cells to induce chemoresistance (Yan et al., 2010).

Ubiquitin proteins (survivin), DNA methyltransferase 1 (DNMT1), copper transporters (ATP7A and ATP7B), multidrug resistance protein (MRP2), P-STAT3, and carbonic anhydrase 1 (CA1) in exosomes have also been reported to induce chemoresistance (Safaei et al., 2005; Lu et al., 2013; Kreger et al., 2016; Cao et al., 2017; Zhang Q. et al., 2019; Feng et al., 2020). Survivin is a key factor in maintaining apoptosis resistance, and was frequently reported to be involved in cancer multidrug resistance (Hu et al., 2015; Han et al., 2016; Wang et al., 2016). Kreger et al. (2016) found that survivin was significantly enriched in paclitaxel-resistant breast cancer cells, where it promoted cell survival and drug resistance, and the effect that was ablated when survivin was knocked down from these exosomes. Aspe et al. (2014) reported that the dominant-negative mutant of survivin (Survivin-T34A) was shown to block survivin, inducing caspase activation and apoptosis, and enhancing the sensitivity of gemcitabine in pancreatic adenocarcinoma. Both epigenetic alterations and genetic variations play critical roles in tumorigenesis and development (Feinberg et al., 2016). DNMT1 is a key gene for DNA methylation in epigenetic modification, and the protein encoded by it is a complex enzyme with multiple regulatory functions in cancer (Ren et al., 2020). Cao et al. (2017) demonstrated that DNMT1 transcripts were significantly enriched in ovarian cancer cell lines. After the in vivo administration of cisplatin, DNMT1-containing exosomes were found to exacerbate xenograft progression and significantly reduce overall survival (Cao et al., 2017). The multidrug resistance of cancer cells is mainly caused by membrane protein ATP binding cassettes (ABCs), which excretes toxic substances from the body. After drug treatment, the expression of various genes involved in cells transport increased, such as ATP7A, ATP7B, and MRP2. Likewise, Safaei et al. (2005) reported greater secretion of exosomes in cisplatin-resistant ovarian cancer cell lines (2008/C13∗5.25) than in sensitive cells, together with significant upregulation of ATP7A, ATP7B, and MRP2. More and more studies have reported that CA1 is related to cancer progression. Feng et al. showed that compared to diffuse large B cell lymphoma (DLBCL) parental cells, the expression of CA1 is upregulated in chemoresistant cells, and the expression level of CA1 was higher in exosomes from the blood of chemoresistant patients compared with chemosensitive patients (Feng et al., 2020). Knockdown of CA1 inhibited the growth of DLBCL cells via inhibiting the activation of the NF-kB and STAT3 signaling pathways both in vitro and in vivo. The researcher proposed that exosomal CA1 predicted prognosis and chemotherapeutic efficacy in DLBCL patients (Feng et al., 2020). Several preclinical and clinical studies have demonstrated that STAT3 is activated in many cancers and correlates with patient’s survival (Birner et al., 2010). Moreover, it has been reported increased p-STAT3 levels are associated with chemoradiotherapy (Spitzner et al., 2014). Zhang X. et al. (2019) demonstrated that exosomal transfer of p-STAT3 promoted acquired 5-FU resistance in colorectal cancer cells. In summary, a growing body of evidence shows that the proteins in exosomes induce chemoresistance in sensitive cells through various mechanisms, such as the transmission of chemoresistance phenotypes and reduction of intracellular drug concentrations. It is worth noting that these proteins show promise as biomarkers for the monitoring of chemoresistance.



Nucleic Acids in Exosome-Mediated Chemoresistance

Nucleic acids in exosomes comprise DNA and RNA fragments. In recent years, several studies have demonstrated that exosomal miRNAs regulate intracellular RNA and protein levels, playing a crucial role in cancer chemoresistance (Patel et al., 2017; Qin et al., 2019).

Exosomes secreted by drug-resistant cancer cells act as paracrine regulators by transferring genetic material (O’Brien et al., 2013). The miRNAs found in exosomes secreted by chemoresistant cancer cells deliver drug-resistant phenotypes to sensitive cancer cells, thereby influencing cell growth and inducing anti-apoptotic processes (Table 2; Chen et al., 2014; Jin et al., 2015; Pink et al., 2015; Weiner-Gorzel et al., 2015; Au et al., 2016; Bouvy et al., 2017; Qin et al., 2017; Wei et al., 2017; Fu et al., 2018; Kanlikilicer et al., 2018; Min et al., 2018; Zhang Y. et al., 2018; Zhu et al., 2019; Han et al., 2020). Moreover, miR-501 is upregulated in lung adenocarcinoma, cervical cancer, liver cancer, and gastric cancer, suggesting that miR-501 is a carcinogenic miRNA (Fan et al., 2016; Xu et al., 2018; Liu X. et al., 2019). Liu X. et al. (2019) found that miR-501 promoted tumorigenesis and chemoresistance of gastric cancer by targeting BLID. Compared with exosomes (7901 Exo) secreted by sensitive gastric cancer cell lines (SGC7901), miR-501 expression was significantly upregulated in exosomes (ADR Exo) secreted by doxorubicin-resistant cell lines (SGC7901/ADR). After ADR Exo were ingested by SGC7901 cells, miR-501 was incorporated, increasing chemoresistance of gastric cancer cells to doxorubicin. Knockdown of miR-501 and overexpression of BLID, via exosome inhibitors (GW4869) or miR-501 inhibitors, restored the sensitivity of chemoresistant cells to doxorubicin and inhibited the proliferation, migration, invasion, and apoptosis of gastric cancer cells (Liu X. et al., 2019). In addition to exosomes derived from cancer cells, exosomes originating from stromal cells are also involved in cancer resistance. Hu et al. (2019) reported that CAFs directly transferred exosomes to colorectal cancer (CRC) cells and upregulated miR-92a-3p expression. In this way, CAFs were able to promote stemness, EMT, chemoresistance, and metastasis of CRC (Hu et al., 2019). In clinical studies, high expression of exosomal miR-92a-3p in serum was found to be closely related to metastasis and chemoresistance in CRC patients; hence, miR-92a-3p in exosomes secreted by CAFs is a useful biomarker for monitoring the progression of CRC (Hu et al., 2019).


TABLE 2. miRNAs associated with exosome-mediated cancer chemoresistance.

[image: Table 2]In addition to miRNAs, other nucleic acids, such as long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs), are also responsible for inducing chemoresistance. Qu et al. (2016) reported that during sunitinib treatment of renal cancer, the content of lncARSR in exosomes started to increase concomitantly with the development of drug resistance. Further studies found that lncARSR induced sunitinib resistance mainly through the competitive binding of miR-34/miR-449, which increased the expression of receptor tyrosine kinases (AXL and c-MET) in renal cancer cells, while promoting chemosensitivity via lncARSR inhibitors (Qu et al., 2016). Kang et al. (2018) elucidated that lncRNA PART1 was upregulated in gefitinib-resistant esophageal squamous cell carcinoma (ESCC) cells, where it regulated the miR-129/Bcl-2 pathway. Importantly, knockout of lncRNA PART1 effectively promoted gefitinib-induced cell death. Extracellular PART1 was found to enter exosomes and spread to sensitive cells, thereby inducing gefitinib resistance (Kang et al., 2018). Studies on clinical samples have shown that high levels of serum lncRNA PART1 in exosomes are associated with a poor prognosis in ESCC patients treated with gefitinib (Kang et al., 2018).

Some circRNAs are also shown to function as effective endogenous miRNA competitive molecules and have the potential to participate in cancer gene regulation. Based on both in vitro and in vivo evidence, Wang et al. (2020) demonstrated that exosomes secreted by oxaliplatin-resistant cells transferred circRNA-122 to drug-sensitive cells, wherein they enhanced glycolysis and drug resistance by upregulating the M2 isoform of pyruvate kinase and reducing miR-122 level. Knockdown of circRNA-122 was found to inhibit glycolysis and reverse drug resistance (Wang et al., 2020). Studies have also shown that mitochondrial DNA in exosomes regulates the immune escape of hormone-resistant breast cancer cells and induces chemoresistance (Sansone et al., 2017).

In summary, many preclinical and clinical studies have demonstrated that nucleic acids in exosomes play a vital role in mediating chemoresistance, leading to an increased interest in miRNA research. Inhibiting or inducing the expression of these nucleic acids can reverse chemotherapy resistance; whereas monitoring their levels can prevent chemoresistance and increase overall survival.



STRATEGIES TO COMBAT EXOSOME-MEDIATED CHEMORESISTANCE

To maximize the effect of chemotherapy, it is essential to inhibit exosome-associated chemoresistance. To this end, two possible strategies exist: (i) inhibition of exosome biogenesis and (ii) application of exosomes as delivery vehicles.


Inhibition of Exosome Biogenesis

Because exosomes induce chemoresistance in cancer cells, several studies have hypothesized that inhibition of exosome biogenesis may reverse chemoresistance. Inhibiting the formation or release of multivesicular bodies (MVBs) is the most important way to inhibit the biogenesis of exosomes (Essandoh et al., 2015; Sterzenbach et al., 2017). Hydrochloride hydrate (GW4869), a commonly used drug to inhibit the formation of exosomes, was reported to block the sprouting of MVBs mediated by ceramide, thereby inhibiting the release of exosomes from MVBs (Luberto et al., 2002). Luberto et al. (2002) found that after GW4869 treatment of cells, the exosomal proteolipid protein (PLP) and CD63 in the ultracentrifugation component were significantly reduced. Richards et al. (2017) reported that gemcitabine treatment of CAFs caused an increase in the release of chemoresistance-promoting exosomes. Treatment of gemcitabine-exposed CAFs with GW4869 significantly reduced cells survival, indicating the important role of GW4869 in reversing chemoresistance (Richards et al., 2017). Furthermore, Manumycin-A, a natural microbial metabolite, was identified as an inhibitor of exosome biogenesis and secretion in castration-resistant prostate cancer (CRPC) without affecting cell growth. Datta et al. (2017) showed that, in CRPC cells, manumycin-A suppressed exosome biogenesis and secretion via the targeted inhibition of Ras/Raf/ERK1/2 signaling and ERK-dependent inhibition of the oncogenic splicing factor hnRNP H1. Using a CRC xenograft mouse model, Gu et al. (2020) showed that neticonazole acted as a promising exosome secretion inhibitor, suppressing intestinal dysbacteriosis-induced tumorigenesis of CRC. Similarly, the exosome blocker indomethacin causes doxorubicin to effectively accumulate in the cell nuclei, instead of expelling it via exosomes. This strategy improved cytotoxicity and cell retention of the drug, thereby reversing chemoresistance (Araujo et al., 2016).

Reversing chemoresistance by inhibiting the biogenesis of exosomes is promising but challenging. Im et al. (2019) reported that the antibacterial drug sulfisoxazole exerted an antitumor effect by inhibiting the secretion of breast cancer cell exosomes. However, Fonseka et al. (2021) recently found that treating cancer cells with sulfisoxazole did not reduce the number of exosomes. This may be due to discrepancies between the two studies, such as cell lines from different passages or different equipment. Overall, drug incubation studies point to the inhibition or promotion of exosome release. This strategy is still in its infancy and requires more extensive experimental and clinical verifications in the future.



Application of Exosomes as Delivery Vehicles

In recent decades, synthetic nanoparticles (NPs) including liposomes, nanosponges, and self-assembling peptides have been widely studied for nanomedicine, especially targeted cancer therapy (Allahyari et al., 2019; Crommelin et al., 2020; Wang et al., 2021). Due to the heterogeneity of target cancer cells, the differences in biological barriers and immune systems between human and animal models, exogenous nanomaterials used to deliver drugs to target sites are facing many obstacles (Ben-David et al., 2017). One approach to overcome the limitations of synthetic NPs is developing natural carriers. Extensive evidence shows that exosomes are able to pass through lipid bilayer cell membranes, aided by their low immunogenicity, high biocompatibility, high delivery efficiency, and good stability in circulation. This property supports the potential of exosomes in drug or gene delivery.

Packing exosomes with small molecule chemotherapeutic drugs have been increasingly reported. Since the chemoresistant cells easily flush out the drugs, researchers collected the supernatant of the chemoresistant cells treated with paclitaxel and centrifuged to obtain paclitaxel-loaded exosomes to simply complete the drug loading (Yamagishi et al., 2013). It is worth mentioning that, loading drugs into exosomes improved drug stability and bioavailability and maximized their effect on target lesions. For example, Kim et al. (2016) demonstrated that, in drug-resistant cells, the incorporation of paclitaxel into exosomes increased cytotoxicity by more than 50 times, with carrier exosomes co-localizing almost completely with cancer cells. Although exosomes as delivery vehicles have achieved encouraging results in previous studies, the clinical transformation of exosomes is being challenged by large-scale production, purification, drug loading and storage. In addition, the heterogeneity between exosomes subgroups greatly hinders the quality control of manufacturing and clinical translation. In view of the shortcomings of natural exosomes, more and more researchers have developed artificial exosomes through nanobiotechnology, which brought great hope for the advanced drug delivery combined with the advantages of natural and synthetic NPs (Li et al., 2021). Given that the dissemination of exosomal cargo mediates the development of chemoresistance in tumor cells, exploring the exosomal contents may open a new avenue for the reversal of chemoresistance. Wu et al. (2020) found that upregulation of miR-193a in exosomes derived from bone marrow mesenchymal stem cells reduced cisplatin resistance of non-small cell lung cancer cells by targeting leucine-rich repeat containing 1. To improve the efficacy of cancer treatment, the above two strategies were combined. For example, miR-21 can induce 5-fluoro-2,4(1H,3H)-pyrimidinedione (5-FU) resistance in CRC cells. Liang et al. (2020) used electroporation to load miR-21 inhibitor and 5-FU into exosomes to generate a co-delivery system (THLG-EXO/5-FU/miR-21i). The latter effectively reversed drug resistance and significantly enhanced cytotoxicity in chemoresistant cells. Therefore, the successful delivery of conventional drugs and various genetic materials by exosomes offers a promising strategy for reversing chemoresistance.



USE OF EXOSOMES AS BIOMARKERS IN LIQUID BIOPSY TO MONITOR CHEMORESISTANCE

Exosomes contain a series of biomolecules, including membrane-bound proteins and soluble proteins, miRNAs, non-coding RNAs, and lipids, which are good sources of biomarkers for cancer diagnosis and monitoring of cancer progression. Liquid biopsy allows the detection of cancer or other biomarkers in blood, urine, and other body fluids. It serves to detect the occurrence of diseases, tracks cancer progression, and predicts chemoresistance (Johann et al., 2018). Compared with traditional cancer diagnosis methods, liquid biopsy improves diagnostic precision, reduces the harm and discomfort of solid tissue biopsy, and potentially prolongs patients’ survival. Commonly, liquid biopsy includes detecting circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), and exosomes (Nimir et al., 2019). The use of exosomes for liquid biopsy has attracted growing attention owing to (1) high sensitivity and specificity compared to that of traditional methods, (2) detection in various body fluids via non-invasive methods, (3) high stability and durability in the extracellular environment, and (4) an indication of the physiological and pathological state of parent cells. Therefore, the use of exosomal biomarkers represents an important clinical advancement in precision medicine (Tai et al., 2018). Indeed, some diagnostic kits based on exosomes have been approved by the US Food and Drug Administration (FDA) and are currently being used for clinical diagnosis (Xiao et al., 2020).

