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Preface to ”“Cancer Biomarkers in Body Fluids”

Over the next 20 years, a sharp rise in cancer cases is expected, increasing from 18.1 million
people diagnosed in 2018 to an expected 29.5 million people in 2040 (Global Cancer Observatory;
WHO). Cancer burden can be reduced by promoting prevention campaigns, increasing early
detection, and implementing personalized cancer therapies. In such a scenario, the identification
of circulating biomarkers in body fluids is emerging as a breakthrough in cancer diagnostics for the
relative ease of obtaining biological samples using minimally invasive procedures before, during,
and after cancer treatment; additionally, the availability of groundbreaking technologies which
perform high-throughput and informative biomolecular analyses on limiting sample amounts is
boosting biomarkers screening studies. Recently, several scientific publications have provided proof
of principle studies which show the great advantage of using circulating biomarkers to monitor
exposure to cancer risk factors, increase the accuracy of cancer screening protocols, and detect
actionable therapeutic targets. Liquid biopsy shows promise for cancer screening and diagnostics,

though some technical challenges still remain.

Fabrizio Bianchi
Editor
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Simple Summary: Lung cancer is the leading cause of cancer death worldwide. Detecting lung
malignancies promptly is essential for any anticancer treatment to reduce mortality and morbidity,
especially in high-risk individuals. The use of liquid biopsy to detect circulating biomarkers such
as RNA, microRNA, DNA, proteins, autoantibodies in the blood, as well as circulating tumor
cells (CTCs), can substantially change the way we manage lung cancer patients by improving
disease stratification using intrinsic molecular characteristics, identification of therapeutic targets
and monitoring molecular residual disease. Here, we made an update on recent developments in
liquid biopsy-based biomarkers for lung cancer early diagnosis, and we propose guidelines for an
accurate study design, execution, and data interpretation for biomarker development.

Abstract: Lung cancer burden is increasing, with 2 million deaths/year worldwide. Current limi-
tations in early detection impede lung cancer diagnosis when the disease is still localized and thus
more curable by surgery or multimodality treatment. Liquid biopsy is emerging as an important
tool for lung cancer early detection and for monitoring therapy response. Here, we reviewed recent
advances in liquid biopsy for early diagnosis of lung cancer. We summarized DNA- or RNA-based
biomarkers, proteins, autoantibodies circulating in the blood, as well as circulating tumor cells
(CTCs), and compared the most promising studies in terms of biomarkers prediction performance.
While we observed an overall good performance for the proposed biomarkers, we noticed some
critical aspects which may complicate the successful translation of these biomarkers into the clinical
setting. We, therefore, proposed a roadmap for successful development of lung cancer biomarkers
during the discovery, prioritization, and clinical validation phase. The integration of innovative
minimally invasive biomarkers in screening programs is highly demanded to augment lung cancer

early detection.

Keywords: lung cancer; early diagnosis; biomarkers; liquid biopsy

1. Introduction

Lung cancer is an aggressive disease accounting for ~380,000 deaths/year only in
Europe (WHO; http:/ /gco.iarc.fr; accessed on 21 April 2021) and ~2 million deaths/year
worldwide. With the COVID-19 pandemic, these rates are unfortunately expected to rise,
mainly due to delays in screening, hospitalizations and therapies, which will cause a
stage-shift for newly diagnosed lung tumors [1-3].
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Detecting lung malignancies promptly is essential for any anticancer treatment to
reduce mortality and morbidity, especially in high-risk individuals [4]. The US National
Lung Screening Trial (NLST) and other non-randomized trials [5] demonstrated that Low-
Dose Computed Tomography (LDCT) screening can reduce mortality (~20%). Recently,
the European NELSON trial has observed a lung cancer mortality reduction of ~25% at
10 years and up to ~30% at 10 years [6]. The drawback of LDCT screening is the presence
of uncertainties about high costs, risk of radiation exposure, and false positives observed
in the screening population [7], which may obstacle a fully safe large scale implementation
of the LDCT screening for lung cancer in Europe [8]. The false-positive rate is particularly
problematic, as suspicious nodules may require invasive investigations, causing unneces-
sary morbidity and reduced acceptance of screening among at-risk individuals. Therefore,
the integration of LDCT screening with innovative cancer biomarkers analyzable through
minimally invasive approaches aimed to increase screening accuracy is highly demanded.
Several pre-clinical studies have suggested that circulating molecules such as microRNA,
DNA, proteins, autoantibodies in the blood, as well as circulating tumor cells (CTCs), could
be potentially useful to diagnose lung cancer and increase screening accuracy [9-12]. In
addition, some studies in actual lung cancer screening cohorts confirmed the diagnostic
validity of measuring blood biomarkers for lung cancer early detection [13-15]. Yet, pitfalls
and caveats emerged during validation of some proposed biomarkers for lung cancer early
detection once applied to independent cohorts/multicenter studies and/or actual lung
cancer screening cohorts, which highlight the need to establish a roadmap to develop
effective biomarkers.

We reviewed the literature for the most promising biomarkers and relevant technical
issues, of which here we present a summary with the aim to propose guidelines for an
accurate study design and execution, and data interpretation for biomarker development.
We hope that these guidelines will aid further research and facilitate the translation of
circulating biomarkers into clinical setting.

2. Lung Cancer Biomarkers

In the last 10 years, there has been a sharp rise in published studies on lung cancer
diagnostic biomarkers, with over 544 papers published only in the last 5 years (Figure 1A).
However, a sizable fraction of these works relies on a relatively small cohort of samples
analyzed, without validation of biomarkers in independent cohorts and, more importantly,
in lung cancer screening trials. Ideally, robust biomarker(s) should facilitate the selection of
at-risk individuals independently of risk factors such as age and smoking habits, and/or
provide pathological information about indeterminate pulmonary nodules (IPNs) to aid
clinical decision making, and/or provide predictive/prognostic information. Here, we
focused on the most promising minimally invasive, reproducible and extensively validated
biomarkers assessed in prospective studies, including lung cancer screening trials.
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Key challenges

Integration of proposed
biomarkers in current screening
program

Make explicit hypotheses linked to
potential application in clinics

Screening of many healthy
people, with wide phenotypic
features.

High molecular heterogeneity of
lung cancer

Enrollment protocol with clear
inclusion end exclusion criteria

Adequate sample size

Limit self-selection bias

No convenience selection of samples

Limit bias from experimental
analysis (control of pre-
analytical factors)

Randomization and blinding in data
processing

Avoid overfitting

Sample-splitting or cross-validation in
data analysis

Utility of biomarker testing
across all study subjects and in
specific groups

ROC analysis overall, and subgroup
and/or multivariable analysis

Parsimonious set of markers to
facilitate translation into clinic

Explore the biological function of
biomarkers

Evaluate assay/platforms
reproducibility and standardization

Translation in a clinically
applicable platform and
confirmation in a large
prospective trial

Involvement of industrial and clinical
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Figure 1. (A) Papers on lung cancer diagnostic biomarkers. PubMed free search engine which primarily accesses the MEDLINE
database was interrogated (April 2021) by using ‘advanced search’ tool and with the following MESH terms: Lung neoplasms;
Biomarkers; Diagnosis. (B) Schematic representation of best practice in biomarker development for early detection of lung cancer.
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2.1. DNA-Based Biomarkers

Circulating tumor DNA (ctDNA) was extensively investigated in the latest years due to
recent technological advances in the field of next-generation sequencing (NGS). Indeed, the
NGS technologies allow the analysis of custom panels of genes (i.e., targeted gene panels, TGP)
at an affordable cost (~330€ per sample; [16]) and the detection of mutant alleles presenting
with low frequency (<1%; [11,17,18]), which is mandatory when dealing with ctDNA, i.e.,
underrepresented among the more abundant cell-free DNA (cfDNA) of hematopoietic origin.
Although ctDNA was shown to be effective in the diagnosis of advanced lung cancer, the use
of ctDNA for detection of early stage lung tumors is suboptimal (with sensitivity ranging
from ~50%, [11,19] to 15% in the case of stage I NSCLC; [20]), which can be ascribable to
the rare amount of ctDNA present in blood samples of stage I disease patients; indeed, the
low proliferation/metabolic rate, and/or dismal tumor angiogenesis, and/or lack of necrotic
areas of these localized and tiny tumor lesions all contribute to a reduced ctDNA shedding, as
recent observations have suggested [21].

Furthermore, commercial TGPs are usually designed to track druggable cancer driver
mutations in more advanced cancer which, therefore, can be underrepresented in early
stage disease, i.e., characterized by lower intra-tumor genetic heterogeneity [22-24]. Con-
sequently, the chance to capture nucleotide variants in ctDNA of stage I is dismal. As an
alternative, some groups applied the CAncer Personalized Profiling by deep Sequencing
(CAPP-Seq) [11] in liquid biopsies to overcome the limited sensitivity of more standard
approaches. CAPP-seq introduced a preliminary bioinformatics approach to select target
genes containing regions recurrently mutated in the cancer of interest [11]. Despite signifi-
cant results reached by applying such technology to track molecular residual disease (MRD)
during lung cancer therapy [25], the application of CAPP-seq for diagnosis of early stage
lung cancer still resulted in a suboptimal sensitivity (~50% [21]). Whole-exome (WES) or
whole-genome (WGS) sequencing [26] of ctDNA, covering the entire set of known human
genes in order to overcome limitations of TGP, have been also attempted [27]. However, it
should be kept in mind that the larger the gene panels, the more difficult it is to obtain high
sensitivity for mutation calling and to maintain affordable costs. The high level of ctDNA
fragmentation (~100-150 bp in size; [27,28]) should also be considered when designing li-
braries for NGS. Other caveats in the detection of ctDNA are related to clonal hematopoiesis
(CH), i.e., an age-dependent process determining the accumulation of somatic mutations
in hematopoietic stem and progenitor cells ultimately leading to the clonal expansion of
mutated hematopoietic cells; CH accounts for the non-tumor derived mutations detected
from plasma [29]. Therefore, it is worth considering to sequence matched white blood cell
(WBC) DNA and cfDNA to determine the tumor specific fraction of cfDNA mutations.

Beyond detecting ctDNA mutations, other groups described methylation profiling
of cfDNA as a source of innovative minimally invasive cancer biomarkers. A global
hypomethylation of DNA is usually observed in cancer cells, yet hypermethylated regions
overlapping with CpG islands promoters of tumor suppressor genes were also discovered
and exploited to detect ctDNA [30]. The analysis cfDNA using specific methylation
signatures to estimate the ctDNA fraction was indeed showed to be a valuable approach
for diagnostic and prognostic purposes in lung cancer [31,32]. In a recent large trial with
a multi-cancer cohort of over 6000 participants, the methylation profile of ctDNA was
found to be highly specific (~99.3%) and to reach an acceptable sensitivity of 67.3% in a
set of 12 cancer types and including lung cancer. However, sensitivity dropped down
when analyses were limited to early-stage disease (39%; <25% in lung cancer) [33], thus
suggesting the need for further investigation of cfDNA methylation signatures in actual
lung cancer screening trials for refinement and validation.

2.2. RNA-Based Biomarkers

Different circulating RNA species (microRNA, miRNA; piwi-interacting RNAs, piRNA;
transfer RN As, tRNA; small nucleolar RN As, snoRNA; small nuclear RNAs, snRNA) were
identified in the human serum [34]. Circulating microRNAs (c-miRNAs) are predominant in
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the literature, and their remarkable stability in harsh conditions and resistance to circulating
RNAses [35] make them ideal candidates for developing lung cancer biomarkers. C-miRNAs
are released by virtually all human cells by passive (e.g., in apoptotic bodies, complexed
with AGO proteins) and active (e.g., in exosomes [36]/microvescicles) mechanisms [37],
and can influence tissue homeostasis by a sort of paracrine signaling [37] or by triggering
pathogenic mechanisms including neoplastic transformation and tumor progression [38,39].
Indeed, tumor cells, cancer-associated fibroblasts (CAFs) and blood cells were found to
release miRNAs in the microenvironment which then enter into the bloodstream [37,40].

Therefore, monitoring miRINA species and relative quantities in the blood represents
a valid strategy for early diagnosis of lung cancer. Few studies underwent an extensive
validation of c-miRNA as minimally invasive biomarkers for lung cancer early detection
(Table 1). Montani et al. validated [13] a serum 13 c-miRNAs signature (miR-Test) by
using the qRT-PRC in high-risk individuals (1 = 1115; >20 pack-year smoking history, aged
>50 years) enrolled in an Italian LDCT screening trial (the COSMOS study), which showed
a sensitivity of 0.78, a specificity of 0.75, and an AUC of 0.85. Likewise, Sozzi et al. [14]
validated a 24 c-miRNA signature (the MSC classifier) by using the qRT-PCR in plasma sam-
ples of high-risk subjects enrolled in another Italian LDCT screening study (the bioMILD
study; n = 939 participants), with a sensitivity of 0.87 and a specificity of 0.81. Wozniac
et al. [41] analyzed plasma samples of 100 non-small cell lung cancer (NSCLC) patients
(stage I-1ITA) and 100 healthy subjects, using the same qRT-PCR technology as the one used
by the Italian studies, and identified another set of 24 miRNAs showing a predicted AUC of
0.78 when accounting for overfitting [41]. In Table S1, we reported overlapping c-miRNAs
in the various signatures identified by qRT-PCR.Notably, authors meta-analyzed the MSC
classifier as well as another 34 c-miRNA signature identified by Bianchi et al. [9] (from
which the miR-Test was derived) and reported an AUC of 0.70 and 0.78, respectively [41].

In multiethnic and multicentric studies on NSCLC patients and matched controls (lung
cancer-free or with benign lung nodule individuals), Wang et al. [42] and Ying et al. [43],
using the qRT-PCR, have identified two serum c-miRNA diagnostic signatures composed
by 5 miRNAs each (miR-214 was commonly found; Table S1). Other studies using different
screening platforms, such as microarray analysis of serum samples [44] or whole-blood
samples [45], have identified lung cancer diagnostic c-miRNA using large cohorts of
clinically detected lung cancer patients (Table 1).

Table 1. List of studies reporting the development of c-miRNA-based biomarkers diagnostic for
lung cancer.

Authors PubMed ID  miRNA (n) AUC Sample Type LDCT
Boeri et al. [46] 21300873 13 0.88 Plasma Yes
Sozzi et al. [14] 24419137 24 -a Plasma Yes
Bianchi et al. [9] 21744498 34 0.89 Serum Yes
Montani et al. [13] 25794889 13 0.85 Serum Yes
Wozniak et al. [41] 25965386 24 0.78 Plasma No
Shen et al. [47] 21864403 3 0.86 Plasma No
Lin et al. [48] 28580707 3 0.87 Plasma No
Chen et al. [49] 21557218 10 0.97 Serum No
Wang et al. [42] 26629532 5 0.82 Serum No
Ying et al. [43] 32943537 5 0.91-0.97 Serum No
Zhu et al. [50] 27093275 4 0.97¢ Serum No
Nadal et al. [51] 26202143 4 0.99 Serum No
Asakura et al. [44] 32193503 2 0.99 Serum No
Fehlmann et al. [45] 32134442 15 -d Blood No

The number of miRNA (1) in each diagnostic signature is reported together with the performance (AUC, i.e.,
area under curve) and the type of biospecimen where biomarkers were derived (Serum or Plasma). LDCT,
studies which performed validation of biomarkers on actual LD-CT screening trials (Yes). * Sensitivity, 88% and a
specificity of 80%; ? Predicted performance when applied to independent samples. ¢ miRNAs combined with
carcinoembryonic antigen (CEA). ¢ Sensitivity, 82.8%, and a specificity of 93.5%. PubMed identifiers (PubMed ID)
are reported to allow retrieving cited publications.
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Despite the proven validity of most of these c-miRNA signatures for early diagnosis of
lung cancer, there are still limitations in their application in medical laboratories. Challeng-
ing issues related to sample processing and miRNA profiling, pre-analytical and analytical
standardization as well as the considerable cost of sophisticated technologies, make the
translation of such biomarkers from the bench to the bedside very complicated.