Although promising results have been achieved in targeted cancer therapy and immunotherapy, the gradual development of chemoresistance poses a significant risk to patients’ overall survival. In addition to understanding the mechanism of drug resistance and overcoming chemoresistance, the identification of suitable biomarkers helps adjust drug regimens at the earliest sign of resistance. Accumulating evidence shows that nucleic acids and proteins in exosomes are useful biomarkers for the detection of drug resistance in patients during chemotherapy (Table 3; Lobb et al., 2017; Lei et al., 2018; Zhang W. et al., 2018). In the quest for chemoresistance biomarkers, exosomes have been extracted from cancer cell lines, animal models, and clinical samples. To this end, high-throughput proteomics and genomics have been performed to identify proteins and/or RNAs expressed differently in exosomes secreted by chemosensitive vs. chemoresistant cells. Future experiments will determine whether certain proteins and RNAs are suitable to be used as potential biomarkers of chemoresistance in clinical settings, thus providing new strategies for targeted cancer treatment.


TABLE 3. Potential exosome molecular biomarkers used in chemoresistance.
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Exosomal Contents as Diagnostic Biomarkers for Chemoresistance

Both preclinical and clinical studies have reported the use of exosomes as biomarkers to predict cancer chemoresistance in liquid biopsy. Yang S. J. et al. (2017) demonstrated that exosomes transferred glutathione S-transferase P1 (GSTP1) from breast cancer resistant cells to sensitive cells, thereby increasing resistance to ADM. Therefore, GSTP1 can be used as a biomarker to predict anthracycline/taxane-based chemoresistance in breast cancer treatment. Hu et al. (2019) reported the elevated miR-92a-3p expression in exosomes secreted by CAFs in a study of metastatic and chemoresistant CRC patients. These exosomes promoted cancer metastasis and chemoresistance by increasing stem cell subsets and EMT of CRC cells. Accordingly, these miRNAs in CAF-exosomes hold potential as biomarkers to monitor cancer cell proliferation and chemoresistance (Hu et al., 2019).



Exosomes From Different Body Fluids as Biomarkers for Chemoresistance Diagnosis

In recent years, the use of exosomal biomarkers in urine and blood samples has become more widespread. Exosomes in urine are often used as biomarkers for the detection of prostate, bladder, kidney, and other urinary system cancers. Comparing lipid composition of urine exosomes prostate cancer patients with normal healthy subjects, Skotland et al. (2017b) found that such lipids are useful biomarkers to diagnose and track the progress of prostate cancer. Xu et al. (2019) found that the exosomes containing lncPSMA3 and proteasome subunit α7-encoding PSMA3-AS1 promoted resistance to protease inhibitors by multiple myeloma. The newly identified PSMA3/PSMA3-AS1 signaling pathway in exosomes may serve as a new therapeutic target for protease inhibitor resistance or as a biomarker for the detection of chemoresistance (Xu et al., 2019). However, blood contains a large number of proteins, making the detection of poorly expressed biomarkers difficult. Unlike blood, exosomes in saliva can be easily detected. Sun et al. (2018) identified 785 highly stable and biologically active proteins in salivary exosomes. They also demonstrated that salivary exosomal proteins could be used for the non-invasive detection of lung cancer (Sun et al., 2018). Blood-derived molecules can enter salivary glands through a transcellular or cell bypass, suggesting the use of exosomes in saliva as biomarkers of cancer progression (Yoshizawa et al., 2013). Lin et al. (2019) discussed the potential clinical application of GOLM1-NAA35 chimeric RNA (seG-NchiRNA) from salivary exosomes in ESCC and found that it could help monitor tumorigenesis and sensitivity. Exosomes in urine, blood, and saliva are useful sources as biomarkers, whereas exosomes in other body fluids, such as ascites, breast milk, and cerebrospinal fluid, can also serve as biomarkers in liquid biopsy to monitor cancer chemosensitivity (Figure 2).
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FIGURE 2. Exosome-based analytes of liquid biopsies. At the primary cancer site, resistant cancer cells and sensitive cancer cells secrete large numbers of exosomes into the blood stream and/or invade adjacent blood vessels. Exosomes present in various body fluids (e.g., plasma, saliva, and urine) can then be separated by various methods for cancer diagnosis and monitoring progression.




CURRENT CHALLENGES AND FUTURE PROSPECTS


The Challenges of Applying Exosomes in Cancer Chemoresistance

At present, research on the mechanism of exosome-mediated chemoresistance is still in its infancy. The lack of biomarkers for predicting chemoresistance and methods to reverse resistance is one of the greatest challenges facing the field of cancer research. In clinical practice, further research is needed on the proteins and nucleic acids used as biomarkers to diagnose drug resistance in patients. However, the most important challenges are two-fold: (i) a lack of standardized methods for the separation and purification of exosomes and (ii) the difficulty in quantifying exosomes in different body fluids.

According to the 2015 Global International Society for Extracellular Vesicles (ISEV) survey, ultracentrifugation, polymer precipitation, immunomagnetic beads, and size exclusion chromatography are the most commonly used exosome separation techniques. However, these methods have several limitations, including cumbersome and complex operational steps, the need for expensive equipment, and low separation purity (Gardiner et al., 2016). Although ultracentrifugation is the “gold standard” for exosome separation, it causes protein contamination (Caradec et al., 2014). According to the ISEV 2018 guidelines, to achieve better specificity in exosome separation, more than one technique should be applied after the primary step, including chromatography, washing in EV-free buffer, ultrafiltration, or the application of density gradients (Thery et al., 2018). The emergence of new technologies is providing novel solutions for efficient exosome separation. Microfluidic technology has attracted attention due to its high speed, high purity, short time, and ability to process small-volume samples (Yang F. et al., 2017). Currently, microfluidic exosome separation methods comprise three categories: size-based separation, immunoaffinity-based separation, and dynamic exosome separation. Immunoaffinity-based microfluidic exosome separation has been successful for the clinical detection of cancers, thus providing a new analysis platform for cancer diagnosis and molecular typing (Yang F. et al., 2017). However, although microfluidic-based exosome separation methods have great potential, they are still in the early stages of development.

The exact quantification of exosomes remains a challenge, among other things, because their average concentration varies across body fluids (e.g., plasma, saliva, urine, and lymph). Eitan et al. (2017) determined that the average concentration of exosomes isolated from human plasma was between 1 × 109 and 3 × 1012 particles per mL. Similarly, the average concentration of exosomes was estimated to be between 2 × 108 and 1 × 109 in urine and between 1 × 1011 and 2 × 1012 particles per mL in lymph (Eitan et al., 2017; Gheinani et al., 2018; Broggi et al., 2019). Most clinical studies are based on very small sample sizes. However, biomarkers must be validated in large sample size studies before they are converted into clinical application tools. This requires highly specific and sensitive surface markers, which are difficult to identify for most cancer types. Another solution is to select different body fluids for exosome detection based on cancer type. Compared with peripheral blood, the pulmonary vein blood of lung cancer patients is significantly enriched with tumor-derived exosomes (Navarro et al., 2019). Similarly, Matsumura et al. (2019) demonstrated that tumor-derived exosomes were significantly enriched in the lymph compared to the plasma of melanoma patients, and lymphatic vessels were the main route of tumor tissue transport to the blood. Generally, clinical application of exosome technology could lead to numerous new discoveries and procedures.



Application Prospects of Exosomes in the Field of Cancer Chemoresistance

Exosomes have broad application potential in chemoresistance, including as biomarkers in liquid biopsy to monitor the development of chemoresistance, in the study of chemoresistance mechanisms, and in the development of new strategies for reversing chemoresistance.

Exosomes can be used as biomarkers in liquid biopsies to monitor whether cancer is resistant to chemotherapy. Traditional tissue biopsy is invasive and painful for patients, requiring repeated sampling, and hindering dynamic monitoring. The rapid development of liquid biopsy technology has paved the way for the continuous and accurate monitoring of cancer development. Because exosomes carry proteins, RNAs, and DNAs of the parent cells, they have become the “third carriage” in the field of liquid biopsy after ctDNA and CTC. Compared with ctDNA and CTC, exosomes have the advantages of comprising richer sample forms, providing more comprehensive information, harboring more stable contents, and having enormous potential and clinical application prospects. Nucleic acids and proteins in exosomes mediate the development of chemoresistance in cancer cells, and their differential expression are useful as a guide for cancer chemosensitivity, allowing clinicians to formulate a reasonable chemotherapy plan.

By exploring the mechanism of chemoresistance, new strategies for the reversal of cancer drug resistance can be developed. Exosomes, together with their nucleic acids and proteins, were previously found to mediate intercellular signal transduction and activate intracellular signaling pathways through fusion or interaction with target cells, including cancer cells. Following this approach, researchers can “take the essence and get rid of the dregs.” Liu T. et al. (2019) found that the expression of miR-128-3p was significantly lower in oxaliplatin CRC cells than in parent cells. In vivo and in vitro experiments have shown that miR-128-3p reduced chemoresistance of CRC to oxaliplatin. Subsequently, co-culture of drug-resistant CRC cells with exosomes successfully transfected with miR-128-3p increased the cells’ sensitivity to oxaliplatin (Liu T. et al., 2019).

In recent years, exosomes have opened up a new frontier for nano-delivery vehicles and also provided a new strategy for reversing chemoresistance due to their unique advantages (Tian et al., 2014; Logozzi et al., 2021). Compared to synthetic nanoparticles, exosomes have many advantages: (1) exosomes can overcome biological barriers due to their small size, and have high biocompatibility and cellular uptake ability due to the membrane protein (Mulcahy et al., 2014); (2) due to proteins and lipids, exosomes as a vectorized signaling device that appears more efficient than a soluble agonist (Huber et al., 2005); (3) exosomes also have high stability, tissue specific targeting, and drug delivery through exosomes can avoid phagocytosis or degradation of macrophages (Sun et al., 2010; Haney et al., 2015). Although exosomes have these advantages, they still face many challenges as nano-delivery vehicles. At the beginning of the research, the efficiency of the simple incubation method was too low and very limited in the type of cargo to be loaded. Various improvement strategies such as electroporation, transfection, and sonication have been developed for loading therapeutic cargoes into exosomes. Tian et al. (2014) showed that doxorubicin is loaded onto iRGD peptide functional exosomes by electroporation, and the drug loading efficiency is as high as 20-fold. Due to the presence of iRGD peptide, exosomes show high tumor targeting ability and anti-tumor efficacy in in vitro and in vivo experiments (Tian et al., 2014). Another major obstacle for the clinical translation of exosomes is their low yields. In most experimental studies, exosomes are obtained through cell culture. However, the obtained exosomes are difficult to meet the clinical needs. To overcome this limitation, some researchers have found that food contains a lot of exosomes (Del et al., 2021). Compared to cell culture, milk-derived exosomes showed a 1000-fold higher yield (Betker et al., 2019; Munir et al., 2020). There are also researchers who fused exosomes and liposomes to design hybrid therapeutic nanovesicles. Cheng et al. combined the characteristics of exosomes and thermosensitive liposomes, and demonstrated the potential of hybrid nanovesicles that block CD47 immune checkpoints in drug delivery in cancer treatment (Cheng et al., 2021). Therefore, although exosomes as nano-delivery vehicles have a bright future, it is still in its infancy, and further research is needed to achieve clinical application.

Compared with nucleic acids and proteins, exosomal lipids have not been extensively studied, even though they play an important role in tumorigenesis and development. Record et al. (2014) found that exosomes rich in prostaglandin participated in cancer immune escape and promoted tumor growth. After prostaglandin is taken up by cells, it promotes phospholipid metabolism and changes the fatty acid oxidation state of target cells, thereby promoting cancer cell migration (Record et al., 2014). Aung et al. (2011) found that lipids in exosomes induced rituximab resistance in B-cell lymphoma. Skotland et al. (2017a) demonstrated that lipids in exosomes could be used as biomarkers for the diagnosis of prostate cancer. Therefore, besides their use as biomarkers, exosome lipids have a strong potential as mediators of chemoresistance. More and detailed work are warranted for studying the role of exosomes in regulating chemoresistance via lipids.



CONCLUSION

Chemoresistance is one of the main obstacles to successful cancer treatment. In recent years, exosomes have attracted attention for their role in cancer occurrence and development. They act by transmitting chemoresistance phenotypes and reducing intracellular drug concentration. The differential expression of nucleic acids and proteins in exosomes reflects the physiological and pathological conditions of cells. By the same token, exosomes could also be used to reverse chemoresistance and function as biomarkers to monitor drug resistance in cancer cells. However, our understanding of the role of exosomes in cancer chemoresistance remains limited. Furthermore, the study of exosomes faces huge challenges. As such, the successful transition of exosome research into clinical practice requires the continuous efforts of medical researchers and clinical staff.
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Introduction

Epithelial ovarian cancer (EOC) is the deadliest gynecologic malignancy worldwide. Reliable predictive biomarkers are urgently needed to estimate the risk of relapse and to improve treatment management. Soluble immune-checkpoints in EOC are promising molecules serving as prognostic biomarkers accessible via liquid biopsy. We thus, aimed at elucidating the role of sB7-H4 in EOC.



Material and Methods

We analyzed soluble serum B7-H4 (sB7-H4) using ELISA and circulating tumor cells (CTCs) in blood applying the AdnaTest OvarianCancer in 85 patients suffering from advanced EOC. Findings were correlated with clinical parameters as well as survival data.



Results

sB7-H4 was detectable in 14.1% patients, CTCs in 32.9% patients and simultaneous presence of CTCs and sB7-H4 was found in 7% patients, respectively. Although no association between sB7-H4 and CTC could be documented, each of them served as independent predictive factors for overall survival (OS).



Conclusion

sB7-H4 and CTCs are independent prognostic biomarkers for impaired survival in EOC. As they are easily accessible via liquid biopsy, they may be of potential benefit for the prediction of therapy response and survival for EOC patients.
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Introduction

Epithelial ovarian cancer (EOC) is the deadliest gynecologic malignancy worldwide (1). In Germany, EOC is responsible for 3.2% of all malignant neoplasms and 5.3% of all cancer deaths (2). Despite a high response rate for initial therapy, most patients eventually relapse (3), leading to a relative 5-year survival of only 41 % in 2014 (2). Reliable predictive biomarkers are urgently needed to estimate the risk of relapse and improve treatment management. In this regard, it has already been demonstrated that the characterization of disseminated tumor cells (DTCs) in the bone marrow (BM) and circulating tumor cells (CTCs) in peripheral blood has identified stem cell like DTCs and CTCs, tumor cells in epithelial-mesenchymal transition (EMT) as well as resistant cells, all associated with a worse outcome and clinical platinum resistance (4–7). Interestingly, we were able to show that immunotherapy based on the intraperitoneal trifunctional bispecific antibody Catumaxomab was successful in the elimination of DTCs and CTCs in patients with advanced EOC (8). Thus, the tumor microenvironment might play a crucial role in tumor control and tumorigenesis of these patients.

In recent years, the role of the immune system in EOC has gathered increasing attention. Several mechanisms of immune-escape have been identified in malignant tumors, including the aberrant expression of immune costimulatory ligands, such as those of the B7 family, namely programmed cell-death protein 1 (PD-1) (also known as B7-H1) and its ligands, programmed cell-death ligand 1 and 2 (PD-L1 and PD-L2). In our recent study, we show that decreased serum levels of PD-L2 were associated with poor survival and platinum-resistance, as well as the presence of DNA excision repair protein ERCC+CTC, indicating the significance of the organism’s immune-response for the prevention of tumor-cell spread and the efficacy of platinum-based therapy (9).

B7-H4 is another member of the B7-family, which is highly expressed in various types of neoplasms including ovarian, endometrial, or breast cancer (BC). Its expression correlates with the progression of the disease and a poor prognosis in many cases (10, 11). Moreover, Liang et al. show that B7-H4 is more often expressed in high-grade serous EOC (12). Evaluating a serum-based, multi parametric biomarker panel in OC patients, Oikonomopoulou et al. found that high levels of B7-H4 were associated with worse overall survival (13). B7-H4 has a membrane-bound and soluble form (sB7-H4), which has also been detected in the serum of patients suffering from cancer with its expression closely related to progression and prognosis (14). However, the source and function of sB7-H4 are still unknown.

The hypothesis that immune cells in the bloodstream can expand the metastatic potential of CTCs has recently been confirmed in BC (15). Based on these findings, we hypothesize that simultaneous measurements of CTCs and sB7-H4 could help to better understand the complex interactions between the tumor microenvironment and the immune response in EOC. This study aimed to investigate the serum levels of sB7-H4 and CTCs in patients with advanced EOC and to analyze its relationship to prognosis and clinicopathological features.



Material and Methods


Cohort Characteristics

We analyzed data from 85 patients suffering from advanced EOC. All patients underwent primary debulking surgery including hysterectomy, bilateral salpingoovarectomy, omentectomy, peritonectomy and - in the case of macroscopic complete resection - systematic pelvic and paraaortic lymphadenectomy. Adjuvant treatment consisted of six cycles of chemotherapy with carboplatinum AUC5 and paclitaxel 175 mg/m² i.v. d1 q3w intravenously. Since 2012, patients presenting at FIGO stage IIIB or higher have been offered an additional adjuvant therapy with the antiangiogenetic antibody Bevacizumab 15 mg/kg i.v. d1 q3w for a total of 15 months. Patients were diagnosed between 2007 and 2016 at the university hospital in Essen, Germany. Clinical data were acquired from patient charts and the hospital’s clinical information system. The study was approved by the local ethics committee of the University of Duisburg-Essen (Essen 05-2870 and 17-7859).

Patients recurring within six months after the end of the adjuvant platinum therapy were considered platinum-resistant. Disease-Free Survival (DFS) was calculated from the date of initial diagnosis to relapse.

An overview of patients’ characteristics is given in Table 1.


Table 1 | Clinical data of patients with advanced EOC at the time of primary diagnosis.





Blood Serum Collection and Measurement of sB7-H4

Soluble (s) B7-H4 serum levels were analyzed preoperatively using the sandwich Enzyme-Linked Immunosorbent Assay Kit (Cusabio, Cologne, Germany) according to the manual instructions. For ELISA measurement, 100 µl undiluted serum samples and control samples were dispensed into wells coated with an antibody specific for B7-H4 and incubated for two hours at 37°C. Subsequently, after removing any unbound substances, a biotin-conjugated antibody specific for B7-H4 was added to the wells for one hour at 37°C. After washing three times, 100 μL of avidin conjugated Horseradish Peroxidase (HRP) were added for 1 h at 37°C. Subsequently, after washing five times, 90 μL of substrate solution containing TMB were added for 15-30 minutes at 37°C, protected from light. Color development was stopped by the addition of 50 µl stop solution to each well and the degree of enzymatic turnover of the substrate was investigated by dual-wavelength absorbance measurement at 450 and 620 nm as a reference wavelength within 5 minutes using an ELISA reader (TECAN, Model Sunrise; Austria GmbH, Grodig, Austria) and the data analysis software Magellan™ (TECAN, Mannedorf, Switzerland). To quantify the blood serum concentration levels of B7-H4, a non-linear regression model (4-parameter Marquardt) was used with a log/lin type of graph according to the manufacturer’s instructions. The observed absorbance was directly proportional to the concentration level of sB7-H4 in the samples, which was calculated from the calibration curve. The sB7-H4 serum levels are expressed in ng/mL according to the established standard curve (detection range: 7.8 - 500 ng/mL). The minimum detectable dose of sB7-H4 was typically less than 1.95 ng/mL. The lower limit of detection (LLD) was defined as the lowest protein concentration that could be differentiated from zero. Intra-assay variation was <8%, while inter-assay variation was <10%.



Selection and Detection of CTCs

The selection, detection, characterization and data evaluation of epithelial CTCs and CTCs in EMT in EOC has been published in detail by our group (5, 16–18).

10 ml blood was collected in EDTA tubes (Sarstedt & Co.) from each patient and processed within 4h for the enrichment of CTCs and subsequent expression analysis according to the Adnatest OvarianCancer (QIAGEN, Hilden, Germany). Briefly, CTCs were immunomagnetically selected using the AdnaTests OvarianCancerSelect and EMT-1Select. Subsequently, RNA was isolated and gene expression analysis was performed by reverse-transcription (RT) and multiplex RT-PCR detecting a) EpCAM, MUC-1, and CA-125 (AdnaTest OvarianCancerDetect; ERCC1-transcripts were investigated in a separate approach by singleplex RT-PCR) and b) PIK3CA, AKT2 and TWIST (AdnaTest EMT).

All AdnaTests were purchased from QIAGEN (Hilden, Germany). Positivity for each CTC-subtype was defined by the detection of at least one of the transcripts of each marker panel, respectively. A patient was defined as CTC-positive if epithelial CTCs and/or CTCs in EMT were detected.



Statistical Analysis

The distribution of sB7-H4 in each study group was different from normal. Descriptive statistics were computed and reported as median with interquartile range (IQR) or frequency counts (%). The differences between two groups were defined by Mann-Whitney U test. Differences in frequency counts were analyzed using the Chi-squared test. Kaplan-Meier analysis was performed to analyze DFS and overall survival (OS) probabilities. The difference between survival curves was assessed by using the log rank test. Hazard ratios (HR) with corresponding 95%-confidence intervals (95%-CI) were calculated by using Cox proportional hazards regression. The Spearman rank correlation coefficient was calculated to examine whether the sB7-H4 levels were monotonically related to CA12-5 serum levels. All analyses were performed using the MedCalc version 17.9.7 (MedCalc Software bvba, Ostend, Belgium).




Results

The median age of the patients at primary diagnosis was 60 years (37 - 82, SD 11.7). The clinical data of patients included in the study are shown in Table 1. The majority of patients were in Figo stage III (71.3%) compared with stage IV (28.2%). High-grade tumors (G3) were found in 58 (70.7%) patients whereas Grade 1 and 2 in 24 (29.3%) of patients. 40 (62.5%) of patients had positive lymph-nodes and 24 (37.5%) negative nodal-status. When stratifying according to resection status 39 (48.1%) had complete resection (R0) compared with 42 (51.9%) patients with incomplete resection. In 48 (62.3%) patients a recurrent disease was diagnosed (Table 1). Among patients with platinum-resistant disease 15 (75%) had positive nodal-status, compared with 5 (25%) with negative nodal-status. In FIGO IV stage 12 (75%) patients and in FIGO III stage 28 (70%) had lymph-nodes metastasis. Follow-up was calculated from the time of diagnosis to the date of last follow-up information or death. Median follow-up time was 35.5 months (0 - 139, SD 28.1). Analyzing only patients who had died, medium time to death was 25 months (0 - 75, SD 22.8). Medium DFS was 27 months (0 - 130, SD 23.9). Patients with an OS ≤ 4 months were excluded from survival analyses in order to rule out early, surgery related deaths (n=12).


Association of sB7-H4 Concentration Levels, CTCs, and Clinicopathological Characteristics

sB7-H4 was detectable in 12/85 (14.1%) patients, CTCs in 28/85 (32.9%) patients and simultaneous presence of CTCs and sB7-H4 was found in 6/85 (7%) patients.

Epithelial CTCs were found in 10/85 (11.7%) patients and EMT-like CTCs in 18/85 (21.2%) patients. In 5/85 (5.9%) patients, expression of both epithelial and EMT-like CTCs subtypes was found. sB7-H4 positivity was significantly more common in patients without confirmed (pN0) spread to lymph nodes (25%) compared to patients with histologically confirmed (pN1) metastases in lymph nodes (12.5%, p=0.04). Moreover, sB7-H4 presence in serum was significantly associated with platinum resistance (p=0.03). CTCs presence in blood was slightly higher in platin resistant patients but the difference was not significant. There were no differences in sB7-H4 levels in serum according to clinicopathological parameters. Associations between sB7-H4 concentration levels, CTCs and clinicopathological characteristics including FIGO stage, grading, nodal status, sensibility to platin agents and resection status are presented in Table 2.


Table 2 | Associations of sB7-H4 blood serum levels, sB7-H4 presence in serum and CTCs to clinicopathological parameters.





Impact of sB7-H4 and CTC Presence on Patients’ Survival

Comparison between patients with detectable sB7-H4 serum-levels and no detectable serum levels revealed a statistically significant effect on OS. Patients with detectable sB7-H4 in blood serum showed a significantly shorter survival time than patients with no sB7-H4 detection (HR 4.42, 95% CI 1.61 – 12.13; p = 0.004). No effect on DFS could be observed (Figure 1).




Figure 1 | The Kaplan-Meier plots showing prognostic relevance of sB7-H4 and CTC detection in blood serum. (A) Overall survival (OS) with regard to sB7-H4 detection (p=0.004). (B) Disease-free survival (DFS) with regard to sB7-H4 detection (ns). (C) Overall survival (OS) with regard to CTC detection (Log-rank p=0.008). (D) Disease-free survival (DFS) with regard to CTC detection (ns). (E) Overall survival (OS) for the different combinations of sB7-H4 and CTCs (Log-rank p=0.03). (F) Disease-free survival (DFS) for the different combinations of sB7-H4 and CTCs (ns).



Patients with detectable CTCs showed a significantly shorter survival time than patients in whom no CTCs were detected (HR 2.63, 95% CI 1.28 - 5.39; p = 0.008). No effect on DFS could be observed (Figure 1).

Univariate Cox regression analysis indicated that the presence of sB7-H4 and CTCs influenced the prognosis of our patients. Patients presenting with enhanced sB7-H4 levels and CTCs had a significantly worse OS in comparison with those patients with no detectable sB7-H4 and CTCs (HR 2.8, 95% CI 11.34 – 5.82; p=0.006 and HR 2.32, 95% CI 1.22 – 4.41; p=0.01, respectively). The clinical factors associated with prognosis including platinum-sensitivity, resection status, FIGO stadium and lymph node status also correlated with OS, however, apart from platinum-sensitivity, no effect on DFS could be observed (Table 3).


Table 3 | Results of univariate Cox regression analysis of patients with advanced EOC.



Multivariate Cox regression analysis including resection status, FIGO stage, grade, lymph node status, platinum-sensitivity, CTC detection and sB7-H4 presence indicated that sB7-H4 and CTCs presence were independent predictive factor for OS (HR 3.57, 95% CI 1.23 - 10.36; p=0.02 and HR 4.31, 95% CI 1.53 - 12.17; p=0.006, respectively). sB7-H4 or CTC presence did not significantly influence the adjusted hazard on developing recurrent disease (Table 4).


Table 4 | Effect of sB7-H4 and CTCs presence on OS and DFS after correcting for unfavorable prognostic factors in cox proportional hazards regression model.





sB7-H4 and CTCs

22 out of 59 patients (37.2%) with normal sB7-H4 levels had detectable CTCs, whereas in the group of patients with detectable sB7-H4 levels, 6 out of 12 (50%) patients were positive for CTCs. However, this effect failed to reach statistical significance (p = 0.41). An overview on the presence of sB/-H4 and CTCs is given in (Table 5).


Table 5 | Presence of sB7-H4 and CTCs in blood serum in patients with advanced EOC.



There were no differences in sB7-H4 serum levels between patients harboring CTCs (median 31.05, IQR13.64-63.46) or not (median 27.29, IQR 3.76-50.83) (p=0.69).

Patients with detectable sB7-H4 levels and CTCs showed a significantly shorter survival time than patients with normal sB7-H4 levels and no detectable CTCs (p = 0.03). No effects on DFS could be observed (Figure 1).




Discussion

Our study found that detection of sB7-H4 and CTCs in blood was associated with a worse prognosis of patients with advanced EOC. However, there was no association between sB7-H4 and CTC presence. Current literature supports that high expression of B7-H4 was negatively correlated with survival outcome in OC, suggesting that B7-H4 plays an essential role in poor prognosis (16). However in a meta-analysis from Ye et al., membrane-bound B7-H4 was not related to patients’ clinicopathologic characteristics (19). These results are consistent with our findings. However, it is not clear whether serum sB7-H4 levels reflect the expression of B7-H4 in tumor tissue. Similarly to the previous study for sB7-H4 and EOC (13), we found that serum sB7-H4 predicted a worse prognosis (being a predictive factor for OS), independent of clinical parameters known for worse outcomes.

In our study, patients with detectable sB7-H4 and CTCs in blood showed significantly worse survival. The function and source of sB7-H4 are still unknown but some authors have demonstrated that sB7-H4 secretion is promoted under inflammatory conditions (20–22) and in EOC, B7-H4 has been associated with a pro-inflammatory tumor microenvironment (23). On the other hand, the neutrophile-derived inflammatory response was shown to interact with CTCs expanding their metastatic potential (24). These data could be a possible explanation of the worse prognosis of EOC patients showing the simultaneous presence of sB7-H4 and CTCs in the bloodstream.

In our study sB7-H4 was found more in patients without confirmed spread to lymph-nodes, which could suggest its association with better outcome. This fact may be explained due to early way of dissemination in EOC, which is primary into the peritoneal cavity and not into lymph-nodes. On the contrary, sB7-H4 presence was associated with platinum resistance, which is one of the most important factors connected with worse prognosis. These findings suggest that the tumor biology, rather than tumor load are responsible for sB7-H4 presence in advanced EOC.