Later, we will further discuss some of these limitations with the aim to provide
guidelines for biomarker profiling and translation to the clinic.

2.3. Protein-Based Biomarkers

The ability of tumor antigens [12] and tumor-associated autoantibodies (TAABs) [52]
in body fluids to serve as potential biomarkers for lung cancer early detection has been
investigated for years. In 2015, Doseeva et al. [53] showed that the combined use of tumor
antigens (CEA, CA-125, and CYFRA 21-1) and autoantibodies (NY-ESO-1) was accurate
enough (sensitivity, 77%; and specificity, 80%) for the early detection of NSCLC among
high-risk individuals. Analysis of CEA and CA-125 among others protein biomarkers (i.e.,
CA19-9, PRL, HGF, OPN, MPO and TIMP-1) were also included in a multi-analyte blood
test (CancerSEEK; [19]), which increased the sensitivity in tumor detection when combined
with ctDNA mutation profiling [19].

A large number of studies, systematically reviewed by Yang and colleagues [54],
showed that lung cancer patients produce antibodies recognizing self-antigens (i.e., TAAbs).
These TAAbs were tested as potential biomarkers for lung cancer detection at different
stages of tumor progression. Among TAAbs, the New York esophageal squamous cell
carcinoma-1 (NY-ESO-1) autoantibodies appeared to be most promising for NSCLC detec-
tion alone or in combination with other TAAbs [54]. However, the diagnostic utility would
be more evident if patients affected by bona fide autoimmune disease could also be included
in the analysis, in order to test whether TA Abs are actually specific for lung cancer.

Recently, the detection and quantification of complement activation fragments in plasma
samples from high-risk individuals who underwent LDCT screening were found to be a valid
strategy to identify lung cancer biomarkers [15]. A simple diagnostic model based on the
quantification of complement-derived fragment C4c and cancer antigens, i.e., 21.1 (CYFRA
21-1) and C-reactive protein (CRP), was able to discriminate between benign and malignant
pulmonary nodules (AUC, 0.86), with a high specificity (92%) in a cohort of individuals
enrolled in a CT-screening program. This was an important finding due to the considerable
fraction (~24%; [5]) of false positive findings by LDCT at the baseline. Authors also showed
that the model combined with clinical factors can be valuable in patients with indeterminate
pulmonary nodules (IPNs) to decide for more effective therapeutic strategies [55].

2.4. Immune Serum Conversion as Biomarker for Lung Precancerous Lesions

Quantification of inflammation, via measurement of systemic levels of pro-inflammatory
cytokines released by activated immune cells, showed a correlation between inflammation
and a higher risk for lung cancer incidence in smokers [56,57]. On the other hand, exten-
sive independent analysis of cohorts of non-smokers confirmed the association between
sustained inflammation and a higher risk of developing lung cancer [58-68]. In this sense,
pro-inflammatory immune activity, which is reflected in the level of circulating cytokines,
may be a contributing factor to tumorigenesis in the lung.

The immune system affects not only the tumorigenesis, but also the progression of the
disease [69-71]. Thus, whilst research efforts have focused on inflammatory mediators for
their potential roles as risk factors for lung cancer in healthy individuals, in parallel, inflam-
matory mediators have also been assessed for their role in tumor progression in patients
with established tumors. Even early stage premalignant lesions are highly infiltrated by
immune cells, suggesting that the immune system may affect the transition to malignant
lesions [72]. Thus, inflammatory cytokines could drive the progression to malignancy. To
date, a detailed and systematic characterization of circulating inflammatory cytokines in
patients bearing premalignant lesions in the lungs is still largely missing.
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Interestingly, in line with the hypothesis that chronic inflammation is detrimental
during carcinogenesis and cancer progression, Ridker and colleagues have recently demon-
strated that atherosclerotic patients treated systemically with canakinumab, an antibody
inhibiting pro-inflammatory cytokine IL-1§3, are protected from lung cancer development,
most likely due to the reduction of pro-tumoral inflammation [73]. This seminal clinical
finding further highlights how circulating immune mediators may be pivotal for lung
cancer progression.

2.5. Circulating Tumor Cells (CTCs) for Lung Cancer Screening

In 2014, a ground-breaking paper showed that, by using a size-based enrichment tech-
nology (ISET®, Isolation by Size of Epithelial/ Tumor cells), it was possible to detect cells
with morphological features of malignancy (i.e., circulating tumor cells, CTCs) in blood
samples of patients suffering of chronic obstructive pulmonary disease (COPD) [74]. The
presence of CTCs was shown to anticipate the radiological diagnosis of stage I NSCLC [74],
thus leading to an increasing interest around the diagnostic role of CTCs and their imple-
mentation as a possible biomarker in lung cancer screening programs.

CTCs can be defined as tumor cells in transit in the circulatory system. They originate
from primary and secondary tumor sites and are endowed with the molecular features
needed to overcome some of the numerous and challenging steps of the metastatic cascade,
including intravasation, survival in the blood microenvironment and dissemination to
distant organs [75,76]. CTCs are rare events, mixed with a huge number of other cell types,
mainly erythrocytes (3.5-7 billion/mL) and leukocytes (4-11 million/mL), and occurring
at a variable frequency, even less than 1 cell per milliliter of peripheral venous blood
depending on the tumor type and stage [77,78].

CTC detection for lung cancer diagnosis was found to be promising in initial and
explorative studies by Hofman and colleagues [10,74]. The same research group then
launched a large multicenter prospective French trial (AIR study, NCT02500693), which
enrolled a cohort of 614 high-risk subjects according to the NLST-UPSTF criteria (aged
55-74 years, 30 or more pack-year smoking history; current smokers or heavy smokers
having quit in the last 15 years) in order to assess the diagnostic accuracy of CTCs detected
by the ISET® technology. However, the sensitivity of CTC analysis in detecting 19 lung
cancers found at first low-dose computed tomography (LDCT) scan was low, i.e., ~26% [79].

Encouraging results in terms of detection rate were recently obtained using a 4-color
FISH test (Table 2) performed on the peripheral blood mononuclear cell (PBMC) fraction
isolated by density gradient centrifugation. Through this technique, it was possible to detect
cells with at least 2 polysomies or gains in 4 loci involved in the NSCLC tumorigenesis
or prognosis (i.e., at 10q22.3, 3p22.1, 3929 loci, or at chromosome 10 centromere) in 89%
of 107 patients with <30 mm diameter pulmonary nodules. Contrariwise, none of the
100 lung cancer-free control cases were scored positive when the cut-off value was >3 cells
with genome abnormalities. Overall, sensitivity was 88.8%, specificity 100%, and accuracy
94.2% [80]. Although the frequency and number of PBMCs with aneuploidy was higher in
patients compared to controls, both the validity of a cut-off value of at least 3 cells with
aneuploidy to call as CTC-positive a lung cancer patient and the significance of the presence
of a maximum of 2 cells with aneuploidy in individuals at high risk for lung cancer should
be confirmed in further case series. However, this paper suggests that looking at the entire
PBMC population, rather than selecting specific subsets of cells, and using DNA-based
detection techniques could considerably augment test sensitivity and specificity. In another
work the introduction of alternative protein markers besides cytokeratins (CKs), such as
the glycolysis enzyme hexokinase 2 (HK2), increased the detection of CTCs in a cohort of
18 stage III lung adenocarcinoma patients without clinical evidence of distant metastases
from 39% when considering CKP°*CD45"8 to 61% when considering HK2M8"CD45"¢8 cell
subsets [81]. This suggests that using epithelial markers alone may not be sufficient to
detect CTCs in non-metastatic setting, and that by adding other markers such as metabolic
gene expression analysis can improve lung cancer diagnostic accuracy.
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Compared to cell-free circulating biomarkers, circulating cells represent an ideal and
promising systemic ‘surrogate’ of a tissue as they offer the opportunity to investigate the
entire cell at morphological, protein, RNA and DNA level, and to develop experimental
models for functional studies. However, the analysis of CTCs in blood samples requires
the enrollment of trained personnel and the acquisition of dedicated technologies to enrich
blood samples and detect target cells unambiguously. Results of studies in the diagnostic
and preoperative setting demonstrate that the accuracy and clinical validity of each kind of
technical approach for CTC analysis is still variable and has to be carefully assessed and
confirmed in large multicenter and validation trials.

3. A Roadmap to the Successful Development of Blood-Based Biomarkers for Lung
Cancer Early Detection

The bottleneck for the successful translation of biomarkers to the clinical use generally
lies in the suboptimal standardization in each step of the biomarker pipeline, including
discovery, prioritization, and clinical validation. We prepared a summary of the main
issues and the best practices in biomarker development (Figure 1B). The first fundamental
step in biomarker discovery is establishing a high-quality design which includes making
explicit hypotheses on the potential application/integration into current recommended
screening programs as well as adopting enrollment protocols with clear inclusion and
exclusion criteria for patients and controls. Moreover, heterogeneity (epidemiological,
biological and molecular) needs to be considered as the driver for adequate sample size to
fulfill the best design. Indeed, published studies often lack acceptable sample size with
respect to the numerous phenotypic features that should be considered to widely represent
the screening population [88], and the number of variables that should be analyzed to
deconvolute the high level of genetic heterogeneity of lung cancer. To limit self-selection
bias, instead of convenience selection of subjects (based on easy availability of the sam-
ple) [89], control populations should be identified based on matching criteria with the
patients’ cohort, and extensively represent the actual incidence and prevalence of lung
cancer in the screening population.

In the absence of standards for handling specimens (collection, storage and processing)
and controls for pre-analytical factors, randomization and blinding should be applied to
reduce bias from the experimental analysis. Indeed, quality and reproducibility of biomark-
ers can be influenced by uncontrolled pre-analytical conditions (i.e., fasting, lipemia, partial
hemolysis [90]) and by sample collection bias, especially when the biomarker is labile or
sensitive to temperature fluctuation or handling conditions (i.e., type of collection tubes,
centrifugation steps, long-term or short-term storage, freeze/thaw cycles; [91,92]). We
therefore suggest performing initial pilot experiments to measure the stability of circulating
biomarkers, i.e.: (i) by testing different samples collection strategies, using different col-
lection tubes for serum or plasma collection [93-96]; (ii) quantifying how much hemolysis
(partial or hidden) can influence biomarker concentration [97,98], (iii) checking if analyte
concentration is influenced by fasting status [90], and (iv) testing if different storage condi-
tions (short-term vs. long-term; +4 or —20/—80 °C or liquid nitrogen) can alter biomarker
quantity and quality [90]. After such analyses, a standard operating procedure (SOP) for
sample collection and handling should be defined and rigorously applied to the specific
biomarkers screening study.

Nowadays, high-throughput data allow the identification of many biomarkers act-
ing jointly on the risk of lung cancer; these markers can be easily combined in a single
multivariable statistical model; moreover, to avoid the resulting possible overfitting (i.e.,
capturing noise instead of the true underlying data structure), machine learning approaches
with sample-splitting or cross-validation should be considered [99]. The performance of
a new biomarker for the early detection of cancer is easily measured by true-positive
and false-positive rates, and summarized through receiver operating characteristic curves
(ROC). However, the “average” performance is often presented in the literature, with ROC
calculated across all study subjects, while subgroup and/or multivariable analysis should
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better reveal the utility of biomarker testing in specific groups (i.e., tumor stages, nodule
density, histotypes).

Exploration of biomarkers’ performance in subgroups could also help with ranking
the selected candidates for clinical relevance. Moreover, when a new biomarker study is
published, only limited discussion on the biological function of the candidates is reported,
and assay/platform reproducibility and standardization are frequently lacking (see below).
In our experience, an in-depth analysis of technical and biological variables which might
have an impact on the detection and quantification of selected biomarkers should also be
performed. For example, uncontrolled environmental conditions during sample processing
could influence the quantification of biomarkers of interest. Marzi et al. [90] showed, by
using an automated purification system based on spin columns for nucleic acid purification,
that efficiency in miRNA extraction was inversely proportional to temperature increase
during daily runs. Similar findings were also described by other research groups [100].

In the case of analysis of multiple biomarkers (e.g., DNA, RNA and protein), the
collected samples (whole blood, plasma, serum) can be split in several aliquots which can
be differently prioritized for processing based on stability of the biomarkers of interest;
in case of RNA, which is more liable, the relevant sample aliquot can be processed imme-
diately while other aliquots (for other biomarker types) can be processed subsequently.
Likewise, the use of different extraction kits with or without additional centrifugation
steps could affect quantities and species of the biomarkers of interest. Cheng et al. [101]
showed that plasma samples can be contaminated by residual platelets, which impact most
miRNA measurements (~70%), therefore authors suggested to add pre- or post-storage
centrifugation steps in order to remove residual platelet contamination. Furthermore,
miRNA quantities may vary depending on the kit used for extraction [102,103].

To keep track of the impact of these pre-analytical and analytical variables, we strongly
recommend using endogenous and exogenous controls. In circulating miRNA, biomarker
analysis measuring both endogenous controls (e.g., RNU6, RNU44, miR-16 [104]) and exoge-
nous controls, e.g., synthetic miRNAs from other organisms (ath-miR-159a and / or cel-miR-39),
allows monitoring sample degradation, extraction efficiency and performance of miRNA
detection by using different screening platforms (e.g., qRT-PCR, ddPCR, microarray, NGS).

Lastly, the analytical translation in a clinically applicable platform and validation in
a large prospective trial are both needed to complete validation of candidate biomarkers.
Industrial and clinical partners could facilitate these phases, providing funding supports
and know-how in large-scale test production, regulatory affairs and commercialization [88].
A major issue in the validation of biomarkers for lung cancer early detection is to prove
its benefit in the context of screening programs, where lead- and length-time biases and
overdiagnosis are peculiar. Therefore, the choice of the end-point is essential and, although
biases could occur in interpreting causes of death, lung-cancer mortality reduction should
represent the primary endpoint [99], then followed by the evaluation of overall mortality.

4. Overview of Platforms for Circulating Biomarkers Detection: A Focus on
c-miRNA Detection

The performance of different screening platforms available in terms of sensitivity,
specificity and reproducibility, as well as relative costs of analysis should also be considered
in advance before starting biomarkers profiling. As previously described, c-miRNAs
are the most discussed in the literature as promising biomarkers for lung cancer early
diagnosis. Besides the several pre-analytical and analytical factors, which can impinge on
the biomarker reliability as we previously discussed, some considerations should be made
on the impact on the accuracy of c-miRNA biomarkers when using different experimental
platforms and technologies for biomarkers detection.

To quantify c-miRNA expression, a variety of platforms have been developed so far,
mainly based on quantitative PCR (qQRT-PCR), microarray, or next-generation sequencing
(NGS) technology. Recently, the efficiency and concordance of different miRNA profiling
platforms were assessed [105-108]. In 2014, Mestdagh et al. [105] analyzed the expres-
sion level of 196 common miRNAs measured by 12 different application platforms to
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provide a sort of “miRNA quality control (miRQC)” analysis. They performed experi-
ments with high and low RNA input amounts and organized output measurements into
four groups to represent the various testing questions, i.e.: reproducibility, specificity,
sensitivity, and accuracy [105]. Similar qRT-PCR platforms showed a different perfor-
mance in terms of reproducibility and specificity [105]. Sensitivity, on the other hand,
is very much technology-related, with qRT-PCR platforms (i.e., TagMan Cards PreAmp;
ThermoFisher) being superior to hybridization- (i.e., microarray) and sequencing-based
platforms. Furthermore, the hybridization platforms displayed higher specificity, but lower
detection rates compared to most of the gRT-PCR and sequencing platforms [105]. Overall,
the authors reported that sensitivity and specificity have a deep and important inverse
relationship [105].

Next-generation technologies are now also available for miRNA profiling. For ex-
ample, Small RNA sequencing (RNA-Seq), in particular, was reported to be superior for
discovery studies, but less useful for high-throughput or fast turnaround applications [105].
Furthermore, when various RNA isolation and library preparation protocols are used,
the reproducibility of small RNA-seq is significantly and negatively affected [106,109].
Recently, Godoy et al. [107] evaluated a small RNA-seq method optimized for low-input
samples [106,110,111] (i.e., liquid biopsy) to three relatively novel platforms, i.e., (i) the HTG
Molecular’s EdgeSeq miRNA Whole Tran-scriptome Assay (EdgeSeq), (ii) the Abcam’s
FirePlex (FirePlex), and (iii) NanoString’s nCounter (nCounter). These three platforms
were selected for their rapid turnaround time and ease of use, properties that are attrac-
tive for biomarker assays. The authors used pools of synthetic RNA oligonucleotides
and standardized extracellular RNA human plasma samples to assess reproducibility,
bias, specificity, sensitivity, and accuracy. Briefly, the authors concluded that: (i) small
RNA-seq was the most accurate, sensitive and specific method with an AUC of 0.99 for
miRNA detection, which was superior to EdgeSeq (AUC = 0.97), nCounter (AUC = 0.94)
or FirePlex (AUC = 0.81); (ii) EdgeSeq was the most reproducible and had the least de-
tection bias; and (iii) nCounter was less sensitive than small RNA-seq, EdgeSeq, and
FirePlex. Recently, Hong LZ et al. [108] performed a systematic evaluation of multiple
qPCR platforms (MiRXES ID3EAL, Qiagen miScript, TagMan Cards preAMP, Exiqon LNA),
nCounter technology (NanoString) and miRNA-Seq for microRNA biomarker discovery
in human biofluids. Performance parameters such as reproducibility, detection rate, and
inter-platform correlation were used to evaluate each technology. MiRXES qRT-PCR and
miRNA-Seq platforms had an almost perfect reproducibility between runs, calculating
the Concordance Correlation Coefficient (CCC = 0.99), while the other three qRT-PCR
platforms had moderate inter-run concordance (CCC > 0.9), and the NanoString platform
had poor inter-run concordance (CCC = 0.82). The MiRXES qRT-PCR and NanoString
platforms detected the highest and the lowest number of miRNAs above the LLOQ (lower
limit of quantification) in serum samples, respectively. The authors concluded that the
miRNA-Seq technology is preferable for discovery, while targeted qRT-PCR for subsequent
validation of candidate extracellular miRNA biomarkers is recommended.

Finally, the droplet digital PCR (ddPCR) technique is becoming the gold standard in
the application of liquid biopsy due to a number of advantages: (i) it allows an absolute
quantification by means of sample partitioning and Poisson statistics (an internal /external
normalization is thus not required); (ii) it has a superior precision and sensitivity in de-
tecting low-abundant targets; (iii) it is less affected by PCR inhibitors [112-115]. However,
ddPCR is less frequently used for c-miRNA measurements due also to a restricted mul-
tiplexing capacity, longer turnaround time for sample processing, and higher costs. In
Table 3, a summary of the pros and cons of c-miRNA screening technologies is provided.
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5. Discussion

Cancer biomarkers substantially change the way we manage lung cancer patients by
improving disease stratification using intrinsic molecular characteristics, identification of
therapeutic targets and monitoring molecular residual disease. However, the application
of biomarkers for lung cancer early diagnosis is still limited by a lack of substantial
trial-like research studies where the accuracy of proposed biomarkers is analyzed in
real-world datasets. Previous studies highlighted pros and cons of different circulating
biomarkers proposed for lung cancer detection and possible integration in the clinical
routine (reviewed in Seijo et al. [116]). Circulating biomarkers can be very effective to
inform clinical decision making in the management of indeterminate pulmonary nodules
(IPNs) and in the management of diagnosed and resected lung cancer patients. Current
management of IPNs is largely based on watchful waiting and may imply a risk of disease
dissemination. Nodules found on annual LDCT screening, which are frequently very small
in size and hamper current biopsy techniques, may benefit from an integrated risk model,
which includes the different sources of information: clinical, imaging and biomarkers. This
type of integrated risk model might also inform decisions regarding screening intervals,
personalized follow-up of lung cancer patients, and prognostication.

Here, we made an update on recent developments in liquid biopsy-based biomarkers
for lung cancer early diagnosis and proposed a roadmap for optimal biomarkers identifi-
cation and development. A limit of this study is that we opted for a focused analysis on
extensively validated biomarkers in large cohorts of samples including lung cancer screen-
ing studies rather than describing all circulating biomarkers proposed in the literature.

We have also brought to light the current limitations in biomarker research, which can
be briefly summarized in: (i) poorly designed studies for biomarker discovery and vali-
dation; (ii) uncontrolled pre-analytic and analytic variabilities lacking standard operating
procedures; (iii) frequent lack of validation studies using independent cohorts of samples
collected from lung cancer screening studies; and (iv) somewhat sophisticated technologies
for biomarker profiling that are hard to transfer to the clinical setting.

Biomarker research clearly offers substantial help in the characterization of at-risk
population subgroups for screening selection and—more importantly—in the identification
of disease precursors, predictive and prognostic factors before signs and symptoms of
the disease appear. In particular, the analysis of liquid biopsies (i.e., plasma/serum) is
emerging as promising for the quantification of biomarkers through also the use of lab-
on-chip technologies, which would allow a rapid disease detection/monitoring and a
biological characterization at the bedside [117,118]. Furthermore, genomic and proteomic
breath tests besides airway epithelium signatures, are being trialed for early and non-
invasive diagnosis of cancer and pulmonary disease, in particular for lung cancer and
COPD [119,120]. Likewise, new emerging RNA-based biomarkers such as long non-
coding RNA (IncRNA), circular RNA (circRNA) and platelets mRNAs have been described
circulating in the blood with a potential for lung cancer early detection (Tables S2-54;
Figure 2).

14



Cancers 2021, 13, 3919

||I"Il-||||||..||h”|_| .'"I-\.._."

C-XIST + c-HIF1A-AS1 |

ex0-GAS5 + CEA |

c-GAS5 + CEA |

c-SNHG1

c-RMRP, c-NEAT1, c-TUG1, and c-MALAT1 |

c-HIF1A-AS1

¢-SPRY4-IT1, c-ANRIL, and c-NEAT1

|
Long non-coding RNA miRNA circRNA mRNA
and pri-miRNAs platelets
T — — — —— — T T — — —— — —— T
- =1’ uwunkEmdao e - = (al - o VW < 00 o~ w o v oun n
300 EEES0CEBErES22553555558388583838888¢%
OxIL I 2IS5ZEE00Z28Yc e ra? 28I RcERd b2
anTo0og h ECE X S LuTEEEEEEEEEEEScitmonongs S8 g9
oFIixXxeLedoshh 5< < > EEEEEEEEEEEESS gt oT 2R v 2L
T Co0WXSESET E Ses e 820299098 agn2wS8
= ZwsSa o = "’L.. S = 6n.<r|~|3ml<rlgmmlmlmmlﬁcl_§ 25568 8ZFaga
[ [=r = €2 L5 d w0 NN ESE vy ®ZR ek
A sa x E} 23 “8EcegtscSTgex S INEESEEE Z,9g2
° ] = | 5 S EENEG"2ERE5t8 L5955 Ea.dad
- 9 . o fal = < 2 o WEZIELOOE oo wazzz
s g © < E =280 §a E55g8 90823888 akFdxZx
s - < < & S o2 g <£ £ EEEEEE
Sk pad 3 s = 2 T QS5mag
-5 g s I |5 ESANY S
> o = m w % & W =
g g 3 E o Tegal
I\B 2 ° © £ 0 k= <
o . o < a ® € —
gSd < 8 e g
C= + B =
T £ 3 8 e
- L) { < ¢
T & ¥ s <
< 6 2 S £ 2
N £
N £ 4 2
o8 E g 5 8
~ 8 £ a2
293 Z2<
39 =g
94
o
=
)

Figure 2. Forest plot showing the AUC and 95% confidence interval (when reported) for c-miRNA-based signatures (listed
in Table 1) and other RN A-based biomarkers (listed in Tables S2-54). Red squares represent the AUC for each marker and
black vertical bars extend from the lower limit to the upper limit of the 95% confidence interval (95% CI).

6. Conclusions

Thus far, all these multi-source biomarkers have never been combined into a coordi-
nated and comprehensive workup for screening, diagnosis and treatment decision. The
main barrier consists of difficulties in organizing worldwide large-scale studies with cen-
tralized resources for data/sample collection and processing following standard operating
procedures. In addition, it is urgent to develop innovative approaches using big data and
artificial intelligence (Al) analytics, such as machine learning, to improve both lung cancer
early detection, personalized prevention strategies, and early treatments. We therefore
look forward for these next-generation biomarkers in lung cancer screening programs to
ameliorate early diagnosis, prognosis, and therapeutic response.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cancers13153919/s1, Table S1: List of circulating miRNA markers diagnostic for lung cancer
analyzed by qRT-PCR, Table S2: List of circulating IncRNA markers diagnostic for lung cancer, Table
S3: List of circulating circRNA and pri-miRNAs markers diagnostic for lung cancer, Table S4: List of
mRNA platelets markers diagnostic for lung cancer.
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Simple Summary: Exosomes are small vesicles of 100 nm in size that are released from every cell
constantly. They contain different molecules (DNA, RNA, lipids, metabolites, etc.) that reflect
the content of the cell they come from. Exosomes can be found in all biological fluids. In cancer,
exosomes are involved in several events such as tumor growth, metastasis, and the immune response,
by delivering their cargos to recipient cells. Due to their unique features, exosomes have become
promising analytes in the field of liquid biopsy, which searches for biomarkers to manage different
steps of the tumor process. We believe that exosomes will become an important tool in liquid biopsy
in the near future. In this review we provide an updated literature compilation about exosomes as
biomarkers in oncology and discuss their possibilities and limitations.

Abstract: Among the different components that can be analyzed in liquid biopsy, the utility of
exosomes is particularly promising because of their presence in all biological fluids and their potential
for multicomponent analyses. Exosomes are extracellular vesicles with an average size of ~100 nm
in diameter with an endosomal origin. All eukaryotic cells release exosomes as part of their active
physiology. In an oncologic patient, up to 10% of all the circulating exosomes are estimated to be
tumor-derived exosomes. Exosome content mirrors the features of its cell of origin in terms of DNA,
RNA, lipids, metabolites, and cytosolic/cell-surface proteins. Due to their multifactorial content,
exosomes constitute a unique tool to capture the complexity and enormous heterogeneity of cancer
in a longitudinal manner. Due to molecular features such as high nucleic acid concentrations and
elevated coverage of genomic driver gene sequences, exosomes will probably become the “gold
standard” liquid biopsy analyte in the near future.

Keywords: exosomes; cancer; liquid biopsy; biomarkers

1. Exosome Biogenesis and Composition—Reflecting Their Origin

Exosomes are extracellular vesicles (EVs) with a size range of ~40 to 160 nm (average
~100 nm) in diameter with an endosomal origin. All eukaryotic (and also prokaryotic) cells
release exosomes as part of their active physiology [1].

Exosomes are generated in a process of sequential invagination of the plasma mem-
brane that results in the formation of multivesicular bodies (MVBs), which can intersect
with the trans-Golgi network, endoplasmic reticulum, or other intracellular vesicles, con-
tributing to the content heterogeneity of exosomes. Within the cell, the MVB can either fuse
with lysosomes or autophagosomes to be degraded or fuse with the plasma membrane to
release the contained vesicles (exosomes). Exosome biogenesis is reflected in the presence
of a variety of proteins either integrated in their membrane or as exosomal cargo: small
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Rab family GTPases; annexins and flotillin; Alix, Tsg101, and ESCRT complex; tetraspanins
CD9, CD63, and CD81; or heat shock proteins Hsp70 [2-5]. ExoCarta, an exosome database
(http:/ /exocarta.org/; accessed on 27 April 2021), has been developed to identify exosomal
contents. Approximately 10,000 different proteins have been characterized in relation to
the exosomal component [6]. Figure 1 shows the main exosome components.
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Figure 1. Components of an exosome. Exosomes contain a wide variety of molecules of different
natures, such as nucleic acids, proteins, or lipids. All the content at both the membrane and soluble
levels represents the cell of origin the exosome is release from.

How DNA is contained in exosomes is far from being resolved and is still contro-
versial. It has been shown that DNA-containing micronuclei that originate from nuclear
membrane collapse can interact with exosomal tetraspanins, leading to the shuttling of the
DNA in MVBs [7]. Also, mitochondria produce vesicles containing mtDNA that reach the
endolysosomal system to form MVBs (reviewed in [8,9]).

Exosome production varies depending on the cellular origin, metabolic status, and
cellular microenvironment. One unresolved question about exosomes today is to dis-
tinguish tumoral-origin exosomes from non-tumoral counterparts. Moreover, it is still
unclear how exactly the exosomal content is selected and loaded into vesicles and how
exosomal trafficking is regulated. To solve these questions, it is crucial to fully understand
the biology of exosomes. This better knowledge is an essential requirement for future
clinical applications of exosomes as diagnostic (and even treatment) tools.

2. Exosomes: A Source of Biomarkers

The path towards more precise and personalized management of cancer patients is
currently focused on the development of novel non-invasive biopsy technologies that are
easy to obtain, may be repeated over time to follow longitudinally the progression of the
disease, and may be able to reflect the phenotypic and genetic heterogeneity of the tumor.
Liquid biopsy (LB) offers all of these potential benefits. LB is based on the search for
biomarkers that may help clinical decision making. Those biomarkers may be applied to
screening/early diagnosis, prognosis, prediction of response or resistance to treatments,
detection of minimal residual disease, confirmation of relapse, disease monitoring, etc.
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* Liquid biopsy cellular and non-cellular analytes

Among the different components that can be analyzed in liquid biopsy, the utility
of EVs is particularly promising because of their presence in all biological fluids and
their potential for multicomponent analyses. The concentration of analytes in membrane-
surrounded vesicles may potentially allow for higher sensitivity and specificity over
other types of liquid biopsy looking for single and even multiplexed free circulating
biomarkers [10,11]. Exosomes are the most abundant analyte within the liquid biopsy,
reaching 1 x 10! particles per milliliter of blood. In an oncologic patient, up to 10% of all
the circulating exosomes will be tumor-derived exosomes depending on tumor stage [12].
Figure 2 describes liquid biopsy analytes and their concentrations. Exosome content
mirrors the features of its cell of origin in terms of DNA, RNA, lipids, metabolites, and
cytosolic/ cell-surface proteins. In addition, exosome content has a number of advantages
in comparison to other liquid biopsy analytes. First, exosomes contain high-quality RNA
that can be extracted from fresh or frozen fluids. Second, different types of RNA are
contained in exosomes, including miRNA [13,14], piwi-interacting RNA, pseudo-genes,
IncRNA, tRNA, and mRNA including different splice isoforms found in the cells of origin.
Third, exosomes are released from viable tumor cells. Furthermore, their DNA recapitulates
the entire genome and the mutational burden of the parental tumor, a great advantage
compared to ctDNA, where DNA is fragmented. Evidently, it is significantly more difficult
to obtain information about the specific DNA alterations pursued in a given analysis or,
worse, to obtain the sequence of the entire genome from highly fragmented circulating
DNA [15,16]. In addition, as exosomes contain both RNA and DNA (reflecting tumor
mutations), the use of a single platform to study both molecular species is a clear advantage
for finding rare or not-abundant mutations. Finally, the protein content of a single exosome
reaches up to 400 unique proteins [17,18].

LIQUID BIOPSY ANALYTES
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Figure 2. Liquid biopsy analytes. In the bloodstream, many components can be found, cellular or non-cellular in nature.

Some of them constitute liquid biopsy analytes (marked with an asterisk). Higher concentrations of analytes (in parentheses)

will facilitate isolation techniques and subsequent analysis. Data taken from [12].

Therefore, the fact that exosomes include several molecules that can be considered
as potential biomarkers, alone or in combination, increases the possibility of success in
the pursuit of a good LB biomarker, which is a clear advantage over the other LB analytes.
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Moreover, the number of released exosomes could also be considered a clinical indicator
itself (see Section 3).