The interaction between tumor cells and their microenvironment plays a crucial role in cancer development (25). Current data on the relationship between T-Cell regulators and CTCs in EOC are limited. However, strong evidence suggests a direct interaction between CTCs and the immune system in the peripheral blood. Mego et al. showed that patients with inflammatory BC harboring CTCs had an impaired adaptive immunity (26). In the current study, both, the presence of CTCs and sB7-H4 were associated with a worse prognosis. Postulating a function of B7-H4 as part of the tumor’s immune-escape mechanisms, it seems plausible that an increased expression of the immune-checkpoint molecule increases the risk of tumor spread to the blood, indicating poor outcome. This reflects higher sB7-H4 levels in patients with positive CTCs. This is in line with our recent findings analyzing soluble PD-L1 and PD-L2 in EOC patients (9). However, we did not find any association between sB7-H4 and CTCs presence in serum. Keeping in mind that sB7-H4 and CTCs were detectable in only 15 and 28 patients, respectively, this lacking association might well be attributable to the small sample size. Nevertheless, the potential association between CTCs and soluble and membrane T-cells regulators should be further investigated since checkpoint-inhibitors showed promising results in therapy management of advanced EOC (27, 28).

Expression of immune-checkpoints on CTCs can be used as a prognostic indicator and to monitor and evaluate the efficacy of immune checkpoint inhibitors (29–33). For instance, in patients diagnosed with breast cancer, PD-L1-positive CTCs have a prognostic predictive value (33). Our data suggest that the simultaneous detection of sB7-H4 and CTCs in blood serum might have prognostic value.

The role of immune-checkpoint inhibition in the therapy of advanced EOC has been intensively investigated in recent years. It was reported that B7-H4/CD3-bispecific antibodies might be a therapeutic agent against B7-H4-expressing tumors (34). One of the biggest issues concerning checkpoint-inhibitor therapy is the identification of factors predicting therapy response. Therefore, it is crucial to identify markers that can predict the possible response to this treatment option. The presence of sB7-H4 could be a predictive marker for immunotherapy, targeting T-cells as shown by Azuma (35, 36).

There are some limitations to this study. Unfortunately, we do not have results for B7-H4 on tumor tissue for comparison studies, which should be addressed in future work. In addition, we presented a retrospective study with limited sample size. Nevertheless, our data suggest that sB7-H4 and CTCs should be considered potentially useful markers, predicting the prognosis in advanced EOC. A deeper understanding of this interaction may provide an opportunity for new therapeutic strategies.
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Aberrant methylation has been regarded as a hallmark of cancer. 5-hydroxymethylcytosine (5hmC) is recently identified as the ten-eleven translocase (ten-eleven translocase)-mediated oxidized form of 5-methylcytosine, which plays a substantial role in DNA demethylation. Cell-free DNA has been introduced as a promising tool in the liquid biopsy of cancer. There are increasing evidence indicating that 5hmC in cell-free DNA play an active role during carcinogenesis. However, it remains unclear whether 5hmC could surpass classical markers in cancer detection, treatment, and prognosis. Here, we systematically reviewed the recent advances in the clinic and basic research of DNA 5-hydroxymethylation in cancer, especially in cell-free DNA. We further discuss the mechanisms underlying aberrant 5hmC patterns and carcinogenesis. Synergistically, 5-hydroxymethylation may act as a promising biomarker, unleashing great potential in early cancer detection, prognosis, and therapeutic strategies in precision oncology.
Keywords: 5-hydroxymethylcytosine, cell-free DNA, ten-eleven translocase, liquid biopsy, cancer biomarker
INTRODUCTION
Carcinogenesis is a multistep and complex process in which both genetic and epigenetic aberrations play substantial roles (Feinberg et al., 2016; Thomson and Meehan, 2017). 5-methylcytosine (5mC) is a major form of DNA modification observed in most mammals’ CpG (Cytosine-phosphate-Guanine) dinucleotides (60–80%) (Smith and Meissner, 2013). The alteration of 5mC in DNA methylation patterns has been considered as a hallmark of cancer. Global hypomethylation leads to genomic instability, whereas hypermethylation at promoter regions leads to transcriptional silencing of tumor suppressor genes (TSGs), both of the above contributing significantly to the carcinogenesis (Sandoval and Esteller, 2012; Berdasco and Esteller, 2019). Additionally, hypomethylation and hypermethylation can regulate target gene expression by activating or silencing enhancers, respectively (Clermont et al., 2016; Ehrlich, 2019). These processes are dysregulated in many human cancers, leading to cellular de-differentiation and malignant transformation (Taberlay et al., 2014; Clermont et al., 2016). Along with 5mC, 5-hydroxymethylcytosine (5hmC) has been recently recognized as a stable modification that has multiple roles from cell pluripotency to carcinogenesis rather than merely intermedium of DNA demethylation (Putiri et al., 2014; Moen et al., 2015; López et al., 2017).
5hmC is the most abundant oxidation product of 5mC during active DNA demethylation that is mediated by ten-eleven translocase (TET) (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009). TET enzymes oxidize 5mC to 5hmC, and further to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Ito et al., 2011; He et al., 2011) in a 2-oxoglutarate (2-OG) and Fe (II)-dependent manner (Kohli and Zhang, 2013; Koivunen and Laukka, 2018) (Figure 1). 5hmC is found enriched over gene bodies, promoters, and enhancers upstream of transcriptional start sites, suggesting that 5hmC plays a role in the regulation of gene expression (Thomson and Meehan, 2017). 5hmC displays a cell- or tissue-specific distribution in different malignancies, and reduced global 5hmC levels were identified in multiple cancers (Lian et al., 2012; Orr et al., 2012; Chen et al., 2016; Tong et al., 2019; Wang et al., 2020), implying that 5hmC may have a promising value in cancer screen, diagnosis, progression and survival (Lian et al., 2012; Zhang et al., 2016a; Zhong et al., 2018). Moreover, 5hmC is suggested as a potential target to synergize with conventional treatment of cancer (Thomson and Meehan, 2017). Thus, 5hmC could be considered as a robust biomarker in clinical practice and promote precision medicine, although awaiting further validation.
[image: Figure 1]FIGURE 1 | TET-mediated DNA demethylation process. TET enzymes can oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), and further to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), followed by the excision of 5fC and 5caC via thymine DNA glycosylase (TDG) and the replacement of unmethylated cytosine through base-excision repair (BER). 5hmC can also be deaminated to 5-hydroxymethyluracil (5hmU) by AID/APOBEC enzymes and subsequently to an unnmethylated status by BER.
Liquid biopsy, along with the detection of circulating tumor DNA (ctDNA) has been revolutionizing the cancer screen and treatment (Tuaeva et al., 2019). ctDNA is tumor-derived fraction of circulating cell-free DNA (cfDNA) that can reflect both genetic and epigenetic profiles of cancer (Wan et al., 2017) (Figure 2). The ctDNA-based liquid biopsy offers substantial advantages over traditional biopsies (Chen and Zhao, 2019; De Rubis et al., 2019; Shohdy and West, 2020). First, it is minimally invasive and it avoids the risks of tissue biopsy such as tumor seeding (Diaz and Bardelli, 2014). Second, it could provide dynamic surveillance of genetic or epigenetic changes during cancer development (Diaz and Bardelli, 2014; Wan et al., 2017). Third, it could help capture the heterogeneity of the tumor, as ctDNA fragments are derived from all clones of the cancer (Diaz and Bardelli, 2014). The detection of 5hmC in cfDNA has been reported and it is increasingly fueled by the development of high-throughput sequencing methodology (Li et al., 2017). For instance, considerable researchers used 5hmC-Seal method to capture 5hmC patterns in colorectal, gastric, hepatocellular and lung cancers (Li et al., 2017; Zhang et al., 2018; Cai et al., 2019). However, 5hmC as a biomarker in liquid biopsy of cancer remains unclear, which warrants more exploration.
[image: Figure 2]FIGURE 2 | Epigenetic alterations of cell-free DNA extracted from the blood. Tumor-derived epigenetic alterations including 5mC, 5hmC of cfDNA obtained from the blood via liquid biopsy can be utilized as novel biomarkers for cancer diagnosis, prognosis, and treatment.
In this review, we focus on the value of 5hmC detection in cfDNA as an emerging biomarker in cancer management and possible mechanisms. Specifically, we discuss how 5hmC exerts its role in the early detection, prognosis, and treatment of various malignancies. We further overview the mechanisms underlying aberrant 5hmC patterns, TETs, and carcinogenesis. Notably, we emphasize that cfDNA-based liquid biopsy combined with genome-wide sequencing of 5hmC patterns may serve as an efficient tool to implement 5hmC into clinical applications in the era of precision medicine.
DEOXYRIBONUCLEIC ACID 5-HYDROXYMETHYLATION PROMOTES EARLY DETECTION OF CANCER
Early detection of cancer leads to better outcome (Wan et al., 2017; Shohdy and West, 2020). The detection of epigenetic alterations including 5hmC could promote early detection of cancer (Jankowska et al., 2015). 5hmC modification is tissue-specific and disease-specific (Laird et al., 2013; Sproul and Meehan, 2013; Jankowska et al., 2015), and has been reported in the process of multiple precancerous pathogenesis. For instance, the increase and decrease of 5hmC level were respectively associated with the cervical precancerous lesions (Su et al., 2019) and the breast precancerous lesions (Zhang et al., 2020). 5hmC was also involved in hepatocellular carcinoma (HCC), melanoma and esophageal cancer (Lian et al., 2012; Tian et al., 2018; Liu et al., 2019a; Krais et al., 2019). Furthermore, as cfDNA can be identified in a minimal invasively and dynamically way in body fluids, recent studies demonstrated that 5hmC in cfDNA could act as a novel biomarker in cancer detection (Li et al., 2017; Song et al., 2017), taking a substantial step toward precision medicine.
5hmC in cfDNA has been detected in multiple malignancies, including HCC (Cai et al., 2019), colorectal cancer (CRC) (Gao et al., 2019), lung cancer (Zhang et al., 2018), gastric cancer (Li et al., 2017) and pancreatic ductal adenocarcinoma (PDAC) (Song et al., 2017; Guler et al., 2020). A reduced global 5hmC level in HCC was found to be positively correlated with tumor stage (Chen et al., 2013; Chen et al., 2017; Liu et al., 2019a) and it could be observed even in chronic hepatitis without significant methylation (Wang et al., 2019). Cai et al. reported the promising value of 5hmC in cfDNA in early detection of HCC (Cai et al., 2019). The research analyzed the genome-wide 5hmC patterns in cfDNA among 2,554 Chinese HCC patients, showing that the 5hmC profile in cfDNA could effectively distinguish early HCC patients from healthy controls and liver cirrhosis. Moreover, the research designed a weighted model comprised of a 32-gene-based 5hmC marker panel, which is proved to outperform alpha-fetoprotein (AFP) in early detection of HCC (Cai et al., 2019). Likewise, lung cancer also exhibits a global loss of 5hmC (Jin et al., 2011). Song et al. found that the global level of 5hmC in cfDNA progressively decreased from early-stage lung cancer to metastatic lung cancer, indicating that 5hmC in cfDNA could contribute to the early detection and surveillance of lung cancer (Song et al., 2017). Another study based on a Chinese cohort reported that 5hmC of specific genes in cfDNA have a higher sensitivity than traditional biomarkers, including CEA, CA125, NSE, and CYFRA21-1 in the early detection of non-small cell lung cancer (NSCLC) (Zhang et al., 2018). However, 5hmC pattern in cfDNA from this study was found to exhibit global gains in gene bodies as well as promoter regions in NSCLC patients (Zhang et al., 2018). Guler et al. revealed that 5hmC peaks of cfDNA in promoter region in PDAC patients were lower than those in non-cancer patients, whereas it was significantly higher over 3′UTR, transcription termination sites (TTS) and intron regions in PDAC patients, respectively. 5hmC profile in PDAC tissues was reported could classify PDAC cfDNA, which indicates the cfDNA could mirror the 5hmC enrichment observed in tumor (Guler et al., 2020). Another study reported that 5hmC peaks gained in cfDNA were present in the gene body of representative genes in colorectal cancer tissues, compared with patients of precancerous adenomas and healthy donors, such as BCL11A, KCNK9 and NTSR1 (Gao et al., 2019). Similarly, Xiao et al. determined the genome-wide distribution of 5hmC in cfDNA, indicating that the CRC patients have the widest distribution of 5hmC, whereas the healthy donors own the narrowest distribution, and the precancerous adenomas have the moderate distribution (Xiao et al., 2021). 5hmC in cfDNA was also reported associating with molecular subtypes in non-Hodgkin lymphoma (Chiu et al., 2021). Therefore, accumulating evidences indicate that 5hmC in cfDNA, both the distribution and global level, could be served as robust biomarkers in early detection of cancer, though further research is still warranted.
Despite the fact that cfDNA could be identified in the blood, only a small fraction is from the tumor and it remains difficult to identify aberrant epigenetic profiles precisely (Jankowska et al., 2015; Shen et al., 2018). Specifically, though 5hmC profiles are apparent in tumors at an early stage, it is still challenging to detect them by next-generation sequencing, as ctDNA itself is at an imperceptible level, especially in early stage cancer (Locke et al., 2019; Kilgour et al., 2020). It is reported that ctDNA in asymptomatic cancer is not detectable based on current methodology using typical 10 ml of blood, hindering its application in cancer early detection (Fiala and Diamandis, 2018). However, the emerging 5hmC-Seal technology has been utilized to capture genome-wide profiling of 5hmC and it proved to be a highly sensitive and robust approach for genome-wide profiling of 5hmC that requires only very limited input of DNA (< 10 ng) (Han et al., 2016; Applebaum et al., 2020; Guler et al., 2020). Also, other innovative methodologies permit the implementation of ctDNA in early-stage cancer detection (Liu et al., 2019b; Hu et al., 2019). Therefore, although 5hmC in ctDNA is difficult to detect, rapidly evolving methodology permit its application in early detection of cancer.
DEOXYRIBONUCLEIC ACID 5-HYDROXYMETHYLATION PREDICTS CANCER PROGNOSIS
In the era of precision medicine, increasing studies demonstrated the potential of 5hmC, TET protein family as potential clinical biomarkers to predict the prognosis of cancer, however, the evidence remains inadequate.
The decrease of 5hmC level is closely correlated with poor prognosis in multiple malignancies, including HCC (Liu et al., 2013; Liu et al., 2014; Liu et al., 2019a), CRC (Zhong et al., 2018), NSCLC (Liao et al., 2016), breast cancer (Tsai et al., 2015), gastric cancer (Yang et al., 2013; Frycz et al., 2014), papillary thyroid carcinoma (PTC) (Tong et al., 2019), glioblastomas (GBM) (Orr et al., 2012), esophageal carcinoma (EC) (Shi et al., 2016), cholangiocarcinoma (CCA) (Dong et al., 2015; Bai et al., 2021). In HCC, it has been reported that loss of 5hmC was positively correlated with tumor size, AFP level as well as poor overall survival (Liu et al., 2013). In patients with breast cancer, especially the ER/PR-negative subtype, the reduction of 5hmC was found strongly associated with poor disease-specific survival (DSS) and disease-free survival (DFS) (Tsai et al., 2015). In patients with PTC, one study revealed that the level of 5hmC was lower in those with lymph node metastasis than those without, which indicated that 5hmC may be a useful tool in predicting the lymph node involvement of PTC (Tong et al., 2019). Moreover, the reduction of 5hmC level showed its prognostic value in WHO grade II diffuse astrocytomas (DA) and WHO grade IV GBM (Kraus et al., 2015; Zhang et al., 2016a; Johnson et al., 2016). Low 5hmC was correlated with increased mortality and poor survival in patients with GBM (Orr et al., 2012), and it could act as a biomarker in predicting tumor infiltration instead of ki67 and H3S10p (Kraus et al., 2015). It has been revealed that the loss of 5hmC may affect normal gene transcription, which could in turn promote abnormal proliferation of tumor cells, and eventually affect the survival in cervical squamous cell carcinoma (CSCC) (Zhang et al., 2016b). On the other hand, high level of 5hmC was associated with less invasive tumor phenotype and better prognosis in colon cancer (Zhong et al., 2018), and it was also displayed as a predictor of post-operative recurrence in TMPRSS2-ERG negative prostate cancer (Strand et al., 2015). Therefore, the detection of 5hmC levels in various cancers serves as a promising approach in predicting cancer prognosis.
The detection of 5hmC signature in cfDNA may provide a novel tool in predicting cancer outcomes. For instance, Song et al. observed a gradual decrease of 5hmC in cfDNA in early stage and advanced metastatic lung cancer, suggesting that such stage-dependent 5hmC loss in cfDNA may be a powerful tool for outcome prediction (Song et al., 2017). Cai et al. reported a novel HCC score predicting the prognosis of HCC, which consisted of cfDNA, 5hmC, and protein biomarkers [des-gamma-carboxy prothrombin (DCP) and AFP]. The results indicated that a higher HCC score was positively associated with the risk of recurrence and metastasis (Cai et al., 2021). In addition to the global level of 5hmC, the distribution of 5hmC in cfDNA also process a prognostic value. For instance, Chiu et al. reported that in diffuse large B-cell lymphoma (DLBCL), the distinct 5hmC profile in cfDNA could reflect origin of cell, thereby distinguishing different subtypes of DLBCL, and it was associated with the events of recurrence, retreatment, or death in DLBCL (Chiu et al., 2019; Chiu et al., 2021). Collectively, these studies indicate that 5hmC has a great potential as a biomarker of cancer progression, while the detection of 5hmC in cfDNA could contribute to the development of liquid biopsy in cancer.
In summary, DNA 5-hydroxymethylation in the genome is a novel prognostic biomarker in multiple cancers. The detection of 5hmC in cfDNA could help predict the outcomes of patients with cancer. However, the research on the detection of 5hmC still needs to be explored unremittingly by researchers in the future.
TARGETING DEOXYRIBONUCLEIC ACID 5-HYDROXYMETHYLATION IN CANCER
Targeting DNA demethylation has great potential in cancer treatment. Lian et al. suggested that feasible manipulation of overexpressing TET2 could restore the 5hmC level and further suppress tumor growth and invasion in melanoma, unlatching a novel therapeutic avenue for melanoma by targeting 5hmC generating pathway to reestablish 5hmC levels or landscape in melanoma cells (Lian et al., 2012). Another study showed that TET2 plays a key role in controlling the numbers and survival of slow-cycling cancer cells (SCCCs) through controlling the expression of cell death-related genes that regulate TNF-α signaling and restraining its proapoptotic signaling (Puig et al., 2018). Slow-cycling is a temporary state preserving potential cancer initiation and increased chemo-resistance. High TET2 activity and 5hmC level were associated with resistance to chemotherapy, thereby increasing the risk of recurrence of patients. Thus, 5hmC could be served as a biomarker for identifying the increased chemo-resistant SCCCs and TET2 could be potentially targeted for treatment of SCCCs (Puig et al., 2018). Interestingly, high expression of TET1 leads to global hydroxymethylation in T-cell acute lymphoblastic leukemia (T-ALL), which protects cells from DNA damage and thereby promoting leukemic growth. Bamezai et al. outlined that PARP could induce TET1 expression, thus TET1 could be pharmacologically targeted via application of PARP inhibitor Olaparib, which showed great therapeutic potential in T-ALL treatment (Bamezai et al., 2021). Fisetin, a natural flavonol, was reported to inhibit the activity of TET1, reduce 5hmC levels in CCNY/CDK16 promoter, and further restrain the invasion and progression of renal cancer stem cells. It indicated that TET1 could be targeted and 5hmC could be a potential indicator for the treatment of fisetin in renal cancer (Si et al., 2019). Besides, Vitamin C, a cofactor for TETs to enhance 5hmC conversion, is noticeably involved in the process of DNA demethylation (Dickson et al., 2013; Minor et al., 2013; Sant et al., 2018). Sant et al. reported that the reduced expression of Na+-dependent Vitamin C transporter 2 (SVCT2) was a primary cause of 5hmC loss in breast cancer (Sant et al., 2018). Treatment of vitamin C might make up for the deficiency of SVCT2, thus restoring 5hmC levels via activating TET activity, and inducing apoptosis in breast cancer cells (Sant et al., 2018). Moreover, it has been suggested that 5hmC or 5hmC/5mC ratio might be a potential biomarker of differentiation and proliferation in pituitary neuroendocrine tumor, which could also be used as a biomarker of the effect of decitabine (Szabó et al., 2020). Therefore, we propose that 5hmC in cancer treatment could be a promising target, although more research is warranted.
5hmC could be a biomarker in cancer immunotherapy, especially in predicting immune cell exhaustion and immune evasion. Johnson et al. found a significant age-related differentially hydroxymethylated region occurred in the intronic region of TOX2, which is associated with CD8+ T cell exhaustion. It belongs to a family of transcription factors that modify chromatin structure during T cell development (Johnson et al., 2020). Researchers reported that circTRIM33-12 could inhibit immune evasion of HCC by sponging oncogenic miR-191 and upregulating TET1 expression, which lead to a significant increase of 5hmC levels (Wang et al., 2019). Similarly, Taylor et al. found that the immune evasion subtype of lung squamous cell carcinoma has significant enhanced EGFR signaling, which further boosted the expression of the transcription factor ETS1. ETS1 could upregulate miR-29b, which result in the downregulation of TET1 and subsequent reduction of 5hmC level (Taylor et al., 2016). In another study, TET2 was reported promoting tumor progression in melanoma via ARG1, an immunosuppressive gene in tumor-associated macrophages. ARG1 embraced a low level of 5hmC in Tet2-null bone marrow derived macrophages (BMDM) (Pan et al., 2017). Targeting TET2 and its interactors (e.g., Fe2+, 2-OG, Vitamin C) could regulate the activity of B cells, T cells, and macrophages, which could contribute to immunotherapy of cancer (Jiang, 2020). Luchtel et al. reported that ascorbic acid treatment could increase the level of 5hmC in CD8+ T cells and reinforce their cytotoxicity against lymphoma cells (Luchtel et al., 2020). Therefore, the 5-hydroxymethylation of DNA could be a promising biomarker and a target of cancer immunotherapy, although further studies are required.
Targeting different oncogenes in the pathways of DNA demethylation, including TETs and its cofactors, may be potential strategies in cancer treatment in the future. 5hmC in these processes can be taken as a valuable biomarker for the response to multiple therapies. In terms of immunotherapy of cancer, 5hmC provides a new approach for immunotherapy-sensitive tumors, especially in overcoming immune cell exhaustion and cancer immune evasion. Although TET or 5hmC plays a critical role in cancer treatment, the involvement of TET and 5hmC in inhibiting cancer development is still far from clarified. Some attempts have been undertaken to develop pharmaceutical drugs targeting TET or its correlated signaling pathways in cancer development. For instance, TET1 has been considered as a critical oncogenic epigenetic regulator in acute myeloid leukemia (AML), which plays its role by promoting the expression of oncogenic targets, including HOXA9, MEIS1 and PBX3, and suppressing the expression of tumor suppressor miR-22 (Huang et al., 2013; Huang et al., 2016; Jiang et al., 2016). Jiang et al. found that application of selective inhibitors (NSC-370284 and UC-514321) could directly target STAT/TET1 signaling, which was an effective and promising therapeutic strategy to treat TET1-high AML, especially when combined with standard chemotherapy (Jiang et al., 2017). Therefore, targeting TET1 signaling might be a considerable strategy in AML treatment. Moreover, TET1 and 5hmC were reported associating with an obesity-linked pathway driving cancer stem cells in triple-negative breast cancer, which providing new understanding on the cancer prevention and treatment (Bao et al., 2020). With the development of liquid biopsy, the detection of cfDNA provides new pathways for cancer treatment (Goodall et al., 2017; Siravegna et al., 2017). For instance, a recent study investigated the alteration of 5hmC profiles during the treatment of neuroblastoma. The study showed that 5hmC profiles in cfDNA changed over time, paralleled with changes in metastatic disease burden as well as patients’ response to therapy (Applebaum et al., 2020). Thus, the detection of 5hmC profiles in cfDNA may be a promising biomarker that can be widely applied in monitoring the response to cancer treatment in future.
MECHANISMS UNDERLYING DEOXYRIBONUCLEIC ACID 5-HYDROXYMETHYLATION IN CANCER
Although the alteration of DNA 5-hydroxymethylation can be utilized as potential biomarkers in cancer screen, prognosis, and treatment, the mechanisms underlying these epigenetic alterations remain obscure. Exploring how the alteration of TETs and 5hmC play roles in tumorigenesis and tumor progression could accelerate the development of cancer therapy.
The abnormal expression of TETs, or inhibition of TETs cofactors lead to the alteration in the level and localization of 5hmC, impacting the cancer development and anti-tumor immunity (Koivunen and Laukka, 2018) (Figure 3). Compared with TET2 which is frequently mutated in hematopoietic malignancies (Huang and Rao, 2014; Jeschke et al., 2016), TET1 mutation is a rare occurrence in cancer (Thomson and Meehan, 2017). Instead it is found both methylated and transcriptionally suppressed in vitro in multiple malignancies, though whether it is the cause of hypermethylation is still unclear (Wu and Brenner, 2014). In addition to the genetic or transcriptomic disruption, the activity of TETs can be regulated by its substrates, cofactors and post-translational modifications (Thomson and Meehan, 2017). It has been found that patients with hematological malignancies and gliomas often harbor mutations in IDH1 an IDH2, which can convert 2-OG into 2-hydroxyglutaraye (2-HG) and thereby inhibit the catalytic activity of TET (Figueroa et al., 2010; Xu et al., 2011). The loss of 5hmC in cancer can be further explained by the post-transcriptional regulation of TET. For instance, the IDAX protein, an interacting partner of TET2 that was often proved to be mutated in tumors, leads to TET2 degradation via caspase activation (Ko et al., 2013). However, decrease in hydroxymethylation in promoters of tumor suppressor genes is scarcely reported during carcinogenesis, which may require further investigations.
[image: Figure 3]FIGURE 3 | Mechanisms underlying 5hmC and TET alterations in cancer. Gene mutations, abnormal expression and cofactors could affect TET expressions, thereby affecting DNA hydroxymethylation. The TET gene family could affect the tumor infiltrating lymphocyte, and it could also affect tumor development through multiple signal pathways.
TET1 is usually known as a tumor suppressor, which could inhibit cancer progression via various pathways (Hsu et al., 2012; Fu et al., 2014; Neri et al., 2015; Yan et al., 2020). TET1 directly binds to the promoter of the target genes, catalyzing 5mC to 5hmC and ultimately activating gene transcription (Pei et al., 2016). In accordance with this mechanism, one study showed that the downregulation of TET1 could reduce the hydroxymethylation at the promoter of tumor suppressor gene AJAP1, subsequently activating WNT/β-catenin pathway and promoting the development of bladder cancer (Yan et al., 2020). TET1 loss in prostate cancer and breast cancer was found contributing to the hypermethylation of tissue inhibitors of metalloproteinases genes (TIMP2 and TIMP3), which resulted in the epithelial-mesenchymal transition (EMT) and tumor progression (Hsu et al., 2012). Another study reported the HMGA2-TET1-HOXA9 axis could regulate breast cancer cell invasion, and it holds a prognostic signature in predicting patient survival (Sun et al., 2013). TET1 is negatively regulated by HMGA2, a chromatin remodeling factor that is highly expressed in most epithelial cancers. TET1 positively modulated HOXA9 by directly binding to or inducing the histone binding of H3K4Me3 to the HOXA gene promoter regions, leading to local demethylation and gene transcription in breast cancer. Additionally, the downregulation of TET1 was reported to occur at the early stage and its expression could inhibit the proliferation of cancer cells in CRC (Neri et al., 2015). TET1-mediated demethylation induces a 5hmC increase at the promoter regions of DKK and SFRP genes, which were upstream inhibitors of WNT signaling pathway, hence TET downregulation can lead to cancer growth via repressing these inhibitors of WNT pathway (Neri et al., 2015). Similar mechanism was also reported in pancreatic cancer (Wu et al., 2019). Likewise, TET1 inhibits proliferation and metastasis of gastric cancer cells through demethylating PTEN promoter regions, which subsequently suppress the PTEN-inhibited AKT and FAK pathways (Pei et al., 2016). Besides DNA 5-hydroxymethylation mediated by TETs in tumor-suppressor genes, several oncogenes which encompass an acquisition of 5hmC were also reported. One study demonstrates that the 5hmC landscape in pancreatic ductal adenocarcinoma (PDAC) peaks in the gene that encodes the bromodomain-containing transcription factor BRD4, overlapping with active enhancer marks such as H3K4me1, and 5hmC acquisition by BRD4 enhancer is found to be a potential mechanism for regulating oncogenic activation (Bhattacharyya et al., 2017). In one word, 5hmC under the regulation of TETs is involved in the initiation and progression of tumors via various pathways, which is of great significance for its status as a promising biomarker in the field of precise oncology.
Besides, it is exciting to find that TETs and 5hmC changes are involved in immune signaling pathways, which may boost antitumor immunity. One study reported that in basal-like breast cancer (BLBC), the activation of nuclear factor кB (NF-кB) could suppress TET1 by binding to its promoter, highlighting a novel epigenetic-immunity connection (Collignon et al., 2018). NF-кB is a transcription factor involved in the activation of immune cells and regulation of immune signaling pathways (Gerondakis and Siebenlist, 2010; Hoesel and Schmid, 2013). Compared to TET1-high patients, low TET1 expression and subsequent 5hmC loss were associated with high infiltration of immune cells and better survival in BLBC (Collignon et al., 2018). Thus, the level of 5hmC could act as a marker of the immune response targeting tumor cells. TET2 also plays a substantial role in antitumor immunity. One study demonstrated that TET2 depletion could reduce Th1-type chemokines and PD-L1 expression by mediating the IFN-γ/JAK/STAT pathway, thereby decreasing tumor-infiltrating lymphocytes such as CD3+ and CD8+ T cell, and eventually it could compromise the efficacy of anti-PD-1/PD-L1 immunotherapy (Xu et al., 2019). Moreover, the 5hmC level in this study was positively correlated with the expression of chemokines and PD-L1 in tumor cells, infiltration of antitumor immune cells including CD3+ T cells, CD8+ T cells, and CD56+ NK cells, and the response towards anti-PD-1/PD-L1 therapy. Thus, TETs and 5hmC could potentially be predictors of antitumor immunity, which may help boost the immunotherapy of cancer.
Oxygen is an essential element of TETs catalysis during demethylation (Schito and Semenza, 2016). Several studies have reported the association between TETs activity and hypoxia in different cancer (Mariani et al., 2014; Tsai et al., 2014; Wu et al., 2015). One study reported that hypoxia could reduce 5hmC levels in tumor-suppressor gene promoters by directly impairing TET oxidative activity in oncogenic process (Thienpont et al., 2016). However, in another study, hypoxia could conversely increase the expression of TET1, TET3 as well as 5hmC level in promoters, leading to carcinogenesis and poor prognosis of breast cancer patients via a TET-TNFα-p38-MAPK signaling (Wu et al., 2015). Interestingly, it was also reported that hypoxia-induced TET1 was associated with lipid metabolism in inducing EMT and cancer metastasis. ‘Hypoxia-induced TET1 could increase the 5hmC level in the promoter of insulin induced gene 1 (INSIG1), the main regulator of cholesterol biosynthesis (Tsai et al., 2014). The knockdown of INSIG1 could abolish the activation of mesenchymal genes, mitigating the activity of migration and invasion of lung cancer cells, and it could even decrease gene expression in the glucose metabolism pathway that contribute to the hypoxia-induced Warburg effect in tumor cells (Tsai et al., 2014). Thus, TET1 may play a crucial role in regulating cholesterol and glucose metabolism in tumor cells, although the mechanisms need to be further explored. In summary, the relationship between aberrant 5hmC patterns and carcinogenesis relies on both transcriptional state of TETs and the hypoxic environment in cancer cells (Thomson and Meehan, 2017). With further exploration of the mechanisms underlying 5hmC and carcinogenesis, the identification of new therapeutic targets and medications could be a promising field in the precise medicine of cancer.
CONCLUSION AND PERSPECTIVE
In this review, we overviewed the current research on use of DNA hydroxymethylation as a novel biomarker in the era of precision medicine. 5hmC has been highly prevailing in recent years in cancer diagnosis and prognosis. Different from genetic mutations encoded in DNA sequence, DNA hydroxymethylation is potentially reversible, which holds great promise in cancer treatment by using pharmaceutical intervention to recover normal epigenetic patterns (Thomson and Meehan, 2017). It is worth considering to effectively translate cancer-associated 5hmC patterns into clinical practice in the field of oncology.
With the development of genome-wide sequencing assays in the last few years, 5hmC profiling can be detected via ctDNA or cfDNA-based liquid biopsies, which are effective, minimally invasive tools for cancer early detection and progression surveillance. Although several studies demonstrated the detection methods of 5hmC signatures in cfDNA remain crude (Zeng et al., 2019). Another challenge is that circulating DNA from scarce tumor sub-populations can only be shown at an extremely low level in cfDNA, restraining its detection (Chen et al., 2013). This should be considered when designing novel assays and evaluating the role of 5hmC patterns in cancer by liquid biopsy. Overall, 5hmC could be a robust and pivotal biomarker in the era of liquid biopsy and precision medicine.
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Method