Table 1 summarizes information rendered by different analytes of LB and shows the
potential clinical applications of them as biomarkers.

Table 1. Liquid biopsy analytes: features, extractable information, and clinical applications as biomarkers. Table adapted

from [19].

Traits

Liquid Biopsy Analyte

CTCs 1 ctDNA 2 Exosomes ctRNA 3 miRNA

Origin
Viable cells

Apoptotic cells
Components

DNA
RNA
Proteins

Metabolites
Extractable information
Copy number variation

Mutations

Epigenetic information
Fusion genes
Splice variants
Single-cell information
Application in personalized medicine

Diagnosis

Classification of molecular subtypes
Clonal evolution tracking

Prognosis
Recurrence
Predictive

Resistance prediction
Monitoring treatment
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1 Circulating tumor cell; 2 circulating tumor DNA; 3 circulating tumor RNA; 4 yes; 5 1no; ® no data; 7 not applicable; 8 most probably.

3. Exosome Heterogeneity: An Unknown Wealth?

Exosomes constitute a heterogeneous population of vesicles. This heterogeneity arises
from the combination of different parameters such as cellular origin, content, size, number,
and functionality. These parameters interact directly with each other, making it very
difficult to isolate one without entering the field of another. Within an organ, exosomes
can be released from epithelial (tumoral or normal) cells, as well as from stromal cells,
lymphocytes, etc. This discrimination could be possible due to the preservation of cell-
type-specific membrane proteins on the exosome membrane. There have already been
reports in the literature of some examples where, using well-known specific proteins found
in exosomes, researchers were able to easily recognize and differentiate exosomes with
breast or pancreatic origin [20,21].

The cellular origin of exosomes will determine their composition, at both the mem-
brane and soluble levels. Therefore, the second factor that creates heterogeneity among
exosomes is their content. The content of exosomes also varies in response to many factors.
It responds to different cellular stages such us metabolic wellness [22]. Thus, an exosome’s
hallmarks will dynamically change as a result of the modifications that occur in their cell
of origin. Moreover, tumor-derived exosomes (TEX) expressing different integrins or other
molecules in their membrane have been related to different organotropisms similar to what
is shown in tumor spreading cells [23,24] and, more interestingly, TEX are uptaken with
greater affinity by certain cell types within an organ [25].
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The content of an exosome is limited by its size. This brings us to the third parameter
of heterogeneity. Exosomes are also a mixed population in terms of size. As previously
mentioned, exosomes show a size range of ~40 to 160 nm. Therefore, a 150 nm diameter
exosome will be able to contain a greater number of molecules than a smaller exosome.
It is still unknown whether different exosome sizes respond to distinct cellular stages or
cause diverse responses in target cells, but what have been reported in recent studies are
significant differences in the number and size of exosomes in cancer patients depending on
the studied biological fluid [26].

The number of exosomes released from a cell is another source of heterogeneity. Due
to the constant influx of exosomes, the exosomal release-uptake dynamics of different cells,
and the lack of fine characterization of exosome origin, it is difficult to ascertain whether
the amount of TEX is different compared to that from normal cells. Historically, it has been
demonstrated in vitro that tumor cells secrete more exosomes than their normal cell counter-
parts. Thus, different studies reported higher exosome protein amounts in cancer patients
than in healthy controls [27] (reviewed in [10,28]). However, technological studies in breast
cancer pointed to the opposite situation, where the capture of shed exosomes in a single-cell
platform showed lower numbers of exosomes in tumor cells compared with tissue-matched,
nontumorigenic cell-line-derived exosomes [29]. Such studies relied on different isolation
methods, experimental designs, and quantification methods, facts that can easily disturb
results. Therefore, further investigation is needed to clarify this important aspect of exosome
biogenesis. The literature describes an increased number of total circulating exosomes in
the peripheral blood of cancer patients and, surprisingly, their size and morphology are also
altered compared to those of healthy donors [30]. More interestingly, recent studies showed
significant differences in the number and size of exosomes in cancer patients depending on
the studied biological fluid [26]. This fact highlights the importance of selecting an ideal
bodily fluid as a tool for the search and study of exosome-based biomarkers in each given
type of cancer. In summary, the underlying mechanism of these alterations during the tumor
course is unclear.

The final source of heterogeneity we will refer to is exosome functionality. Exosomes
show very diverse effects on the cells that uptake them. The consequences are so var-
ied that we dedicate an epigraph below to exploring the most studied and characteristic
outcomes (Figure 3).

FIVE SOURCES OF EXOSOMAL HETEROGENEITY
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Figure 3. Five sources of exosomal heterogeneity. The heterogeneity of the exosomes results from the
combination of five factors: the cell of origin from which they are released (organ and cell type of ori-
gin); their molecular composition; their size; their number; and the functionality triggered in recipient
cells. Different combinations of these five factors make exosome heterogeneity highly complex.
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Taken together, these data suggest that exosome heterogeneity might play a dual
role in the characterization of a patient’s tumor. On the one hand, the number and other
above-mentioned hallmarks of exosomes could give us a clue about the tumoral stage and
its possible progression, but on the other hand, this mix could dilute valuable information
in their use as accurate biomarkers. Exosomal-related biomarkers are discussed below.

4. Sending a Message: The Role of Exosomes in Intercellular Communication

Exosomes have been shown to provide a natural mechanism for cell-to-cell commu-
nication, with a plethora of roles in physiology and pathology. In every communication
process, a relationship between a sender and a receiver is established through the emis-
sion and reception of a “message” that will have an impact on the recipient. Exosomes
are known to play a very important role in the communication process between tumor
cells and their microenvironment. Recently, several groups visualized through elegant
imaging techniques the process of exosome uptake in NSCLC [31] and breast cancer [32].
The content of tumor-released exosomes can be uptaken by other adjoining tumor cells,
tumor-niche (stroma) cells, immune cells, or distal organ cells after travelling through the
circulatory system.

There are still many questions about the role of exosomes in intercellular communi-
cation. For example, it is still unknown how different outcomes on receptor cells may be
affected by uptake affinity differences between recipient cell types or by different modes of
exosomal uptake (receptor-mediated endocytosis, direct binding, direct fusion, etc.) [33].
The regulation of the different potential cellular fates of the cargo transported by the up-
taken exosomes is also not clearly known. The contents of the exosomes can be directly
transferred to the degradation pathway or may be secreted into the endoplasmic reticulum
and/or to the cytoplasm. Specific membrane transport mechanisms may be involved
in these different inner cellular outcomes. Furthermore, it is plausible that depending
on the nature of the exosomal cargo and the state of the recipient cell, the ability of the
exosomal message to affect specific recipient cell functions may be variable, which makes
the understanding and the study of the exosomal-based communication process even
more complex.

As just mentioned above, exosomes have an impact on the recipient cells that will
influence the development of the tumoral process. Exosomes have been described to be
involved in different neoplastic stages such as tumor growth, metastasis, and resistance to
therapy, contributing to different hallmark features of cancer (Figure 4) [34]. Many of these
hallmarks will appear in the following section.

HALLMARKS OF EXOSOMES IN CANCER
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Figure 4. Hallmarks of exosomes in cancer. Tumor-derived exosomes have important functional
roles in intercellular crosstalk, affecting the biology of their target cells in different manners. Through
this crosstalk, exosomes drive the tumoral process and other pathological conditions. The picture
summarizes responses that exosome uptake can trigger in the recipient cells (functional hallmarks).

28



Cancers 2021, 13, 2147

In order to better explain the role of exosomes in intercellular communication and
the effects that they trigger in recipient cells, we divided this epigraph into two sections,
using the distance to which the receptor cell is located as the criterion. We focus on TEX
examples as in the cancer field this is the central and most studied population of exosomes.

4.1. A Short-Range Shipment: The Role of Exosomes in the Tumor Microenvironment

Epithelial-to-mesenchymal transition (EMT) is a process through which cancer cells
may become more proliferative and resistant and gain migratory and invasive proper-
ties [35]. TEX are thought to be partially responsible for this cellular plasticity, inducing
EMT in adjoining tumor recipient cells [36] through the modulation of several well-known
signaling pathways. Thus, regulation of Wnt/3—catenin or PI3K/AKT in human lung
cancer cell lines [37,38] and modulation of the Hippo and ERK pathways [39,40] in hepa-
tocellular carcinoma upon TEX uptake have been reported. Similarly, activation of AKT
signaling triggered by TEX has been reported to induce EMT [41].

Classically, the field of exosomes has focused on understanding how TEX uptake
by stromal cells modifies the tumor niche, modulating the microenvironment to favor
tumor development. Most studies have focused on defining the functional changes in
cancer-associated fibroblasts (CAFs) and immune cells [42].

In this sense, several systems of TEX-mediated immune suppression have been de-
scribed. TEX carry ligands that bind to cognate receptors on immune cells, inducing
tolerogenic signaling [43] and inhibiting tumor-specific T cells [44]. The response of ac-
tivated T cells to TEX interaction triggers a reduction in both JAK expression and the
response to IL-2 [45,46] which prevents them from proliferating. Furthermore, TEX carry
CD39 and CD73, which activate the adenosine pathway, a well-known immunosuppressive
factor that inhibits T-cell function [47,48]. More interestingly, TEX carrying FasL [49] or
programmed death ligand 1 (PD-L1) induce the apoptosis of activated CD8+T cells by
triggering both extrinsic and intrinsic apoptosis pathways [50]. Importantly, FAsL and
PD-L1 exosomal expression levels correlate to spontaneous apoptosis of circulating T cells
and to tumor prognosis [51]. Recently, it was reported that the suppression of exosomal
PD-L1 induces systemic anti-tumor immunity and memory [52]. On the contrary, TEX lead
the differentiation and expansion of Tregs [44,53]. TEX also modulate NK cytotoxicity by
downregulating NKG2D expression, which suppresses NK cell activity [54]. Besides this,
tumor-derived exosomes inhibit monocyte differentiation into DC cells [55], directly inhibit-
ing DC bioactivity and inducing immune tolerance [56]. However, TEX skew monocyte
differentiation into myeloid-derived suppressor cells (MDSCs) [57,58], which accumulate in
murine tumor, spleen, peripheral blood, and lung in vivo [59]. This fact negatively affects
antigen processing and presentation and produces several immunosuppressive inhibitory
factors, including NO and ROS, causing TCR nitration or T-cell apoptosis [60]. Moreover,
neutrophils that uptake TEX DNA increase IL-8 and tissue factor production, boosting
tumor inflammation and paraneoplastic events (thrombosis) [61]. TEX also generate an
immunosuppressive microenvironment by activating macrophages to a tumor-associated
macrophage (TAM)-like phenotype [62,63]. Finally, the role of exosomes in the innate
immune response has also been described in cancer. TEX were shown to harbor B cells and
exert a decoy function limiting complement-mediated lysis and decreasing cytotoxicity
against cancer cells [64].

TEX are also implicated in angiogenic remodeling, an essential step in tumor survival,
growth, and dissemination, through favoring new vessel formation [25] or destroying the
integrity of the endothelium and promoting vascular permeability and metastasis [65].

Tumor dissemination is also facilitated by TEX triggering matrix destruction by
MMP1 activation [66].

The reciprocal exchange of exosomes between tumor cells and CAF has also been
a focus of study. In this way, CAF-derived exosomes support the metabolic fitness of
cancer cells growing as tumors through several known mechanisms, such as switching
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mitochondrial oxidative phosphorylation to glycolysis [67] or promoting motility via
Wnt-planar cell polarity (PCP) signaling [68].

4.2. A Long-Range Shipment: The Role of Exosomes in Metastatic Organs

Primary tumor TEX can reach metastatic organs through the circulation (blood or
lymphatic). It has been described how the pattern of integrins present in the exosome
membrane determines TEX organotropism. Thus, breast cancer TEX bearing integrins
«6p34 and «631 were associated with lung metastasis, while exosomal integrin «v(35 was
linked to liver metastasis [23]. Once exosomes have reached the metastatic organ, they
are uptaken by specific cells in those organs, and the message they carry is translated by
the receptor cells into microenvironment remodeling orders known as premetastatic niche
preparation [69], an essential change for the nesting and engraftment of circulating tumor
cells (CTCs) reaching the metastatic organ. The recruitment of bone marrow progenitor
cells and macrophages to metastatic sites is one of the changes related to TEX that are
involved in premetastatic niche formation and enhance metastatic potential [70,71]. Also,
TEX prevent patrolling Ly6C low monocyte expansion, enabling immunosuppression and
leading to metastasis [72]. The activation of cancer-associated fibroblasts (CAFs) is also
involved in premetastatic niche formation. TEX can trigger TGF-b signaling pathways
and thereafter initiate a program of differentiation of fibroblasts toward a myofibroblastic
phenotype, altering the stroma which will be then responsible for supporting tumor
growth, vascularization, and metastasis [73]. In turn, CAF-derived exosomes induce
oxidative phosphorylation in metastatic breast cancer cells, contributing to their exit from
the dormant state [74]. Figure 5 recapitulates the role of TEX locally and in distant organs.
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Figure 5. The role of exosomes in the tumor microenvironment. TEX communicate with their microenvironment. At a local

level, exosomes can be uptaken by other adjoining tumor cells, favoring an EMT process (a). They may also modify the

biology of stromal (b) and endothelial (c) cells by activating them to support the tumor. Exosomes received by immune cells

favor an immunosuppressive microenvironment that helps tumor growth (d). Furthermore, exosomes can reach blood or

lymphatic vessels and travel to distal organs, where they will educate native cells, preparing a premetastatic niche where

subsequent circulating tumor cells (CTCs) will nest and grow (e).
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5. TEX Biomarkers in Clinics: A List of Possibilities

One of the great proposals in the field is to study exosome contents as potential
biomarkers. Despite biological fluids being composed of a complex mixture of molecules
(RNA, DNA, and proteins), diagnostic approaches have traditionally focused on a single
molecular species. In the case of exosomal cargo, the same trend has happened. RNA
is the most abundant and studied exosomal component, being unusually stable thanks
to its exosomal membrane confinement. In 2012, the National Institute of Health (NIH)
dedicated a strategic Common Fund to the study of exosomal RNA (http://commonfund.
nih.gov/Exrna/index; accessed on 27 April 2021). Since then, the interest in the field has
continuously increased. The number of entries related to exosomes, RNA, and cancer in
PubMed has increased more than 10-fold from 2012 to date.

Currently, the focus of translational studies is also turning to exosomal DNA assess-
ment, with more than 200 publications being found in PubMed in 2020. Probably, one of
the most specific hallmarks of cancer is DNA mutations, which can also be captured within
exosomes [75]. Many recent works take advantage of existing technologies for circulating
free DNA (ctDNA) detection in LB. The translational use of exosome DNA sequencing is
an exciting approach that still needs to be fully explored and developed.

Proteins contained in exosomes also include altered proteins associated with cancer.
In addition, exosomal surface proteins are related to the functional status of the cells
comprising the tumor immune microenvironment, which may be important biomarkers
for monitoring response to immunotherapies [52].

Due to their multifactorial content, exosomes constitute a unique tool to capture the
complexity and enormous heterogeneity of cancer [10]. To bring exosome-based liquid
biopsy diagnosis closer to the clinic, several high-throughput platforms have recently been
developed. Among them, microfluidic devices based on antibody-capturing systems in
microchips [76-80] seem to be the best option for clinical application [81]. These novel
technical approaches aim to make exosome-based diagnostics cost and labor effective, by
means of developing highly sensitive and reproducible detection devices to isolate and
identify circulating cancer markers without using a large volume of sample and sparing
the time-consuming ultracentrifuge-based isolation processes that are usually associated
with exosome analysis.

Multicomponent diagnostic/prognostic applications based on exosomes are currently
being considered. These high-throughput multiplexed analyses can also be combined
with deep-learning-based interpretation methodologies, which will require pilot studies
in large numbers of clinical samples [82]. These approaches may overcome the sensitivity
and specificity of current biomarkers in a number of clinical situations. Moreover, the
inclusion of exosome cargo analysis in the biomarker laboratory armamentarium may
help to characterize not only the tumor but also its microenvironment, leading to a more
accurate tumor description and understanding.

The table below (Table 2) summarizes a list of exosomal analytes proposed as biomark-
ers in the last three years. All of them have been studied in well-characterized cohorts of
patients. Nevertheless, in a considerable proportion of these examples, especially in the case
of miRNAs, validation in independent cohorts, together with robust statistical criteria and
harmonized protocols, is still needed. The main disadvantage of working with exosomes is
still the lack of technical consensus, which leads to poor inter-laboratory reproducibility of
the results. Therefore, before exosome-based biomarkers become a clinical reality, major
efforts have to be made to standardize every single procedure in exosomal-based biomarker
studies: isolation, characterization, and analytical protocols [83].
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Table 2. Examples of exosomal-derived potential biomarkers with clinical significance published in the last three years.

Exosomal miRNAs as Cancer Biomarkers

miRNA
Let-7b-5p, -122-5p, -146b-5p,
-210-3p, -215-5p
miR-224
miR-106b, miR-1269a
miR-375, -1307

Cancer type Clinical value Biofluid Reference
Breast cancer Diagnosis Plasma [84]
Hepatocellular carcinoma Diagnosis/Prognosis Serum [85]
Lung cancer Diagnosis/Prognosis Serum [86,87]
Ovarian cancer Diagnosis Serum [88]

Exosomal IncRNAs as Cancer Biomarkers

IncRNA Cancer type Clinical value Biofluid Reference
PCAT-1, UBC1 and SNHG16 Bladder cancer Diagnosis/Prognosis Urine [89]
MALAT-1 Lung cancer Diagnosis Serum [90]
Exosomal mRNA as Cancer Biomarkers
mRNA Cancer type Clinical value Biofluid Reference
BRAF, KRAS (mutant) Colorectal cancer Diagnosis Serum [91]

Exosomal mutated DNA as Cancer Biomarkers

DNA Cancer type Clinical value Biofluid Reference
IDH1 Glioblastoma Diagnosis/Prognosis Plasma [92]
EGFR Lung cancer Diagnosis/Prognosis Plasma/Bronchioalveolar lavage [93-96]
BRAF Melanoma Therapeutic monitoring Plasma [97]
KRAS, P53 Pancreatic cancer Diagnosis/Prognosis Serum/Plasma [98,99]
MYC, PSS’II;/% HI, PTEN, Prostate cancer Diagnosis/Prognosis Plasma [100,101]
Exosomal proteins as Cancer Biomarkers
Protein Cancer type Clinical value Biofluid Reference
PDL-1 Melanoma Prognosis Plasma [102]

6. Future Perspectives and Challenges: The Dawn of a New Era

Liquid biopsy applications have been exponentially growing since 2010. According
to RNCOS market research, the global liquid biopsy market is expected to reach 5 billion
dollars by 2023 [103]. Among the different analytes in LB, circulating tumor DNA (ctDNA)
seems to be the one with the most promising results in the field. The main bottleneck of
ctDNA-based LB is to develop technologies sensitive enough to measure low amounts
of ctDNA in circulation, particularly when early detection or minimal residual disease is
pursued. Next-generation sequencing (NGS)-based technologies have reached a compro-
mise between sensitivity and cost and they are already available in clinical laboratories.
By August 2020, the FDA had approved the first two blood tests, Guardant360 CDx and
FoundationOne Liquid CDx, as companion diagnostic tests that provide molecular infor-
mation (mainly specific mutations or CNA) predictive for the effective use of associated
drugs in NSCLC, prostate, breast, and ovary and for general tumor profiling in solid
tumors [104,105]. Previous NGS-based tests approved for use in DNA extracted from
FFPE or other tumor tissue samples have previously shown great efficacy as companion
biomarkers.

Although many efforts have been made in detecting ctDNA in blood, it is worth
mentioning that ctDNA seems to be mainly released passively from dying normal or
tumor cells (necrosis or the different types of programmed cell death). It is also actively
shed from neutrophils by the process called NETosis [106]. However, DNA can also be
released within exosomes in an active and selective manner. In fact, it has been reported
that more than 93% of amplifiable cfDNA in blood is in fact found as cargo of plasma
exosomes [107]. Therefore, exosomes are potentially very valuable raw materials for
more sensitive analysis of circulating DNA, as DNA is highly concentrated in exosomes
released from tumor and other cells. To date, only a few studies have compared the clinical
parameters of “gold standard” ctDNA and exosomal DNA (exoDNA). Only in pancreatic
ductal adenocarcinoma, KRAS mutation detection in exoDNA was superior to ctDNA
for prognosis [98,99]. It has also been shown that the combination of exoDNA/RNA and
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ctDNA has better sensitivity and specificity than ctDNA alone for EGFR T790M mutation
detection in NSCLC [93,94] and BRAF V600E mutation detection in melanoma [97].

Table 3. Pros and cons of the main exosome isolation techniques.

Factors Ultracentrifugation Precipitation Affinity Flow Microfluidic F11trat11(\)/?01emlar
Differential Gradient Immune Ultrafiltration .
Cytometry Exclusion
Purity low high low high high high low high
Yield low low high
Specialized equipment high low low high high
Specialized user low high high high
RNA characterization high high high high high high high high
Protein characterization high low high high high high
Functional studies low high
Scalability low high high low
Time low high low high
Cost high high low low low

Despite the need for more studies in large patient cohorts to evaluate exoDNA as a
circulating biomarker, preliminary data are very promising. High exosomal nucleic acid
concentrations and elevated coverage of the genomic driver gene sequences will probably
help to make the analysis of exosomes the “gold standard” LB DNA-based analyte in the
near future.

In summary, although the field of exosomes in liquid biopsy is still immature, its
potential for the very near future seems enormous, promising, and fascinating. The major
hurdles for exosomal-based biomarkers to reach the clinic are the standardization and
optimization of isolation and characterization methodologies and the validation of reported
results in multiple independent cohorts.

In fact, there are many different techniques to isolate exosomes. They can be classified
into five main groups according to the chemical or physical isolation system: centrifu-
gation, precipitation, affinity binding, microfluidics, and molecular size-exclusion-based
techniques. Each method has its pros and cons. In general, an exosome isolation technique
with elevated yield numbers will render low exosome purity, and vice versa. Therefore, the
isolation method may be adapted to respond to each specific need. It is important to take
into consideration such factors as the type and amount of initial sample or the subsequent
use of those isolated exosomes. Moreover, some other aspects will determine the final
choice of the technique, e.g., the need for specialized equipment, cost, time, or scalability.
Table 3 summarizes the pros and cons of the main exosome isolation technologies.

Although there is still no consensus on a standard isolation method, the International
Society for Extracellular Vesicles (ISEV) is making an strong effort to achieve this aim [83].

Also, understanding of the regulatory mechanisms that control tumor-derived exo-
some heterogeneity that may influence the reproducibility of diagnostic outcomes is essential.

In addition, the development of liquid-biopsy-based multiparametric assays is ex-
pected to return large data sets of different nature (nucleic acids, proteins, etc.). For this
reason, the implementation of artificial intelligence tools for data management and analysis,
as well as the development of models that include all complex exosome-derived data, is
starting to be explored to accurately use exosomes as cancer biomarkers [108].

In summary, the research avenues for the near future in the field of exosomes in cancer
liquid biopsy are multiple, wide, and very exciting.
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Simple Summary: Exosomes are an emerging source of cancer biomarkers. Molecular components
of serum-derived exosomes have been addressed in several reports in the context of biomarkers for
early detection of lung cancer. However, despite the promising results of pilot studies, the clinical
applicability of such biomarkers has not been validated yet. In this review, the diagnostic potential
of miRNA content of serum-derived exosomes is presented. Moreover, potential target genes and
signaling pathways affected by miRNA present in lung cancer signatures are discussed.

Abstract: Early detection of lung cancer in screening programs is a rational way to reduce mortality
associated with this malignancy. Low-dose computed tomography, a diagnostic tool used in lung
cancer screening, generates a relatively large number of false-positive results, and its complementa-
tion with molecular biomarkers would greatly improve the effectiveness of such programs. Several
biomarkers of lung cancer based on different components of blood, including miRNA signatures,
were proposed. However, only a few of them have been positively validated in the context of early
cancer detection yet, which imposes a constant need for new biomarker candidates. An emerging
source of cancer biomarkers are exosomes and other types of extracellular vesicles circulating in body
fluids. Hence, different molecular components of serum/plasma-derived exosomes were tested and
showed different levels in lung cancer patients and healthy individuals. Several studies focused on
the miRNA component of these vesicles. Proposed signatures of exosome miRNA had promising
diagnostic value, though none of them have yet been clinically validated. These signatures involved
a few dozen miRNA species overall, including a few species that recurred in different signatures. It
is worth noting that all these miRNA species have cancer-related functions and have been associated
with lung cancer progression. Moreover, a few of them, including known oncomirs miR-17, miR-19,
miR-21, and miR-221, appeared in multiple miRNA signatures of lung cancer based on both the
whole serum/plasma and serum/plasma-derived exosomes.

Keywords: biomarkers; exosome; extracellular vesicles; lung cancer; miRNA; plasma; serum

1. Introduction

Lung cancer is among the major cancer-related public health problem responsible for
about a quarter of cancer-related deaths worldwide. Overall, the lung cancer five-year
survival rate (below 20%) is much lower than other leading cancer sites, such as colorectal
(about 65%), breast (about 90%), and prostate (about 95%). Though the risk and incidence
of lung cancer are slightly higher among men, this malignancy is becoming the major cause
of cancer-related death also in women. The majority of lung cancer cases are diagnosed at
advanced stages and have unfavorable prognoses (the average five-year survival of about
10-15%). However, in the case of the disease detected at the early stages, the prognosis
is much better (the average five-year survival varies between 65 and 85%). Thus, in
addition to primary prevention (i.e., tobacco smoking control), screening for early detection
was proposed as a promising strategy to reduce lung cancer mortality [1,2]. Several
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screening tools have been investigated during the past decades, but only one, the low-dose
computed tomography (LD-CT), has found an application in clinical practice. Originally,
the results of the National Lung Screening Trial (NLST) showed that compared to chest
X-ray examination, the LD-CT screening was associated with over 20% reduction of lung
cancer-specific mortality in a high-risk group of subjects defined by their smoking status
and age [3]. The potential of LD-CT screening programs to reduce lung cancer mortality
was further confirmed by other studies [2], including the Dutch—Belgian NELSON trial [4]
and the Danish Lung Cancer Screening Trial (DLCST) [5]. It is estimated that the use of
LD-CT allows for earlier detection of lung cancers in about 12,000 people a year, which is
about 8% of deaths annually due to this disease. It is worth noting, however, that LD-CT
allows detecting abnormalities in 20-40% of people undergoing this examination, but as
much as 95% of results could be false-positive [6]. Hence, due to the low specificity of
LD-CT (positive predictive value of only 3.8% in the NLST), the vast majority of patients
with screen-detected chest abnormalities are subjected to further expensive and potentially
harmful diagnostic procedures, such as transthoracic or bronchoscopic biopsy or surgery.
It is estimated that about 75% of patients unnecessarily underwent diagnostic workup,
including 25% subjected to invasive procedures [7]. Hence, there is an urgent need for
clinical and molecular tests supporting CT-based screening for the detection of lung cancer
to reduce “over-diagnosis” and decrease the costs. Such test(s) could either pre-select
individuals for LD-CT examination or discriminate between benign and malignant chest
abnormalities detected by LD-CT [8,9].

Potential biomarkers for early lung cancer can be found in various biological fluids;
however, blood is the richest and most readily available source [10,11]. Candidates for such
biomarkers include serum proteins, free nucleic acids, and metabolites [11,12]. Several
works reported serum/plasma proteins, which levels are associated with the risk of lung
cancer [13]. Another candidate for the biomarker of lung cancer is circulating free DNA
(cfDNA) [14] and circulating tumor cells (CTC) [15]. More recently, serum metabolites and
lipids have emerged as another class of potential biomarkers in lung cancer [16,17]. Several
other review papers could be suggested that cover this well-researched field [11-13,18-21].
However, though numerous biomarker candidates have been proposed only a few of them
have been positively validated in the proper clinical settings. The main reason was the lack
of sensitivity and analytical reproducibility, which in turn led to the elimination of potential
candidates from further stages of biomarker testing [9,12]. Moreover, none of the tested
biomarkers increased the actual number of detected early lung cancer cases yet [18,20,22].
Currently, only two molecular tests are used in clinical practice to help in the diagnosis of
indeterminate pulmonary nodules detected by CT. One of them is the autoantigen-based
EarlyCDT-Lung test, which enables the classification of indeterminate nodules with a
positive predictive value (PPV) >70% [23]. Another test is the XL2 test, which combines
the clinical probability of cancer score with the level of two plasma proteins: LG3BP and
C163A [24]. Hence, the identification of the reliable molecular biomarker that could be
used for the early detection of lung cancer remains a timely and vital issue.

The purpose of this literature review is to summarize current data on the emerging
biomarker of early lung cancer-circulating serum exosomes and their microRNA cargo.

2. Micro RNA Signatures of Lung Cancer

In the search for a lung cancer biomarker, there were numerous studies focused on
microRNAs (miRNAs). It is a class of small endogenous non-coding RNAs of 18-24 nucleotides
responsible for the regulation of target genes. More than 2500 mature miRNAs have been
described in humans yet [25-27]. miRNA is transcribed in the cell nucleus with the participation
of RNA polymerase II resulting in pri-miRNA, which is processed by the Drosh/DGCRS8
enzyme complex to precursor miRNA (pre-miRNA). The resulting pre-miRNA is transported
from the nucleus to the cytoplasm involving Exportin-5, where it is processed by Dicer nuclease
to form miRNA duplexes or mature miRNA. Usually, a less-thermostable 5'-terminus strand is
packed to the protein complex (RISC), whose main component is a protein from the Argonaut

40



Cancers 2021, 13, 1373

family (AGO), while the second strand is degraded. The RISC complex then recognizes the
target mMRNA and binds at the 3’'UTR position: mRNA degradation occurs in the case of perfect
miRNA /mRNA matching, while translation repression in the case of incomplete alignment.
Thus, by silencing target mRNAs, miRNAs affect many critical cellular processes such as cell
proliferation, apoptosis, differentiation, and metabolism [27,28].

The composition of miRNA component of tissues (so-called miR-ome) could be af-
fected by different pathological conditions; hence, the diagnostic and prognostic values of
miRNA signatures have been addressed in many studies [29-34]. miRNA is resistant to
RNase digestion, boiling, extended storage, extreme pH, and multiple freezing and thawing
cycles [35]. Moreover, miRNA is considered to be more stable than other classes of RNA
in blood and other biofluids. However, it should be noted that during the analysis of free
circulating miRNA in human blood, miRNA molecules released by cancer cells and other
classes of “normal” cells (platelets, red blood cells, and endothelial cells) are co-purified
and co-analyzed [36]. Nevertheless, miRNA circulating in the blood and present in the
isolated serum (i.e., the liquid fraction of blood remaining after removal of the clot followed
coagulation) or plasma (i.e., the liquid fraction of blood remaining after removal of cell
components without coagulation), is an emerging source of disease biomarkers including
lung cancer.