Description

Limits

References

Digital PCR (dPCR)

Next-generation-
sequencing (NGS)

Droplet digital PCR
(ddPCR)

BEAMing technology
(beads, emuision,
amplification, and
magnetics)

CELLTRACKS®
AUTOPREP® System
and CELLTRACKS
ANALYZER I® System
(CelSearch Ki)

dPCR ensures increased identification and
absolute quantification of circulating tumor
DNA by amplfication of the target in the
presence of fluorescent dye.

NGS allows analysis of large parts of the
genome and can identify multiple mutations
vith increased sensitivty.

DAPCR represents a highly sensitive and
absolute quantification strategy that allows
detection of low-frequency variants by
amplification of single DNA molecules. This
strategy is based on splitting the sample.
into several individual droplets and each
droplet undergoes a PCR reaction that will
then be analyzed to determine the positive
fractions in the original sample.

BEAMing allows the detection of CtDNAS
based on the amplification of the DNA
segment by ePCR, then identification and
quantification of the beads containing the
mutation by flow cytometry.

CeliSearch is based on the selection of
circulating epithelial cells from peripheral
blood samples by the use of magnetic
beads and under the influence of a
magnetic field.

The dPCR's mutiplexing (simultaneous assay

of several targets) is imited.

Unable to detect all alteration types that could

oceur within a single target

Needs protocol optimization for each

alteration type.

Unable to simuitaneously detect gene

expression and gene alteration,

Detect only known mutations,

Library and sequencing kits are expensive and

time-consuming.

Sample procession and library preparation

need experienced specialists.

Primary and secondary data analysis require

bioinformatics expertise.

Raw data can be noisy.
Need adequate sequencing coverage.

Gan miss low-frequency variants.

Need orthogonal validation.

Presence of technical false negative and false

positive resdls.

Lack of full automation of the technique.
Detection of only known mutations.

Technical complexity difficult to tackle for

routine analysis,

The success rate of emuision PCR s low.
Targets only a small number of alterations.
Detection only known mutations.
Introduction of biases due to requirement of

pre-ampliication of the target sequence.

CTCs with mesenchymal features cannot

be detected.

Only GTCs that retain epithelial features can

be detected.

- The test requies the collection of large volume

of blood for analysis.

Only few cells are detected.

Mansour et al., 2012; Fernandez-Lazaro
etal, 2020

Noone et al., 2018; Wang et al., 2019;
Fernandez-Lazaro et al., 2020

Peng et al., 2017; Wang et al., 2019;
Fernandez-Lézaro et al., 2020

Cheung et al., 2018; Wang et al., 2019;
Fernandez-Lazaro et al., 2020

Neumann et al., 2018; Noone et al.,
2018; Cortés-Hernandez et al., 2020;
World Health Organization, 2020a
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Number of patients

Mean age of diagnosis (range)

Sex

Male

Female

Immune status/localization
immunocompromised HIV + /systemic
immunocompromised PTLD/systemic
immunocompromised HIV + /CNS
immunocompromised PTLD/CNS
immunocompromised HIV + /Lung
Immunocompetent/CNS

Histology

Stage

Spreading

NHL

19
56 (21-76)

16 (84%)
3 (16%)

Monomorphic B-cell PTLD (9)
Polymorphic PTLD (3)
DLBCL (3)

Burkitt lymphoma (1)
Marginal zone lymphoma (1)
Plasmablastic lymphoma(1)
HHV8 + DLBCL,NOS (1)
Ann Arbor for systemic NHL
Stage | (4)

Stage Il (0)

Stage Il (O)

Stage IV (9)

Extranodal involvement
Yes (10)

No (2)

Lung cancer

5
61 (58-74)

5 (100%)
0

NA
NA
NA
NA
5 (100%)
NA

Non small cell adenocarcinoma (5)

TNM classification
Stage |

Stage Il (2)

Stage Il (1)

Stage IV (2)
Metastasis

Yes (2)

No (3)

Glioma

12
36 (18-62)

6 (50%)
6 (50%)

NA
NA
NA
NA
NA
12 (100%)

Ganglioglioma (2)
Glioblastoma (4)
Oligodendroglioma (3)
Astrocytoma(3)

Stage | (2)
Stage Il (2)
Stage Ill (4)
Stage IV (4)
Metastasis

No (12)

NHL, Non-Hodgkin lymphoma. CNS, central nervous system. DLBCL, diffuse large B cell lymphoma.
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FGFR2 Amplification >4 >4 49 > 80 82
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APC Loss/deletion Not detected Not detected Not detected Detected Detected
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NI, not included; NC, not covered region; FLQ), filtered for low quality; ND, not detected; OTR, out of target region; TL, tolerated; DT, deleterious; BG, benign; PD, Probably Damaging; PS, Possibly damaging; U,

Unknown, NL, normal: DC, Disease causing; NFN, non-functional neutral; NFL, non-functional low; FCM, functional medium; DG, Damaging; HF, harmful. T Known to be disease causing.
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Sample type Isolation method Mean size + standard Approximate sample Approximate

error (nm) volume for 2 x 10° particles processing time

Conditioned Medium NP 129.3 £ 4.7 nm 137 pL 35h

ExoQ 150.6 £ 4.2 nm 287 pL 19h

UC-I 1449 £3.3nm 1650 pL 27 h

UC-Il 137.3+£ 3.7 nm 660 puL 26 h

Uc-Iil 1565.1 £2.7 nm 480 pL 6h

UcC-Iv 162.0 £3.2nm 660 pL 7h
Plasma NP 80.5 £3.8 nm 1.7l 35h

UC-I 140.7 £ 6.2 nm 400 pL 27T h

Vitreous humor NP 1656.5 +£ 2.8 nm 5.7 nL 3.5h
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Patient B-Catenin expression in Number of Number of TGFB-RI-positive Number of vimentin-positive ~Number of COX-2-positive CTC/

ID the primary tumor B-catenin- CTCs in 5 ml of blood CTCs in 5 ml of blood CTCs in 5 ml of blood 1iml
positive CTCs in
5 ml of blood

1 Negative 1 0 0 1 1

2 Positive 4 0 0 1 1.8
3 Positive 0 2 2 0 3.8
4 Positive 0 1 0 2 1
5 Positive 4 0 2 2 2.6
6 Positive 0 0 0 0 0.8
7 Positive 0 4 0 8 13
8 Positive 2 1 0 0 4.8
9 Positive 0 0 0 0 2.6
10 Positive 5 8 1 0 5
11 2 2 7 2 0 4.75
12 Negative 0 0 0 0 0.5
13 = 4 2 0 0 1.75
14 Negative 1 3 0 0 10.5
16 = 3 0 0 1 5
16 - 1 0 0 0 1.25
¥ Positive 6" 0 o* 1 8
18 Positive 0 1 0 0 1

CTC, circulating tumor cell; COX-2, cyclooxygenase-2.
*Patient with positive circulating tumor microemboli (CTMs) for B-catenin and vimentin.
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Variable No. %

Total number of patients 18 100
Age at recruitment, years

Median (range) 43.5 (18-65)

Gender

Male 2 "

Female 16 89
Tumor location

Lower limbs 5 28
Upper limbs 2 11

Supraclavicular 2 11

Abdominal wall 3 18
Scapular region 1 5

Retroperitoneum 1 5

Gluteal region 2 11

Paravertebral 2 "

Relapse

Yes 12 67

No 33

o
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Cancer type Exosome biomarker Drug-mediated Investigation model References
resistance
Lung cancer RNA-based: miR-222-3p Gemcitabine A549-GR and A549-P cell lines, female severe combined Wei et al., 2017
immunodeficient (SCID) mice (n = 12), and human blood
samples (n = 50)
RNA-based: miR-214 Gefitinib PC-9 and PC-9GR cell lines and male BALB/c nu/nu mice Zhang Y. et al.,
(n =20) 2018
RNA-based: miR-100-5p Cisplatin A549 and A549/DDP cells lines and BABL/c athymic nude  Qin et al., 2017
mice (n = 25)
RNA-based: mRNA ZEB1 Multidrug HBEC and HBECs with p53 knockdown, KRASV12 Lobb et al., 2017
overexpression, and LKB1 knockdown cell lines
RNA-based: IncRNA H19 Gefitinib HCC827 and HCC4006 cell lines Leietal., 2018
RNA-based: IncRNA RP11-838N2.4  Erlotinib HCC827, HCC827/R, HCC4006, and HCC4006/R cells line  Zhang W. et al.,
and serum samples (n = 78) 2018
RNA-based: miRNA-146a-5p Gemcitabine Serum samples (n = 100) and paraffin sections of lung Yuwen et al., 2017
cancer tissues (n = 12)
RNA-based: miRNA-425-3p Cisplatin AB49, PC-9, SPCAT1, H1299, H1650, H1703, H1975,and  Yuwen et al., 2019
A549/DDP cell lines, serum samples (n = 114), and paraffin
sections of lung cancer tissues (n = 203)
RNA-based: IncRNA SNHG 14 Trastuzumab SKBR-3, BT474, SKBR-3/Tr, and BT474/Tr cell lines and Dong et al., 2018
serum samples (n = 72)
Protein-based: P-gp ADM/Docetaxel MCF7/WT and MCF7/ADM cell lines and plasma samples Ning et al., 2017
=98
Protein-based: HER2 Trastuzumab SKBR3, BT474, and MDA-MB-231 cell lines Ciravolo et al.,
2012
RNA-based: mRNA UCH-L1 ADM MCF7/WT and MCF7/ADM cell lines and plasma samples Ning et al., 2017
(n=93)
Ovarian cancer RNA-based: miR-1246 Paclitaxel HeyA8, SKOV3-ip1, A2780, HeyA8-MDR, SKOV3-TR, Kanlikilicer et al.,
A2780-CP20, THP-1, and HIO180 cell lines and female 2018
athymic nude mice (n = 40)
Protein-based: P-gp Paclitaxel A2780, SKOV3, MCF-7, MBA-MD-231, Hel, and THP1 cell  Zhuet al.,, 2019
lines and female athymic nude mice (n = 30)
Protein-based: Annexin A3 Platinum SKOV3, SKOV3/Cis, SKOV3/Car, A2780, A2780/Cis, and Yanet al., 2010
A2780/Car cell lines and tissue samples (n = 42)
Hepatocellular cancer RNA-based: miR-32-5p Multidrug Bel7402, Bel/5-FU, HEK-293T, SMCC-7721, HepG2, Fuetal., 2018
Hep3B, and MHCC97H cell lines and tissues samples
(h=72)
RNA-based: linc-ROR Doxorubicin/ HepG2, PLC-PRF5, and HH cell lines Takahashi et al.,
Camptothecin 2014
RNA-based: Inc-VLDLR Multidrug HepG2, Hep3B, PLC/PRF-5, Huh-7, and MzChA-1 cell Takahashi et al.,
lines 2014
RNA-based: miR-744 Sorafenib LO2 cell line and tissue samples (n = 120) Wang et al., 2019

ADM, adriamycin;, HER2, human epidermal growth factor receptor-2.
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Cancer type miRNAs Drug-mediated  References
resistance
Lung cancer miR-222-3p Gemcitabine Wei et al., 2017
miR-214 Gefitinib Zhang Y. et al.,
2018
miR-100-5p Cisplatin Qin et al., 2017
Breast cancer miR-222 Docetaxel Chenetal.,, 2014
miR-567 Truzhuo Han et al., 2020
miR-155-3p Paclitaxel Auetal., 2016
Ovarian cancer miR-21 Paclitaxel Auetal., 2016
miR-433 Paclitaxel Weiner-Gorzel
etal., 2015
miR-21-3p Cisplatin Pink et al., 2015
miR-1246 Paclitaxel Kanlikilicer et al.,
2018
miR-223 Cisplatin Zhu et al,, 2019
Leukemia miR-365 Imatinib Min et al., 2018
miR-19b Multidrug Bouvy et al., 2017
miR-20a Multidrug Bouvy et al., 2017
Hepatocellular cancer  miR-32-5p Multidrug Fuetal., 2018
Gastric cancer miR-21 Paclitaxel Jinetal., 2015
miR-501 Doxorubicin Fan et al., 2016; Xu
etal., 2018; Liu X.
etal., 2019
miR-522 Cisplatin and Zhang et al., 2020
Paclitaxel
miR-374-5p Oxaliplatin Jietal, 2019
Oral cancer miR-21 Cisplatin Liuetal., 2017
B-cell ymphoma miR-99a-5p Doxorubicin FengY.etal., 2019
miR-125b-5p  Doxorubicin Fan et al., 2016
Colorectal cancer miR-92a-3p 5-FU Hu et al., 2019
Head and neck cancer miR-196-a Cisplatin Qin et al,, 2019
Pancreatic cancer miR-365 Gefitinib Binenbaum et al.,
2018
miR-210 Gefitinib Binenbaum et al.,
2018
miR-155 Gefitinib Patel et al., 2017

5-FU, 5-fluoro-2,4(1H,3H)-pyrimidinedione.
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Cancer type Protein Drug-mediated References
resistance
Breast cancer P-gp Adriamycin Ning et al., 2017
P-gp Docetaxel Lvetal, 2014
Survivin Paclitaxel Kreger et al., 2016
Ovarian cancer DNMTH Cisplatin Caoetal., 2017
P-gp Paclitaxel Zhang et al., 2014
Annexin A3 Platinum Yan et al., 2010;
Yin et al., 2012
ATP7A/ATP  Cisplatin Safaei et al., 2005
7B/MRP1
Leukemia P-gp Multidrug Bebawy et al.,
2009
MRP1 Multidrug Luetal., 2013
Prostate cancer P-gp Docetaxel Kato et al., 2015
Colorectal cancer P-STAT3 5-Fluorouracil Zhang Q. et al,,
2019
Pancreatic cancer EphA2 Gemcitabine Fan et al., 2018
Diffuse large B cell CA1 R-CHOP Feng et al., 2020

lymphoma

ATP7A/ATP7B, ATPase copper transporting alpha/beta; CA1, carbonic anhydrase
1, DNMT1, DNA methyltransferase 1; EphA2, ephrin type-A receptor 2; MRP1,
multidrug resistance protein 1; P-gp, P-glycoprotein; R-CHOP, cyclophosphamide,
doxorubicin, vincristine, and prednisone, combined with rituximab.
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Feature Approach
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Histone modifications s
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Nucleosome positioning aw
NeRNAs Ls
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Method

MsP
aMsP

Methylight
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Multiplexed-ScAEBS
Methyl-BEAMing
ddPCR
MBD-ddPCR
waBs

MCTA-seq

8BS

of-RRBS
Microarrays
cfMeDIP-seq
5hmC-Seal

ChiP

ciChIP-seq

was

Nanostring
RT-qPCR

ddPCR

Isothermic
PNA-based biosensor
ISH-LNA

Droplet microflidic
Microarrays
RNA-seq

Characteristics of the analysis

CpG sites by POR
CpG sites by GPCR
CpG sites with fluorescent probes by qPCR

Regions with CpGs by GPCR and melting curves
CpGs sites in multiple loci by Sanger sequencing

CpG sites by emulsion dPCR

CpG sites by ddPCR

Immunoprecitation and ddPCR

CpG sites in whole genome by NGS
Analysis of CpG islands by NGS

Target GpG sites analysis by NGS
Enzymatic digestion with Mspl and NGS
~850.000 CpG sites

Immunoprecipitation and NGS

Genomic 5hmG analysis by NGS
‘Chromatin immunoprecipitation and gPCR
Chromatin immunoprecipitation and NGS
Analysis of DNA fragmentation by NGS
Panel of transcripts without ampliication
Transcript detection by GPCR

Transcript analysis by ddPCR
Amplification at single temperature
Transcript analysis without amplification
ISH and LNA for transcript detection in CTCs

Multiple transcripts in GTCs with droplet microfuicic

Multiple transcripts by microarrays
Transcriptomic analysis by NGS

References

Herman et al., 1996
Danese et al., 2013
Eads et al., 2000

Yang et al,, 2015
Pixberg et al,, 2017
Lietal, 2009

Picardo et al., 2019
Shinjo et al., 2020
Lietal, 2018

LiuX. etal, 2019

Liu M. C. et al,, 2020
De Koker et al., 2019
Gallardo-Gomez et al., 2018
Shen et al,, 2018
Lietal, 2017

Gezer et al, 2012
Vad-Nielsen et al., 2020
Mouliere et al., 2018
Shukla et al., 2018
Cojocneanu et al., 2020
Gasparello et al,, 2020
Miao et al., 2016
Metcalf et al., 2016
Ortega et al., 2015
Lietal, 2019
Cojocneanu et al., 2020
Amorim et al., 2017

LS, locus-specific; GW, genome-wide; MSP, methylation-specific PCR; qMSP, quantitative methylation-specific PCR; MS-HRM, methylation specific high resolution melting; SCAEBS,
single-cellagarose-embedded bisullte sequencing; BEAMing, beads, emulsion, amplification, and magnetics dPCR, digital PCR; ddPCR, droplet cigitel PCR; MBD, methyl-GpG binding
protein; WGBS, whole genome bisulfte sequencing; NGS, next-generation sequencing; MCTA-seq, methylated CpG tandem amplification and sequencing; TBS, targeted bisulite
sequencing; cf-RRBS, cel-free DA reduced representation bisulfite sequencing; cfMeDIP-seq, cell-free methylated DNA immunoprecipitation and high-throughput sequencing; ShimG,
5-hydroxymethylcytosine; ChiR, chromatin immunoprecipitation; cfChiP-seq, chromatin immunoprecipitation followed by sequencing of celk-free nucleosomes; WGS, whole genome
sequencing; RT-qPCR, quantitative reverse transcription PCR: PNA, peptide nucleic acids; ISH-LNA, in situ hybridization-locked nucleic acid: RNA-seq, RNA sequencing.
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References Body fluid Tumor type Method EV type DNAase  Yield DNAsize  Biomarkers/

platform
Krug et al. (2017) Plasma NSCLC Exo-Elution™ Smalland No ND ND EGFR T790M by
Plus extraction large EVs NGS
kit
Castellanos- Plasma NSCLC Exo-Elution™ Small and No ND ND EGFR mutations
Rizaldos et al. Plus extraction large EVs by NGS
(2018) kit
Allenson et al Plasma Pancreatic cancer  Ultracentrifugation  Small EVs No ND ND KRAS mutations
(2017 by ddPCR
Yangetal. 2017)  Serum Pancreatic cancer  Ultracentrifugation  Small EVs No ND ND KRAS and TP53
mutations by
ddPCR
San Lucas et al Pleural luid Pancreatic cancer  Ultracentrifugation  Small EVs No ND >10kb Tumor profiing by
(2016) lumina
Hiseq2500
Figueroa et al OSF Glioblastoma Ultracentrifugation ~ Small EVs Yes ND ND EGFRvlll mutation
(2017) by QPCR
Garcia-Silva et al. Lymphatic Melanoma Exo-Elution™ Smalland No ND ND BRAF V600E by
(2019) exudate Plus extraction large EVs QPCR
kit
Hur et al. (2019) BALF NSCLC Ultracentrifugation  Small EVs No ND ND EGFR mutations
by QPCR
Song et al. (2019) Pleural NSCLC Exo-Elution™ Small and No ND ND Targeted-NGS
effusion fluid Plus extraction large EVs
kit
Lee etal. (2018) Urine Bladder cancer ExoQuick-TC Small EVs No ND ND Mutation analysis
by target capture
sequencing /CNV
by whole genome
sequencing

CFS, cerebrospinal fluid: BALF, bronchoalveolar lavage fluid; NSCLC, non-small cell lung cancer; PDAC, pancreatic ductal adenocarcinoma; ND, not determined.
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Mutation(s) Stage of tumors:  Mutant DNA Type of sample Clinical relevance and potential application References
detected localized, localization
metastatic, all
stages
Ovarian cancer
DROSHA, LIG4, Metastatic Internal Ascites and plasma  Treatment with genotoxic drugs resulted in Yokoi et al., 2019
MACROD2, SATB1, double-stranded increased cancer cell micronuclei and genomic
RASSF6, and BIRC2 exoDNA DNA and other nuclear contains into exosomes
Glioblastoma
IDH1G395A All stages (II-V) Internal and Peripheral blood IDH1G395 mutation is detected in exosomes, Garcia-Romero et al.,
external and surgical tissue correlation with diagnostic and prognostic in all 2017
sample stages, DNA-containing EVs can cross the
disrupted blood-brain barrier
Non-small cell lung cancer
EGFR Advance ExoDNA (internal) Plasma and Combining exoDNA and ctDNA increased the Krug etal., 2018
non-small cell lung  and ctDNA matched baseline sensitivity for EGFR mutation detection in plasma.
cancer plasma and tissue Useful in MO/M1a patients
biopsy samples
EGFR T790M All stages and ExoDNA/RNA Plasma The combination of exoDNA/RNA and ctDNA for  Castellanos-Rizaldos
healthy controls (internal) and EGFR T790M has a better sensitivity and etal., 2018
ctDNA specificity than ctDNA alone
EGFR All stages ExoDNA (internal) Plasma Diagnostic and prognosis Hur et al., 2019
EGFR T790M All stages ExoDNA (internal) Plasma and Diagnosis and prognosis Park et al., 2020
and ctDNA bronchial washing
Urothelial carcinoma of bladder
MDM2, ERBB2, T2, T3, T4,NO, N2 ExoDNA (internal) Urine samples Identification of somatic mutation and copy Leeetal., 2018
CCND1, CCNET, and ctDNA number variation using ctDNA and exoDNA in

CDKN2A, PTEN, RB1
Prostate cancer
P53, MLH1, PTEN

AR gene
amplification, AR-V7
transcript, and T878A
mutation

MYC, PTEN

Melanoma
BRAF V600E

Pancreatic cancer
KRAS

KRASG12D TP
53R273H

KRAS

T1c, T3

Metastatic
castration-
resistant prostate
cancer
Metastatic
castration-
resistant prostate
cancer

T3, T4

All stages

Resectable

All stages

ExoDNA internal
and external

ExoDNA and
exoRNA internal
and external

Single-stranded
and
double-stranded
DNA

ExoDNA (internal
and external) and
cfDNA

ExoDNA (internal)
and ctDNA

ExoDNA (internal)

ExoDNA (internal)
and ctDNA

Plasma

Plasma

Plasma

Plasma

Plasma

Plasma

Plasma

urine samples

EVs contain dsgDNA fragments that could be
used to detect specific mutation. EVs could be
used as potential biomarkers for diagnostic and
prognosis

Selective isolation of a subset of circulating
exosomes enriched for tumor origin increases
sensitivity and specificity for the detection of
specific alterations

EVs contain extracellular DNA and suggest that it
could be used to monitor metastatic prostate
cancer

Significant improvement in BRAF Y600 mutation
detection combining cfDNA and EV-DNA analysis
using peptide affinity assay

Higher KRAS exo-DNA MAF was associated with
decreased DFS in patients with localized disease

ExoDNA could be an interesting tool to diagnose
pancreatic malignancies

MAF > 5% is correlated with worse DFS and OS

Lézaro-lbanez et al.,
2014

Foroni et al., 2020

Vagner et al., 2018

Zocco et al., 2020

Allenson et al., 2017

Yang et al., 2017

Bernard et al., 2019

MAF, mutant allele frequency. ExoDNA, exosomal DNA. Exo-DNA internal, a DNAse step was carried out prior to tumor DNA detection in exosomes. DFS,
disease free survival. OS, overall survival. ctDNA, circulating tumor DNA. cfDNA, cell-free DNA. EV, extracellular vesicles. gDNA, genomic DNA. dsgDNA, double-

stranded genomic DNA.
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Visual impairments
Age 18 yrs

Negative family history
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Clinical examination URGENT TC-scan Peripheral blood collection
Negative fundus oculi Normal total blood cell count
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Clinical parameters N TEP miR-18a-3p p-value

Low High High%
Age 54 45.85 + 9.83 49.55 + 10.67 - 0.392°
n=7 n=47
Gender
Male 35 3 32 91.4 0.226
Female 19 4 15 78.9
Hypertension 8 0 8 100 0.576
Diabetes 6 1 5 83.3 >0.999
Nasopharyngitis i) 0 " 100 0.322
Smoking 12 1 " 91.7 >0.999
Alcohol drinking 6 0 6 100 >0.999
Tumor type
Undifferentiated 50 6 44 88.0 0.436
Differentiated 4 1 3 75.0
T classification
T 2 0 2 100.0 0.806
T2 1 1 10 90.0
T3 15 2 13 86.7
T4 17 1 16 94.1
Lymph node status
NO~N1 12 0 12 100.0 0.416
N2 22 3 19 86.4
N3 9 1 8 88.9
Metastatic status
MO 43 4 39 90.7 0.580
M1 3 0 3 100.0
EBV DNA
Negative 16 2 14 87.5 0.064%
Positive 32 5 27 84.4

Positive rate of TEP miR-18a-3p: 85.4%.
Positive rate of EBV DNA: 66.7%.
a)\jicNemar and Kappa tests, Cindependent-samples t-test, all others are Fisher test.
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Primers Sequence (5’~3)

miR-18a-  ACACTCCAGCTGGGACTGCCCTAAGTGCTCC

3p-S

miR-18a-  CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCCAGAAGG
3p-RT*

URP TGGTGTCGTGGAGTCG

Ue-F CTCGCTTCGGCAGCACA

U6-RT* AACGCTTCACGAATTTGCGT

*cDNA synthesis primers.
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Feature

MiRNAS

LncRNAs

CircRNAs

Biomarker/Assay

miR-19a, miR-20a,
miR-143, miR-145,
miR-150, let-7a

miR-139-3p

MiR-17-5p, miR-92a-3p
miR-19a

miR-21-5p, miR-12486,
miR-1229-5p, miR-96-5p
LINC02418

RPPH1

HOTTIP

circ-PNN

Clinical
application

Diagnosis

Diagnosis/
Metastasis
monitoring

Prognosis
Prognosis

Therapy
response

Diagnosis
Diagnosis
Prognosis
Diagnosis

References

Maminezhad et al.,
2020

Liu W. et al., 2020

Fuetal, 2018
Matsumura et al., 2015
Jin etal., 2019

Zhao Y. etal., 2019
Liang et al., 2019
Ochme et al., 2019
Xie Y. et al., 2020
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Feature