Several studies addressed circulating miRNA as potential molecular signatures to be
used for the diagnosis of lung cancer. Numerous papers have been published since 2011
that described signatures of serum/plasma miRNA, which enabled the differentiation be-
tween lung cancer patients and healthy individuals. Some of these reports described single
miRNA, yet most of them proposed multi-component panels up to 24 plasma miRNAs [37]
or 34 serum miRNAs [38]. Examples of such studies are listed in Table 1. Proposed lung
cancer signatures involved about 100 miRNA species overall, which (according to our
literature review) included 39 miRNA species that recurred in more than one signature.
However, only four miRNA species were included in more than five signatures, namely,
miR-21 (11 signatures), miR-148b (8 signatures), miR-126, and miR-486-5p (seven signa-
tures). Hence, the overlap among different signatures was relatively low, which putatively
reflected different clinical characteristics of lung cancer patients and their ethnic/genetic
backgrounds as well as different analytical approaches used in different studies. Never-
theless, we analyzed a subset of 39 miRNA species that appeared in multiple lung cancer
signatures in the search for their target genes and associated biological functions; the
bioinformatics tool miRSystem (version 20160513) was used [39]. Among the biological
processes associated with this subset of miRNAs and statistically overrepresented, several
pathways were involved in cancer development, including the MAPK signaling, FGFR sig-
naling, transport of glucose, apoptosis, and antigen processing/presentation. This subset
included several known “oncomirs”, exemplified by miR-21, which will be discussed in de-
tail below. Furthermore, among the genes hypothetically targeted by the highest number of
miRs from this subset were a few genes with putative cancer-related functions, exemplified
by IFI30, PLA2G10, FGF6, ZBTB16, and CORO1A. IFI30 encodes a lysosomal thiol reductase
involved in the processing of MHC class Il-restricted antigen, which was reported in the
development of melanoma [40]. PLA2G10 encodes a phospholipase A2 family member
involved in the production of inflammatory lipid mediators (e.g., prostaglandins), which
was reported in the progression of breast cancer [41]. FGF6 encodes a fibroblast growth
factor (FGF) family member involved in tumor growth [42]. ZBTB16 encodes a Krueppel
C2H2 zinc finger family member involved in the regulation of cell cycle, apoptosis, and
the AKT/Foxo3a pathway [43]. CORO1A encodes a WD-repeat protein family member
involved in the cell cycle progression, apoptosis, and signal transduction [44]. Hence,
cancer-related functions of miRNA species present in the proposed lung cancer signatures
provide additional validation of their putative diagnostic importance.

In conclusion, circulating miRNA appears a forward-looking diagnostic tool in the
detection of lung cancer. Proposed signatures revealed promising sensitivity and speci-
ficity, which usually reached 80-90%. Still, their actual diagnostic reproducibility requires
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further validation and clinical testing [25,35,45-47]. Further, none of the proposed miRNA
signatures have yet been conclusively validated in the prospective clinical studies. Never-
theless, three registered clinical trials are currently ongoing that include validation of the
serum/plasma miRNA signatures of early lung cancer. The BIOMILD study (NCT02247453)
sponsored by the Fondazione IRCCS Istituto Nazionale dei Tumori (Milano) is aimed at the
validation of the Plasma miR Signature Classifier [37]. The COSMOS study (NCT01248806)
sponsored by the European Institute of Oncology involves validation of the miR-Test [48]
in the context of lung cancer screening. Moreover, a smaller study sponsored by Hum-
mingbird Diagnostics (NCT03452514) is aimed at the validation of the commercial HMBDx
microRNA Test in a group of participants of the LD-CT lung cancer screening. However,
all these clinical trials are still running, and no conclusions are available yet (the planned

completion date of these studies is 2021).

Table 1. Examples of serum/plasma miRNAs as biomarkers of lung cancer.

Biofluid miRNA Signature Size of Groups Diagnostic Value = Reference
Control: 29 AUC=0386
Plasma miR-21, miR-126, miR-210, miR-486 Cases: 29 (Stage LIV) SEN = 75% [49]
: & SPE = 85%
AUC = 0.86
Plasma miR-21, miR-335 Casgslgé()(léotige D SEN =72% [50]
' & SPE = 81%
AUC = 0.90
Plasma miR-21, miR-486 Casefgzt(rgti 45 1) SEN = 87% [51]
: 8 SPE = 87%
AUC = 0.85
Plasma miR-21, miR-145, miR-155 Casefggt(r;lé 9§I_IV) SEN = 69% [52]
' & SPE = 78%
miR-101, miR-106a, miR-126, miR-133a, miR-140-3p,
miR-140-5p, miR-142-3p, miR-145, miR-148a, miR-15b,
Plasmg  MiR-16, miR-17, miR-197, miR-19b, miR-21, miR-221, Control: 870 SEN = 87% (371
miR-28-3p, miR-30b, miR-30c, miR-320, miR-451, Cases: 69 (Stage I-TIT) SPE = 81%
miR-486-5p, miR-660, and miR-92a
(Plasma miR Signature Classifier; MSC)
Control: 40 AUC =0.97
Plasma miR-182, miR-183, miR-210, miR-126 Cases: 112 (Stage IIII) SEN = 81% [53]
: & SPE = 100%
Control: 83 AUC =090
Plasma miR-145, miR-20a, miR-21, miR-223 Cases: 129 (Stage I-1I) SEN = 82% [54]
ases: age SPE = 90%
Control: 124 AUC =0.84
Plasma  miR-19b, miR-21, miR-221, miR-409, miR-425, miR-584 : SEN = 73% [55]
Cases: 141 (Stage I-1V)
SPE = 80%
miR-92, miR-484, miR-486, miR-328, miR-191,
miR-376a, miR-342, miR-331, miR-30c, miR-28, miR-98,
miR-17, miR-26b, miR-374, miR-30b, miR-26a, miR-142, Control: 69 AUC = 0.89
Serum miR-103, miR-126, let-7a, let-7d, let-7b, miR-32, Cases, 35 (s(.)té L1v) SEN = 71% [38]
miR-133b, miR-566, miR-432, miR-223, miR-29a, ses: &8¢ SPE = 90%
miR-148a, miR-142, miR-22, miR-148b, miR-140,
miR-139
AUC =098
Serum miR-15b, miR-27b Control: 95 SEN = 100% [56]
Cases: 85 (Stage I-1V) SPE = 849
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Table 1. Cont.

Biofluid miRNA Signature Size of Groups Diagnostic Value Reference
miR-92a-3p, miR-30b-5p, miR-191-5p, miR-484,
miR-328-3p, miR-30c-5p, miR-374a-5p, let-7d-5p, Control: 984 AUC =0.85
Serum miR-331-3p, miR-29a-3p, miR-148a-3p, miR-223-3p, Cases: 48 (S t.a e 1-TIT) SEN =72% [48]
miR-140-5p ' J SPE = 77%
(miR-Test)
Control: 45 AUC =099
Serum miR-193b, miR-301, miR-141, miR-200b ’ SEN = 97% [57]
Cases: 154 (Stage I-III)
SPE = 96%
Control: 63 AUC =082
Serum miR-483, miR-193a, miR-25, miR-214, miR-7 ' SEN = 89% (58]
Cases: 63 (Stage I-1V)
SPE = 68%
Control: 70 AUC =0.97
Serum miR-152, miR-148a, miR-148b, miR-21 ) SEN = 96% [59]
Cases: 70 (Stage I-1V)
SPE =91%
AUC =0.93
Serum miR-15b, miR-16, miR-20a c ngt(rgtl 581—111) SEN = 86% [60]
ases: age SPE = 91%
miR-429, miR-205, miR-200b, miR-203, miR-12, Control: 74 AUC =089
Serum iR-34b C : 138 (Stage I-1V) SEN = 88% [61]
mi ases: age SPE = 71%
AUC =0.92
Serum miR-141, miR-193b, miR200b, miR-301 Control: 185 SEN = 91% [62]
Cases: 213 (Stage I-1V)
SPE = 78%
Control: 2178 AUC =0.99
Serum miR-1268b, miR-6075 Cases: 1566 SEN = 99% [63]
(Stage I-IV) SPE = 99%

AUC—Area Under the Receiver Operating Characteristic (ROC) Curve; SEN—Sensitivity; SPE—Specificity.

3. Exosomes, an Emerging Type of Liquid Biopsy

Exosomes are membrane-enclosed nanovesicles (30-150 nm) of endosomal origin.
Exosomes arise as a result of the concavity of the plasma membrane inward, resulting in
the formation of an early endosome. The early endosome matures into the late endosome,
which then transforms into a multivesicular body (MVB) that could attach to the plasma
membrane from inside and release exosomes into the extracellular space [64,65] (Figure 1).
Exosomes can be detected in various biological fluids such as urine, cerebrospinal fluid,
saliva, blood, and its derivatives (serum and plasma). Exosomes are secreted by all
types of cells, either non-tumorigenic and cancerous. These vesicles are enclosed by a
double film of symmetrically distributed lipids containing several tetraspanins and other
membrane proteins involved in the formation of MVB (CD9, CD63, CD81, TSG101, and
Alix). However, the full set of proteins present in the exosome cargo (involving thousands
of different cellular proteins) is variable and reflects the current phenotype of the parent
cell. Except for proteins and lipids, exosomes also contain different classes of nucleic acids
(single-stranded RNA, long non-coding RNA, and microRNA) and metabolites, whose
composition is also regulated by the state of the cell [64,66,67].
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Exosomes

Tetraspanins

Figure 1. Biogenesis of exosomes.

In general, exosomes are involved in many aspects of cell-to-cell communication
working in both paracrine and endocrine modes. In the case of exosomes from “normal”
(non-tumorogenic) cells, their role in immunity, coagulation, angiogenesis, spermatogene-
sis, and various physiological processes in the central nervous system has been confirmed.
In the case of tumor-derived exosomes (TEX), several lines of evidence indicate their asso-
ciation with immunomodulation, pre-metastatic niche formation, tumor growth, resistance
to the treatment, and drug removal from cells [68]. TEX are signal mediators and promote
disease development by participating in processes such as angiogenesis, metastasis, and
many others [66,68-70]. TEX are released into the bloodstream so they can reach distant
organs and modify the phenotype of many different cell types. This ability of TEX depends
on their bioactive cargo, which differs from the content of exosomes released by “normal”
cells and corresponds to the malignant phenotype of cancer cells [71]. Several review
papers focused on the functional role of TEX have already been published, including a few
recent ones [68,70,72,73]

Exosomes released by lung cancer cells were reported to be involved in tumor pro-
motion, immunomodulation, and remodeling of the tumor microenvironment, also in
the context of metastatic niche [66,69]. TEX secreted by lung cancer cells contain several
proteins involved in tumor development, including CD91, Galectin-9, LRG1, EGFR, and
Wnt5b [53,70,73-76]. Several studies also addressed the functional importance of non-
coding RNA present in TEX released by lung cancer cells. For example, miR-103a present
in TEX directly affected the polarization of macrophages by reducing PTEN protein expres-
sion, which in turn led to the accumulation of tumor-promoting factors such as IL10, CCL2,
and VEGF-A [70,77]. Moreover, miR-21 present in TEX promoted tumor growth by increas-
ing the permeability of blood vessels and the accumulation of hypoxia-induced factor-1«
(HIF-1o) under both normoxic and hypoxic conditions [78]. Other miRNAs present in
TEX secreted by lung cancer cells (e.g., miR-9, miR-126, miR-122, and miR-210) could
also participate in the process of angiogenesis of neoplastic blood vessels [73,74,79-82].
Long non-coding RNAs (IncRNAs) are another group of nucleic acids present in TEX
secreted from lung cancer cells. It has been reported that several such IncRNAs (MALATI,
AK126698, SCAL1, and HOTAIR) are associated with the anti-apoptotic activity, resis-
tance to cisplatin, protection of cells against oxidative stress, and increased migration
proliferation and invasiveness [74,79,83,84].
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The molecular composition of TEX reflects that of parental cancer cells. Therefore,
TEX present in blood and other biofluids are an emerging type of liquid biopsy, considered
a gold mine of potential cancer markers [26,72,85-87]. It should be emphasized, however,
that exosomes represent only a subset of the heterogeneous group of extracellular vesicles
(EV) that also include microvesicles (also known as ectosomes; 250-1000 nm) and apoptotic
bodies (>1000 nm) formed by outward budding (“blebbing”) of the plasma membrane.
The term “exosomes” should be reserved for vesicles of endosomal origin that form via
MVB. However, due to the limitations of current methods used for the isolation of EV
the adequate discrimination between various EV subsets is not feasible. Therefore, to
avoid possible misconceptions, a simplified nomenclature has been recently proposed that
distinguishes small EV (i.e., <200 nm) and medium/large EV (>200 nm). A class of small
EV (sEV) consists mostly of exosomes, yet other types of EV, e.g., small microvesicles, could
also copurify with this fraction [88]; in this review, the terms “exosome” and “sEV” are
used interchangeably for simplicity. Moreover, sEV present in blood and other biofluids
represent a complex mixture of vesicles released by different types of cells. It is estimated
that TEX represent about 20-60% of sEV present in the plasma of cancer patients while the
remaining exosomes and other sEV present in this specimen are released by “normal” non-
cancerous types of cells (e.g., platelets, immune cells, and endothelial cells) [89]. However,
due to current limitations of methods allowing purification of specific TEX from body
fluids [90], the mixture of different sEV that could be isolated from serum or plasma remains
a feasible material in the search of cancer markers. Nevertheless, even such heterogeneous
material is a promising source of biomarkers for the detection of lung cancer, which is
discussed below.

4. Serum Exosomes as Potential Lung Cancer Biomarkers

Exosomes are secreted by various cells. However, the concentration of exosomes is
much higher in the blood of cancer patients, including lung cancer, compared to healthy
individuals. Recent reports indicate that the concentration of vesicles in the blood of cancer
patients may reach 10° vesicles/mL of blood [71]. The above observations have been con-
firmed in many types of cancers, including prostate cancer, ovarian cancer, breast cancer,
pancreatic ductal adenocarcinoma, hepatocellular carcinoma, and breast cancer [91-95].
Increased levels of vesicles in the blood of cancer patients correlate with a worse prognosis.
The molecular cargo of exosomes is the primary source of cancer biomarkers. However,
apart from a different molecular cargo, TEX may have a different morphology than exo-
somes secreted by “normal” cells. Exosomes isolated from the serum of patients diagnosed
with pancreatic cancer had a significantly smaller size compared to exosomes isolated
from healthy people [91]. Similar observations were made with the use of atomic force
microscopy in the case of exosomes present in patients with oral cancer [96]. Hence, the
number, composition, and morphology of exosomes can be an important diagnostic cancer
biomarker, though no specific data regarding lung cancer patients is available yet.

Different molecular components of exosomes existing in body fluids (serum, plasma,
and saliva) of patients with lung cancer have been tested in the search for a biomarker of
this malignancy [85,97-102]. Identified biomarker candidates include different classes of
molecules-nucleic acids, proteins, and metabolites. Results of these studies (except for exo-
some miRNA discussed in the subsequent paragraph) are listed in Table 2. A few signatures
of lung cancer have been proposed based on proteins present in serum/plasma-derived ex-
osomes [86,103-107]. Moreover, several studies have proposed long non-coding RNAs and
circular RNAs present in serum-derived exosomes as lung cancer biomarkers [84,108-111].
Furthermore, different levels of several phospholipids (phosphatidylcholines and sphin-
gomyelins), triglycerides, and cholesterol esters present in the exosome membrane have
been observed in plasma-derived exosomes in lung cancer patients and healthy con-
trols [112]. Different diagnostic performance of proposed signatures was reported (Area
Under the ROC Curve, AUC, was in the range 0.70 to 0.90), yet the observed difference
could be attributed to differences in the statistical methodology. Nevertheless, though
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some of these biomarker candidates are promising, their actual diagnostic performance

has not yet been validated in the proper clinical settings.

Table 2. Potential exosome biomarkers of lung cancer.