Methylation

Hydroxymethylation

Sample

Stool
Stool
Stool
Stool

Stool

Stool
Stool

Urine
Urine
Urine
Bowel lavage
Bowel lavage
Urine

Biomarker/Assay

FBN1

8DC2, VIM

HPP1, SFRP2, MGMT
miR-34a, miR-34b/c

ColoGuard
(NDRG4, BMP3)

ColoSure (Vi)

ColoDefense

(SEPT9, SDC2)

viv

NDRG4

WIF1

mir-34b/c

miR-124-3, LOC386758, SFRP1

5-hydroxymethylated cytosine
nucleosides

Clinical application

Diagnosis
Diagnosis
Diagnosis/Screening
Diagnosis

Diagnosis

Diagnosis
Diagnosis

Diagnosis/Screening
Diagnosis
Diagnosis
Diagnosis
Diagnosis
Diagnosis

References

Guo etal., 2013
Chen et al., 2005
Huang et al., 2007

Kalimutho et al., 2011; Wu et al.,
2014

Imperiale et al., 2014

Ned etal., 2011
Zhao et al., 2020a

Song etal., 2012
Xiao et al., 2015
Amiot et al., 2014
Kamimae et al,, 2011
Harada et al., 2014
Guo et al,, 2018
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Feature Sample Biomarker/Assay Clinical application References
MIRNAS Stool miR-451a, miR-144-5p Diagnosis Wu et al., 2017
Stool miR-20a Diagnosis Wu etal., 2017
Stool miR-421, miR-27a-3p Diagnosis Duran-Sanchon et al., 2020
Stool miR-21 Diagnosis Wu etal, 2012
Saliva miR-21 Diagnosis Sazanov et al., 2017
Saliva miR-186-5p, miR-29a-3p, miR-29¢-3p, MiR-766-3p, and miR-491-5p

Diagnosis/Prognosis

Rapado-Gonzalez et al., 2019






OPS/images/fonc-11-628094/crossmark.jpg
©

2

i

|





OPS/images/fcell-09-622459/fcell-09-622459-t002.jpg
Feature

Methytation

Hydroxy-
methylation
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Epi proColon (SEPT9)
ColoDefense (SEPTO,
socz)

SFRP1, SFRP2, SDC2,
PRIMAT

SpecColon (SFAP2, SDC2)

TriMeth (C9orf50, KCNQS,
CLIP4)

Methylation of multiple CpG
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Methylation of genomic
regions

HPP1, HLTF

RARB, RASSF1A

EYA4, GRIA4, ITGA4,
MAP3K14-AS1, MSC
SEPT9, DCC, BOLL, SFAP2
WIF1, NPY

BCAT1, IKZF1

shmC

Clinical
application

Diagnosis
Diagnosis

Diagnosis

Diagnosis
Diagnosis

Diagnosis
Diagnosis

Prognosis
Prognosis
Monitoring

Monitoring
Monitoring
Monitoring
Diagnosis/
Prognosis

References

Lofton-Day et al., 2008

Zhao G. etal.,, 2019

Bartak et al,, 2017

Zhao et al., 2020b
Jensen et al., 2019

Liu M. C. etal., 2020

Shen etal., 2018

Wallner et al., 2006
Rasmussen et al., 2018
Barautlt et al., 2018

Bhangu et al., 2018
Garrigou et al., 2016
Young et al,, 2016
Gao et al., 2019
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Feature Biomarker/Assay Clinical References

application
Histone H3KOme3, H4K20me3,  Diagnosis ~ Gezer et al,, 2013,
modifications  H3K27me3 2015
H2AK119Ub, H3KOAC,  Diagnosis  Rabier et al., 2017
H3K27AC
H2AK119Ub, H3K9AC,  Diagnosis  Rahier etal, 2017
HaK20me3
Nucleosomes ~ Goncentration levels. Prognosis  Fahmueleer et al., 2012
Concentration levels Monitoring ~ Holdenrieder et al.,
2001
DNA fragmentation Diagnosis ~ Cristiano et al., 2019
DNA fragmentation Therapy  Kitahara et al., 2016

response
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Feature

MiRNAs

LncRNAs

CircRNAs

Biomarker/Assay

miR-21
miR-601, miR-760

miR-532-3p, miR-331, miR-195, miR-17, miR-142-3p, miR-15b, miR-632, miR-652

miR-431, miR-15b, miR-139-3p

miR-19a, miR-19b, miR-15b, miR-29a, miR-335, miR-18a
miR-210

miR-141

miR-23b

miR-96, miR-203, miR-141, miR-200b

miR-29a, miR-200b, miR-208, miR-31

miR-31, miR-141, miR-16

miR-126

miR-21, miR-221, miR-760

HOTAIR, CCAT1

91H, PVT-1, MEG3

XLOC_006844, LOC152578, XLOC_000303

SNHG11

HOTAIR

circ-CCDCB6, circ-ABCCH, cire-STIL.

hsa_circ_0082182, hsa_circ_0000370, hsa_circ_0035445
hsa_circ_0007534

hsa_circ_0002320

Clinical application

Diagnosis
Diagnosis
Diagnosis
Diagnosis
Diagnosis
Prognosis
Prognosis
Prognosis
Prognosis
Prognosis
Monitoring
Therapy response
Therapy response
Diagnosis
Diagnosis
Diagnosis
Diagnosis
Diagnosis/Prognosis
Diagnosis
Diagnosis
Diagnosis/Prognosis
Prognosis

References

Peng etal. 2017
Wang et al,, 2012
Kanaan et al., 2013
Kanaan et al., 2013
Herreros-Villanueva et al., 2019
Wang et al,, 2017
Cheng et al,, 2011
Kouetal, 2016
Sunetal., 2016
Yuan et al,, 2017
Yuan et al., 2017
Hansen et al., 2015
Schiripa et al., 2019)
Zhao et al., 2015
Liuetal, 2019
Shietal, 2015
Xuetal, 2020
Svoboda et al., 2014
Linetal, 2019

Ye etal, 2019
Zhang et al., 2018
Yang N. et al., 2020
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Functional category

Class |
Transcription factor
fusions by gene
rearrangements
Class Il

Myeloid transcription
factors

Class Il
Nucleophosmin 1
Class IV

Tumor suppressor

Class V
Signaling genes

Class VI

DNA
methylation-associated
genes

Class VIl
Chromatin modifiers

Class VI
Spliceosome-complex
genes

Class IX
Cohesin complex
genes

Genetic alteration

t(8:21)
inv16/1(16;16)

CEBPA
RUNX1
GATA2

NPM1

TP53

PHF6

Wr1

FLT3

KIT
KRAS/NRAS
PTPN11

DNMT3A
DNMT3B
IDH1

IDH2

TET1

TET2

ASXL1

EZH2
KMT2A fusions
KMT2A-PTD
SRSF2
SF3B1
U2AF1
ZRSR2
RAD21
SMC1/SMC2
STAG2

Functional outcome

Transcriptional deregulation and impaired
hematopoietic differentiation

Transcriptional deregulation and impaired
hematopoietic differentiation

Aberrant cytoplasmic localization of NPM1

Transcriptional deregulation and impaired
degradation

Proliferative advantage conferred by activation of
RAS/RAF, JAK/STAT, and PI3K/AKT signaling
pathways

Deregulation of DNA methylation, transcriptional
deregulation

Deregulation of chromatin modification and
transcriptional deregulation

Impaired spliceosome function; aberrant splicing

Possible impairment of chromosome segregation
and transcriptional regulation

Clinical significance/risk stratification

Favorable risk (absence of KIT*/FLT3*)

Intermediate to adverse risk

Favorable risk (absence of FLT3")

Adverse prognosis

Midostaurin, a multikinase inhibitor
approved by FDA for oral use.
Adverse prognosis in CBF AML

Diagnostic markers
Adverse prognosis in CN-AML

IDH1/2 anti-metabolite enzyme
inhibitors

Associated with adverse prognosis

Adverse prognosis

Adverse prognosis

Under investigation

*Mutations in the indicated gene.
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os DFS

HR (95% Cl) p-value HR (95% CI) p-value

sB7-H4 in

serum
no 1 0.02 | 0.74
yes 3.57 (1.23 -10.36) 1.3 (0.27 - 6.08)

CTCs in blood
no 1 0.006 1 0.35
yes 431(1.53-12.17) 0.59 (0.19 - 1.78)

Residual tumor
no 1 0.3 1 0.65
yes 153 (0.61 - 3.83) 1.27 (0.45 - 3.59)

FIGO stage
11} 1 0.16 1 0.86
v 0.47 (0.16 - 1.36) 0.89 (0.23 - 3.4)

Grade
/11 1 0.22 1 0.4
I 0.58 (0.25 - 1.38) 1.5 (0.57 - 3.93)

Lymph node

status
NO 1 0.58 1 0.73
N1 1.31(0.5-3.4) 1.21(0.41-3.54)

Platinum

sensitivity
Sensitive 1 <0.0001 1 <0.0001
Resistant 7.24 (3.03 - 17.33) 59.1 (4.62 - 771.97)

Cl, confidence interval: HR, hazard ratio.
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Totaln =85 sB7-H4 ng/mL levels p-value sB7-H4 presence p-value CTCs presence

in serum (IQR) in serum (%) in blood (%)

FIGO stage

1] 32.89 (5.41 - 71.9) 0.79 8(13.1) 0.19 17 (27.8)

\% 31.05 (22.5 - 44.47) 6 (25) 11 (45.8)
Grading

land Il 30.37 (22.5 - 92.97) 0.58 4(16.6) 0.4 11 (45.83)

i 31.73 (5.01 - 49.29) 11(18.9) 17 (29.3)
Lymph node status

NO 21.79 (6.2 - 31.79) 0.24 6 (25) 0.04 3(12.5)

N1 44.58 (17.49 - 87.6) 5(12.5) 16 (40)
Platinum sensitivity

Sensitive 33.48 (4.98 - 47.76) 0.25 8(16) 0.03 15 (30)

Resistant 31.05 (21.08 - 82.23) 6 (66.6) 13 (66.5) 23
Resection status

Complete resection 25.72 (5.41 - 41.28) 0.43 8(20.5) 0.4 10 (25.6)

Incomplete resection 44.58 (22.5 - 82.23) 6(14.3) 17 (40.47)

Comparisons between sB7-H4 serum levels were analyzed using Mann-Whitney U test, sB7-H4- and CTC-presence using chi-square test.

p-value

07

0.18

0.08

0.15
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Total n = 85 (%) p-value
FIGO stage
1] 61(71.8) 0.001
v 24 (282)
Grading
1and 2 24 (29.3) 0.0002
3 58 (70.7)
Nodal status
Node negative 24 (37.5) 0.04
Node positive 40 (62.5)
Platinum sensitivity
Sensitive 50 (84.7) 0.0001
Resistant 23 (27.1)
Resection status
Complete resection 39 (48.1) 0.73
Incomplete resection 42 (51.9)
Recurrence
No 29 (37.7) 0.03
Yes 48 (62.3)
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RNA-sequencing cohort Validation cohort | Treated non-CRPC Validation cohort Il

Treatment-naive CRPC Treatment-naive CRPC? Treatment-naive CRPC
Case number 2 24 108 42 36 30 30
Age, yr, median (IQR) 65.15 7555 65.90 7265 65.90 67.30 7170

(66.13-70.73)  (68.75-81.80)  (57.89-72.10)  (68.38-80.88) (61.10-73.56) (63.33-80.55)  (65.85-76.58)

Gleason score at diagnosis
<6 8 1 36 1 1 2 4
7 16 2 58 7 11 14 9
8 0 5 6 8 5 3 4
=9 0 9 8 16 14 8 10
unknown 0 7 0 10 5 3 3
Median PSA at sample 99 51 89 57 155 7 47.7
collection, ng/ml (IQR) (6.9-12.75) (17.75-241.8) (5.75-19) (215-192.3) (6.255-112.7) (1.75-2855 (9.35-119)

¥i, year; IQR, interquertie range; CRPC, castration-resistant prostate cancer; PSA, prostate-speciflc antigen. “including 24 patients used for RNA-sequencing; Pone patient's data
is missing.





OPS/images/fcell-08-602493/fcell-08-602493-t002.jpg
Limma

MiRNA p-value

miR-375 378 x 107
miR-193a-5p 393 x 10~
miR-101-3p 9.07 x 10-%
miR-451a 1.70 x 10-%
miR-320b 1.78 x 10798
miR-320a 3.07 x 107
miR-423-3p 479 x 1079
miR-148a-3p 533 x 10°%
miR-150-5p 5.87 x 10°%
miR-342-5p 639 x 10°%
miR-200a-3p 6.55 x 1079
miR-99a-5p 8.05x 107
miR-30c-5p 884 x 107

MiRNA

miR-375
miR-193a-5p
miR-9-5p
miR-184
miR-200a-3p
miR-320b
miR-148a-3p
miR-99a-5p
miR-150-5p
miR-320d
miR-320a
miR-423-3p
miR-122-5p

T™M

p-value

5.71 x 107"
1.32 x 1070
1.56 x 10-95
9.39 x 10795
4.00 x 10-%4
4.90 x 10704
1.04 x 10°%
1.70 x 107%
2.63 x 10-%
2.90 x 107
3.26 x 107
327 x 107
7.07 x 10-%%

MiRNA

miR-423-3p
miR-21-5p
miR-320a
miR-193a-5p
miR-451a
miR-24-3p
miR-99a-5p
miR-146a-5p
miR-200a-3p
miR-22-5p
miR-320d

CPM

p-value

420 x 107%
1.06 x 10-%
1.10 x 10-%
2,07 x 107%%
261 x 107%
325 x 107%%
4.74 x 107%
7.78 x 10°%
833 x 107%
9.21 x 107%
9.82 x 107

DESeq2

MiRNA p-value

miR-375 7.79 x 1077
miR-193a-5p 2.36 x 10-%
miR-320b 1.53 x 10-%
miR-200a-3p 2.73 x 10-%
miR-320a 2.83 x 107%
miR-99a-5p 5.40 x 10-%
miR-423-3p 6.32 x 107%
miR-9-5p 6.39 x 107
miR-150-5p 8.47 x 107%
miR-148a-3p 1.09 x 10-%
miR-320d 2.86 x 107
miR-101-3p 531 x 10°%
miR-451a 5.62 x 107
miR-24-3p 6.09 x 10-%%

CRPC, castration-resistant prostate cancer; CPM, counts per million transformation; TMM, the trimmed mean of M-value normalization. MiRNAs in bold are these differentially expression

by all four analysis methods.
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Major findings

Plasma is easily accessible
and useful for detection
and monitoring of myeloid
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prediction of therapeutic
efficacy.
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Monoclonal IGH and TCR
rearrangement in cfDNA
may represent a useful tool
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