BIOﬂul(.:l/EV Size of Groups Proposed Biomarker Analytic. Method Diagnostic Value Reference
Isolation
Serum,/UC Control: 46 AUC = 0.80
TEM. NTA. WB Cases: 125 AHSG, ECM1 proteins MS SEN = 54% [104]
’ ’ (Stage I—IV) SPE = 89%
Control: 10 AUC=0.72
Serum/IMA Cases: 26 CD91 MS SEN = 60% [105]
(Stage III-IV) SPE = 89%
Plasma/UC Control: 15 SRGN, TPM3, THBSI, AUC =090
TEM, NTA, WB Cases: 13 HUWET proteins MS SEN =81% [106]
PN (Stage I-I) p SPE = 82%
Control: 90 .. AUC =0.71
TEM NTA, WB Cases: 183 erfe]f;n(ig% ELISA SEN = 65% [107]
’ ’ (Stage I—IV) I3 SPE = 76%
Control: 150 CD151, Tspan8, NYESO1, AUC = 0.74
HER2, CD171, EGFRVIII o
Plasma/EV array Cases: 431 - EV array SEN =71% [103]
(Stage LIV) SFTPD, Flotilin1, CD142, obh = o
8¢ Mucin16 =69%
Serum/PRE Control: 150 AUC=0.78
TEA. NTA Cases: 150 IncRNA (TBILA) qPCR SEN = 65% [108]
! (Stage I-1V) SPE = 81%
Serum/PRE Control: 150 AUC=0.73
TEA. NTA Cases: 150 IncRNA (AGAP2-AS1) qPCR SEN = 67% [108]
! (Stage I-1V) SPE = 73%
Serum/PRE Control: 64 AUC =0.81
TEM. NTA. WB Cases: 72 IncRNA (DLX6-AS1) qPCR SEN = 78% [109]
’ ! (Stage I-1V) SPE = 86%
Serum/PRE Control: 30 AUC=0.70
TEM. NTA, WB Cases: 77 IncRNA (MALAT-1) qPCR SEN = 60% [85]
’ ! (Stage I-1V) SPE = 81%
Serum/PRE Control: 40 AUC=0.86
TEM. NTA. WB Cases: 64 IncRNA (GAS5) qPCR SEN = 86% [110]
’ ! (Stage I-1V) SPE = 70%
Control: 30 . AUC =0.99
SeruxéPRE Cases: 120 (Ciiré;lzr_&fgs) qPCR SEN = 99% [111]
(Stage I-1V) SPE = 100%
PC(32:0), PC(34:2),
PC(36:1)/(36:2)/(36:3),
Control: 39 PC(38:3)/(38:5)/(38:6), AUC = 0.85
Plasma/UC Cases: 44 LPC(12:0), LPC(16:0), MS SEN =77% [112]
(Stage I-I) SM(34:1), SM(42:2), SPE = 72%
TG(52:5), TG(54:6),
CE(20:4)

sEV’s isolation and characterization methods: UC—Ultracentrifugation; PRE—Precipitation; IMA—Immunoaffinity; TEM—Transmission
Electron Microscopy; NTA—Nanoparticle Tracking Analysis; WB—Western Blot; MS—mass spectrometry; qPCR—quantitative real-time

PCR; AUC—Area Under the ROC Curve; SEN—Sensitivity; SPE—Specificity.

5. Exosome miRNA as a Biomarker of Lung Cancer

The miRNA content of serum/plasma-derived exosomes is another promising source
of lung cancer biomarkers addressed in several papers. Two analytical methods of miRNA
detection dominate in these studies—quantitative PCR and next-generation sequencing.
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However, many different approaches were applied to isolate and characterize sEV from
serum or plasma; hence, different classes of vesicles could be studied in different reports.
The representative papers are summarized in Table 3. Some of these studies tested the
diagnostic performance of miRNA signatures, which resulted in AUC values that ranged
between 0.71 and 0.98. However, none of these signatures have yet been validated in an
independent study. Furthermore, none of them have been studied in the context of lung
cancer screening. Analyzed groups had different sizes and represented different clinical
characteristics and ethnic/genetic backgrounds. Therefore, different miRNA signatures
of serum/plasma exosomes proposed to discriminate lung cancer patients from healthy
controls should be compared with caution.

Table 3. Potential SEV miRNA biomarkers of lung cancer.

Biofluid/EV Isolation miRNA Signature Size of Groups Diagnostic Value Reference
. . . AUC =091
P ' 8 SPE = 72%
Plasma/PRE miR-30b, miR-30c, miR-103, miR-122, Control: 6 ) [114]
WB, TEM miR-195, miR-203, miR-221, miR-222 Cases: 12 (Stage -)
. . . Control: 14
Plasma/PRE miR-19-3p, miR-21-5p, miR-221-3p Cases: 18 (Stage I-IV) - [55]
AUC =091
Plasma/PRE . . . Control: 10 ~ amo
WB, NTA, TEM miR-23b-3p, miR-10b-5p, miR-21-5p Cases: 10 (Stage I-1V) SEN = 82% [115]
SPE = 85%
Control: 149 AUC =0.97
V\féai{‘&l}lgd miR-451a, miR-194-5p, miR-486-5p Cases: 434 SEN = 95% [36]
! ! (Stage I-1V) SPE = 71%
Plasma/PRE miR-185-5p, miR-32-5p, miR-140-3p, Control: 20 AUC =091
WB. NTA TEM let-7f-5p Cases:79 SEN =59% [116]
! ! (Stage I-III) SPE = 100%
miR-17-3p, miR-21, miR-106a, miR-146, Control: 8
Plasma/SEC + IMA miR-155, miR-191, miR-192, miR-203, Cases: 28 - [117]
miR-205, miR-210, miR-212, miR-214 (Stage I-1V)
. . . Control: 48
Plasma/IMA let-7f, mlR_ZObr’nrﬁ;ggf e-3p, miR-223, Cases:78 - [118]
(Stage I-1V)
AUC =0.90
Plasma/UC + IMA . . Control: 13
let-7b-5p, let-7e-5p, miR-24-5p, miR-21-5p . SEN = 80% [119]
WB, NTA Cases: 47 (Stage I) SPE = 929%
Control: 30
Plas,rn]}:alv/[UC miR-21, miR-4257 Cases: 195 - [120]
(Stage I-I1I)
. Control: 7
Plasma/SEC miR-411-5p Cases: 19 (Stage -) - [121]
miR-451a, miR-486-5p, miR-363-3p, Control: 10 AUC =0.98
Serum/PRE miR-660-5p, miR-15b-5p, miR-25-3p, Cases: 20 SEN = 100% [122]
miR-16-2-3p (Stage I-1V) SPE = 90%
Control: 137 AUC=0.74
Ws'fr;r}‘f?EEM miR-17-5p Cases: 172 SEN = 67% [123]
! ! (Stage I-III) SPE = 77%
Control: 80 AUC =0.90
Ws'fr;r}‘f?EEM miR-146a-5p, miR-486-5p Cases: 48 SEN = 83% [124]
! ! (Stage I-1II) SPE = 90%
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Table 3. Cont.

Biofluid/EV Isolation miRNA Signature Size of Groups Diagnostic Value Reference
Control: 60 AUC=0.84
Serum/PRE miR-216b Cases: 105 SEN = 87% [125]
(Stage I-1V) SPE = 75%
Control: 72
S:f,‘l‘ng/EPﬁE miR-106b Cases: 72 - [126]
! (Stage I-1V)
Control: 36
Serum/PRE 106a-5p, miR-20a-5p, miR-93-5p Cases: 34 AUC=0.83 [127]
(Stage I-III)
Serum/PRE miR-210-5p, miR-1269a, miR-205-5p, Control: 150 AUC =074
WB. NTA. TEM MiR-9-3 Cases: 148 SEN = 81% [128]
i P (Stage I-TIT) SPE = 61%
Control: 40 AUC =0.94
Ws‘fr;r;‘f}fM miR-1290 Cases: 70 SEN = 80% [129]
! ! (Stage I-1V) SPE =97%
Control: 60 AUC =0.84
Serum/PRE miR-378 Cases: 103 SEN = 78% [130]
(Stage I-1V) SPE = 82%
Control: 65 AUC =0.82
S@f,‘l‘ng/EPﬁE miR-7977, miR-98-3p Cases: 65 SEN = 81% [131]
' (Stage I-1V) SPE = 75%
Control: 31 AUC=0.84
wieﬁif}( %%M miR-126 Cases: 45 SEN = 90% [132]
PN (Stage I-III) SPE = 86%
Control: 16
Serum/UC miR-21-5p, miR-126-3p, miR-140-5p Cases: 23 - [133]
WB, NTA, TEM
(Stage I-1V)
Control: 231 AUC=0.71
WgeiT”T‘X %%M miR-620 Cases: 235 SEN = 63% [134]
PN (Stage I-1V) SPE = 68%
Serum,/UC Control: 312 AUC=0.74
WB. NTA. TEM miR-5684, miR-125b-5p Cases: 330 SEN = 81% [135]
i (Stage I-1V) SPE = 61%
Control: 30
Serum/UC . . . _
WB, NTA, TEM miR-20b-5p, miR-3187-5p Cases: 380 AUC=0.84 [136]
(Stage 0-I)

sEV’s isolation and characterization methods: UC—Ultracentrifugation; PRE—Precipitation; IMA—Immunoaffinity; SEC—Size Exclusion
Chromatography; TEM—Transmission Electron Microscopy; NTA—Nanoparticle Tracking Analysis; WB—Western Blot; AUC—Area
Under the ROC Curve; SEN—Sensitivity; SPE—Specificity.

According to current literature research, proposed lung cancer exosome signatures
involved above 60 miRNA species overall, and 14 miRNA species appeared in more than
one signature. This included miR-21 (seven signatures), miR-221 (three signatures), and
miR-486-5p (three signatures). Figure 2 illustrates miRNA species present in lung cancer
signatures, detected in either whole serum/plasma or serum/plasma-derived exosomes,
which were included in more than one signature. There were nine miRNA species, namely,
miR-17, miR-19, miR-21, miR-221, miR-451, miR-486-5p, miR-126, miR-140, and miR-210,
which appeared in both whole serum/plasma and exosome-based signatures. Functions
associated with this interesting subset of miRNAs are discussed below.
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exosome serum/plasma
miRNA miRNA

5

let-7d, miR-15b, miR-16,
miR-20a, miR-25, miR-28,
miR-29a, miR-30b, miR-30c,

let-7f miR-17, miR-19, \ miR-92, miR-126, miR-141,
miR-20b miR-21, miR-126, | miR-142, miR-145, miR-148b,
miR-106a | miR-140, miR-210, | miR-152, miR-191, miR-197,
miR-146 miR-221, miR-451, | miR-182, miR-193b, miR-200b,
miR-203 miR-486-5p miR-205-5p, miR-210, miR-223,

miR-301, miR-328, miR-331,
miR-374, miR-425, miR-429,
miR-484, miR-660

Figure 2. MicroRNA species present in lung cancer signatures. Showed are components present in
at least 2 signatures identified in either whole serum/plasma or serum/plasma-derived exosomes
(small extracellular vesicles).

Shared components of the whole serum/plasma-based and exosome-based lung can-
cer signatures contain several oncomirs, i.e.,, miRNAs with known cancer-related functions.
These include miR-17 and miR-19 belonging to the miR-17-92 cluster, which is regulated by
MYC. The miR-17-92 cluster is a unique oncomir due to the polycistronic miRNA transcript,
which allows obtaining six individual miRNAs involved in many cancer-associated pro-
cesses: miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-1 [137]. A high level
of miR-17 and miR-19 induces cell proliferation, while the deletion is lethal (it causes lung
and lymphoid cell developmental defects) [138]. miR-17 suppresses the expression of the
E2F1 transcription factor, shifting the cellular balance in favor of increased proliferation. In
lung cancer, overexpression of miR-17 and miR-19 affects the expression of HIF1A, PTEN,
BCL2L11, CDKNA, and TSP1, enhancing tumor growth by increasing the permeability of
blood vessels, inducing hypoxia, increasing proliferation, inhibiting apoptosis, and stimu-
lating tumor cell migration [139,140]. miR-21 is another oncomir frequently overexpressed
in cancer cells, one of the first miRNAs identified in mammals. Among the targets of
miR-21 are tumor suppressor genes such as PTEN, RHOB, and TP63. Further, miR-21
blocks AKT and MAPK signaling pathways via inhibition of several phosphatases. As a
result of miR-21 overexpression, the action of tumor suppressors is blocked, causing the
development of many cancers such as lung, ovarian, breast, brain, and many others [141].
In lung cancer, overexpression of miR-21 is associated with increased cell proliferation,
angiogenesis, cell invasion, and metastasis, as well as chemo- and radioresistance [142].
The inhibition of miR-21 resulted in the induction of apoptosis (due to inhibiting the
PI3K/Akt/NF-KB signaling pathway and increased caspase activity) as well as impeded
the migration and invasiveness of NSCLC cells [143]. miR-21 is involved in modulating
the tumor microenvironment by targeting PTEN in the stromal compartment, which is
mediated by miR-21-containing TEX [144]. Another oncogenic miRNA found in TEX is
miR-221. miR-221 inhibits p27 tumor suppressor, which causes the transition from G1 to
S phase and acceleration of cell division [145]. Among miR-221 targets is also CD117, a
known proto-oncogene that regulates cell survival, migration, and differentiation. Overex-
pression of miR-221 induces proliferation and migration of tumor cells as well as tumor
angiogenesis via the Wnt/ 3-catenin signaling pathway and has been shown to promote the
chemoresistance of lung cancer cells by activating the PTEN/ Akt pathway [146]. miR-210
is also an important factor in the development of lung cancer, whose level increases in
NSCLS tissues and is associated with a worse prognosis [147]. The action of miR-210
involves the regulation of HIF-1, ATG7, LC3, and Beclin-1 [148].
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Other miRNA observed in multiple lung cancer signatures are putative tumor sup-
pressors. In lung cancer, a decreased level of miR-451 correlates with poor prognosis [149].
Functionally, decreased expression of miR-451 increases drug resistance and accelerates
the epithelial-mesenchymal transition due to MYC overexpression, which is a miR-451 tar-
get [150]. Moreover, miR-451 targets several genes involved in the inflammation and stress
response pathways that modulate the tumor microenvironment, including PSMB8, NOS2,
and CARF [151]. Another component of exosome lung cancer signature is miR-126, which
level was reduced in cancer patients. Overexpression of miR-126 inhibits cancer cell prolif-
eration, colony formation, migration, invasion, induces cell cycle arrest, and apoptosis via
targeting ITGA6 gene [152]. Another characteristic component of serum-derived exosomes
is miR-140 involved in carcinogenesis and tumor progression, which level is significantly
lowered in tumors. Overexpression of miR-140 is associated with inhibition of proliferation,
migration, and invasion of NSCLC cells via targeting of ATP8A1 and IGFIR genes [153,154].
Another miRNA shared by serum and exosome-based signatures is miR-486-5p. This
miRNA, one of the most abundant miRNAs in the peripheral blood, plays an important
role in the development of many cancers. Overexpression of miR-486-5p increases cell
proliferation by regulating the PTEN/PI3K/AKT pathway [155]. On the other hand, how-
ever, decreased levels of miRNA-486-5p in NSCLC tissues correlated with increased drug
resistance and a worse prognosis [156]. Moreover, overexpression of miR-486-5p inhibits
the development of lung cancer due to the suppression of GAB2 [157]. Further, decreased
level of miRNA-486-5p correlates with KIAA1199 protein overexpression, which in turn
results in increased cancer proliferation and poor prognosis [158].

Interesting cancer-related features could be attributed also to five miRNA species
detected only in exosome-based signatures of lung cancer, namely, let-7f, miR-146, miR-203,
miR-106a, and miR-20b. Let-7f belongs to the let-7 (lethal-7) family, which consists of 12
members that regulate cell cycle and cell proliferation by affecting RAS, cyclin A2, CDC34,
Aurora A and B kinases, E2F5, CDKS8, and HMGAZ2 [159]. Decreased expression of let-7
is observed in different tumor tissues [160]. Increased expression of let-7f is associated
with inhibition of proliferation, migration, and invasion of neoplastic cells, including lung
cancer cells, while its decreased expression was observed in metastatic cells [161]. miR-146
is involved in the regulation of inflammation [162]. The overexpression of miR-146 is asso-
ciated with increased survival and migration of NSCLC cells via suppressing TRAF6 [163].
Further, increased expression of miR-146 in lung cancer cells lowers the level of claudin-12,
which in turn leads to activation of the Wnt/ 3-catenin and PI3K/AKT/MAPK signaling
pathways resulting in the increased viability and migration, as well as resistance to cisplatin
and inhibition of apoptosis [164]. Another oncogenic miRNA observed in exosomes of
lung cancer patients is miR-106, which increased expression correlates lymph node metas-
tases, drug resistance, and poor prognosis [165]. Increased level of miR-106 decreased
expression of BTG3, which in turn promotes proliferation and inhibits apoptosis [166]. The
expression of miR-20b is also significantly higher in lung cancer cells. miR-20b contributes
to the development of NSCLC by inhibiting APC via the canonical Wnt signaling path-
way [167]. Moreover, similar to miR-106, miR-20b directly targets BI'G3 [168]. The last
miRNA detected in multiple lung cancer signatures is miR-203, which is a putative tumor
suppressor. High expression of miR-203 inhibits the proliferation and invasiveness of lung
cancer cells through negative regulation of survivin [169]. Moreover, increased expression
of miR-203 inhibits RGS17 oncogene, which results in reduced cell proliferation through
the cAMP-PKA-CREB pathway [170]. Furthermore, miR-203 acts as a suppressor of the
SRC/Ras/ERK pathway by inhibiting the expression of SRC oncogene, resulting in the
suppression of proliferation and migration of lung cancer cells [171].

Furthermore, to search systemically for genes regulated by 14 miRNA species that
recurred in sEV-based signatures of lung cancer (Figure 2), the miRTarBase database of
experimentally validated interactions between miRNA and genes [172] was analyzed. This
returned the set of about 600 genes, which functions were analyzed using the FunRich
functional enrichment analysis tool [173]. The set comprised of 390 genes associated with
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lung cancer, including several ones responsible for clinical features of this cancer (e.g.,
KRAS, EGFR, CASPS, PIK3CA, ERBB2, FASLG, RB1, MYDS88, and TP53). Among molecular
functions and biological processes associated with this set of genes, several terms poten-
tially involved in cancer development and progression were significantly over-represented,
which is summarized in Table 4. Moreover, over-represented biological pathways associ-
ated with the most numerous subsets of genes were outweighed by signaling pathways
associated with inflammation, immune response, cell growth, cell-to-cell communication,
and cancer.

Table 4. Functions associated with genes regulated by exosome miRNAs common in lung cancer signatures.

Molecular Function No. of Genes Fold Enrichment FDR
Transcription factor activity 72 2.64 <0.00001
Receptor activity 32 2.73 0.00003
Protein serine/threonine kinase activity 28 2.87 0.00005
Transmembrane receptor protein tyrosine kinase activity 11 6.06 0.00008
Receptor signaling complex scaffold activity 28 2.68 0.00010
Receptor binding 16 3.83 0.00016
Protein-tyrosine kinase activity 8 6.50 0.00077
Transcription regulator activity 47 1.74 0.00451
GTPase activity 18 2.50 0.00868
Kinase regulator activity 5 6.71 0.01639
Biological Process No. of Genes Fold Enrichment FDR
Signal transduction 240 1.88 <0.00001
Cell communication 223 1.85 <0.00001
Regulation of nucleotide and nucleic acid metabolism 144 1.57 <0.00001
Apoptosis 26 3.64 <0.00001
Regulation of cell growth 5 7.35 0.01662

No. of genes—number of genes connected to specific term among 600 genes in the whole set; FDR—corrected p-value of the hypergeometric
test for the significance of over-representation.

6. Conclusions

MicroRNA component of serum/plasma is an attractive source of cancer biomarkers,
and several miRNA signatures of lung cancer have been proposed. Though none of them
is applied in clinical practice yet, a few are currently tested in prospective clinical trials
aimed at validation of their applicability in the early detection of lung cancer and/or
diagnosis of the indeterminate pulmonary nodules. Among other potential biomarkers
of early lung cancer are exosomes (or rather small extracellular vesicle, sEV) circulating
in the blood. Several molecular components of sEV, including proteins, lipids, and non-
coding RNAs, have been reported to have different levels in vesicles isolated from lung
cancer patients and healthy individuals. The largest number of published reports that
address this issue focus on the miRNA component of vesicles. Proposed signatures of
exosome miRNA have promising diagnostic value (AUC in the 0.75-0.95 range), yet none
of them has been validated in the context of the early detection of lung cancer. These
signatures involve a few dozen miRNA species overall, including 14 miRNA (so far) that
recurred in different signatures. It is worth noting that all these miRNNA species have cancer-
related functions and have been associated with lung cancer progression, which further
confirms their diagnostic importance. Importantly, a few miRNA species, including known
oncomirs miR-17, miR-19, and miR-21, appear in multiple miRNA signatures of lung cancer
that are based on both the whole serum/plasma and serum/plasma-derived exosomes.
However, one should note, that due to barely standardized methods of sEV isolation, the
analysis of exosome miRNA content represents a diagnostic challenge. Therefore, the direct
comparison of a diagnostic value of miRNA signature based on the serum/plasma-derived
sEV and the whole specimen is desired, which is not available yet.
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Simple Summary: The aim of this review is to provide an overview of the current scientific evidence
concerning the role played by exosomes in the pathogenesis, diagnosis and treatment of diseases.
The potential use of exosomes as delivery vectors for small-molecule therapeutic agents will be
discussed. In addition, a special emphasis will be placed on the involvement of exosomes in
oncological diseases, as well as to their potential therapeutic application as liquid biopsy tools mainly
in cancer diagnosis. A better understanding of exosome biology could improve the results of clinical
interventions using exosomes as therapeutic agents.

Abstract: Exosomes are lipid bilayer particles released from cells into their surrounding environment.
These vesicles are mediators of near and long-distance intercellular communication and affect various
aspects of cell biology. In addition to their biological function, they play an increasingly important
role both in diagnosis and as therapeutic agents. In this paper, we review recent literature related
to the molecular composition of exosomes, paying special attention to their role in pathogenesis,
along with their application as biomarkers and as therapeutic tools. In this context, we analyze
the potential use of exosomes in biomedicine, as well as the limitations that preclude their wider
application.

Keywords: exosomes; molecular composition; cancer pathogenesis; diagnostics; therapeutics

1. Introduction

Membrane-bound and heterogeneous extracellular vesicles (EVs) were initially con-
sidered anecdotal examples of cell debris or apoptotic bodies released by the majority of
cells [1]. EVs are now regarded as key diagnostic tools [2—4] and therapeutic agents [5]. EVs
facilitate communication processes between near and distant cells. In addition, these vesi-
cles can be grouped into two major categories: (a) microvesicles (MVs; 100-1000 nm), con-
sidered to be functional liposomes composed of molecules such as nucleic acids, proteins
and functional lipids surrounded by a lipid bilayer and (b) exosomes (EXOs; 30-150 nm)
(Figure 1) [6], which differ from MVs in their size, protein composition, buoyant density,
release mechanism and potential physiological role [7-10]. In this review, we will focus
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mainly on exosomes, with particular emphasis on their composition. We will discuss their
potential role in signaling under both physiological and different pathological conditions.
Special attention will be paid to the therapeutic role of exosomes as delivery vectors, as well
as their potential use as biomarkers and in clinical interventions.
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Figure 1. Sizes of most common cell particles: small extracellular vesicles (EVs) are 30 nm to 150 nm in size, and medium-
sized EVs are in the 100 nm to 1000 nm range, while large EVs of apoptotic origin are typically 50 nm to 5000 nm
in diameter [11]. The release of small EVs or exosomes differs from migracytosis, which involves the translocation of
cytoplasmic material to migrasomes, followed by their release when the retraction fibers break [12]. In addition, the uptake
of small EVs may have an effect on recipient cells different from that of multivesicular body (MVB)-like EVs, whose release
may lead to a relatively delayed effect on the microenvironment [13]. Molecular composition of exosomes: exosomes are
surrounded by a phospholipid bilayer and contain numerous molecules, including proteins, lipids, DNA and several types
of RNA. (MHC: major histocompatibility complex).

2. Pathological Functions of Exosomes

Exosomes are known to transfer bioactive cargo between donor and recipient cells,
ensuring pleiotropic functions in intercellular communication. They are also considered to
be an important factor in tumor pathogenesis and immunosuppression [14]. They generate
an intricate network of interactions that inhibit the immune system by delivering similar
contents of tumor cells to immune cells and also impair natural killer cell activation and
induce effector T cell apoptosis [15]. These vesicles have been reported to use autocrine and
paracrine signaling pathways to regulate cell characteristics, to modulate their microenvi-
ronment and to boost their effects [16]. In addition, exosomes can act as external stimuli
and modify the biological phenotype of recipient cells by changing their RNA expression
and activating their receptors. Interestingly, cancer cells exchange exosomes with stromal
cells in order to create a protumor microenvironment and to increase tumor invasion and
proliferation [17].

On the other hand, these vesicles facilitate the interneuronal transmission of pathogenic
proteins that are responsible for several neurodegenerative diseases, such as Parkinson’s
disease (PD) and Alzheimer’s disease (AD) [18]. The exosomal transfer of p-tau and A[31-42
between cells and body fluids is potentially involved in the slow progress of AD. Moreover,
early detection of these neurodegenerative proteins could lead to successful treatments
and longer survival [19]. Thus, the key protein involved in PD pathology x-synuclein is
secreted via a calcium-dependent mechanism and transported by exosomes, leading to cell
death in recipient cells [20]. Exosomes have also been reported to release cellular prion
protein (PrPc) and prion protein scrapie (PrPsc) to the extracellular environment, thereby
contributing to the pathological spread of infectious prions [21].
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2.1. Tumor Pathogenesis

Tumor cells influence both their surrounding microenvironment and distant organs
where they can promote angiogenesis, proliferation and cancer metastasis. Exosomes,
which are considerably involved in cancer growth and metastatic spread, are considered
the main cause of the paracrine effect on recipient cells (Figure 2). The regulation of onco-
gene expression and abnormal transformations might also result from different initiation
factor effects. Eukaryotic translation initiation factor 3 (elF3) bridges the 43S preinitia-
tion complex and elF4F-bound mRNA to control protein synthesis, and their aberrant
expressed subunits are associated with different cancers [22]. The transforming growth
factor beta (TGF-f) signaling pathway, another cancer initiation and progression factor,
acts through its central mediator SMAD4 by disrupting DNA damage responses and repair
mechanisms, thus enhancing their genomic instability [23]. This signaling is also targeted
by the migration inhibitory factor (MIF) to induce the fibronectin production necessary
for the remodeling of the premetastatic niche [24]. Additionally, TGF-{3 is reported to
increase fibroblast growth factor-2 (FGF-2) production and mesenchymal stem cell (MSC)
differentiation into myofibroblasts to trigger cancer proliferation and invasiveness [25,26].
In the tumor environment, the production of hypoxia inducible factor-1 (HIF-1) plays a
crucial role in cancer initiation and progression. Consequently, hypoxia induces HIF-1
stabilization, and its nuclear translocation fosters the expression of genes such as vas-
cular endothelial growth factor (VEGEF), hepatocyte growth factor (HGF) and the Met
protooncogene [27]. The oncogenes Kristen rat sarcoma 2 viral oncogene homolog (KRAS),
epidermal growth factor (EGF) and SRC are transferred by exosomes to recipient tumor
cells to promote tumor invasion [28]. To ensure the tumor evasion of immune surveillance,
exosomes also release programmed death-ligand 1 (PD-L1) [29].
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Figure 2. Roles of tumor-derived exosomes in cancer pathogenesis. Cancer stem cells: CSC. Epithelial-to-mesenchymal
transition: EMT. microRNAs: miRNAs. Transforming growth factor beta: TGF-3. Signal transducer and activator of
transcription: Stat. zinc finger E-box-binding homeobox: Zeb. Multidrug resistance: MDR. Interleukin 6: IL-6. Jun

N-terminal kinases: JNK.

Mitogen-activated protein kinase kinase: MEK. Extracellular signal-regulated kinases: ERK.

Vascular endothelial growth factor: VEGFE. Hepatocyte growth factor: HGF. Programmed death-ligand 1: PD-L1. Toll-like
receptors: TLRs. Phosphatase and tensin homolog: PTEN. Cluster of differentiation 9: CD9. Zonula occludens-1: ZO-1.
Hypoxia inducible factor-1: HIF-1).
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Heat shock proteins (HSPs), which are associated with stress conditions, are key
regulators of exosome formation and release [30,31] and are involved in antitumor activity
in a murine model in a major histocompatibility complex (MHC)-independent manner [32].
Furthermore, the P53 protein is mutated or lost in the majority of cancer types and also
modulates many surveillance pathways [33,34]. This protein modulates the transcription of
different genes, including TSAP6 and CHMP4C, thus promoting exosome production [35].
These transcriptional signals are involved in cell communication and immune activa-
tion [36]. Another tumor suppresser, the phosphatase and tensin homolog (PTEN) protein
secreted in exosomes, presents phosphatase activity in target cells, resulting in the activa-
tion of the apoptosis cascade and suppression of cell proliferation through interactions
with Notch signaling [37,38].

Exosomes containing noncoding RNAs (long noncoding and microRNAs (Inc- and
miRNAs)) are associated with many cellular mechanisms [39,40]. MiRNAs were first
identified in human serum and later in biological fluids such as saliva, urine and breast
milk, thus confirming their role in cell-to-cell communication [7,41]. By modulating mRNA
translation in target cells, exosome-associated miRNAs can improve and suppress cellular
unbalance, development and tumorigenesis [42].

MiRNA secreted by nontumor cells can affect various cancer-associated mechanisms.
Tumors not only contain cancerous cells but also vascular, immune and cancer-associated
fibroblastic cells, as well as an extracellular matrix (ECM), all nontumor cells involved
in cellular communication and signaling and sustain neighboring tumor cell growth and
metastasis [43]. These normal cells secrete tumor-suppressive miRNAs in their EVs to
competitively overcome the anarchic growth of their neighbors, a system failure that might
initiate cancer [44]. This was observed in prostate cancer, where miRNA-143 acts as a death
signal, inducing growth inhibition through a cell-competitive process [45]. Table 1 sum-
marizes the commonly reported miRNAs and Inc-miRNAs found in cancer pathogenesis.
Cancer is a multifactorial process in which different miRNAs are secreted by different cells
belonging to the tumor microenvironment, resulting in intercellular communication and a
single pathway, causing initiation and progression of the disease, angiogenesis, metastasis
and drug resistance. In contrast, a single miRNA could be a key modulator of different sig-
naling systems in multiple intercellular networks in recipient cells, thereby modifying their
destination and signaling pathway, thus promoting tumorigenesis. Lnc-RNAs, which are
highly expressed in exosomes, play a crucial role in the microenvironment by transferring
cell signaling and by modulating gene expression [46,47].

2.1.1. Cancer Initiation

Cancer is a genetic and irreversible change due to the activation of specific onco-
genes, inactivation of tumor-suppressive genes or other genes involved in genome stability.
The evolution of these cancer cells is the result of dual interactions between cancer cells and
their surrounding microenvironments. Inflammation is considered the driving initiator
of tumor development. Exosome integrins are reported to upregulate S100 proinflam-
matory molecules, probably by activating and phosphorylating SRCs [48]. Additionally,
tumor cells induce the secretion of inflammatory factors, including VEGE, tumor necrosis
factor-a« (TNF-o), TGF-$ and interleukins, to stimulate myeloid cells and immune cells
to migrate, thus amplifying inflammatory factor secretion [49]. The immune response
is prevented later after the programmed death receptor (PD-1) expressed on activated T
and B cells and macrophages binds to its ligand, PD-L1, inducing T-cell apoptosis and in-
hibiting T-cell activation and proliferation [50,51]. Tumor-associated macrophages (TAMs),
T-regulators and myeloid-derived suppressor cells are also recruited to the tumor to inhibit
the immune response [52,53]. This immune suppression phase is followed by the im-
provement of angiogenesis and vascular permeability. In this case, MSCs and endothelial
cell interactions mediated by Akt phosphorylation lead to the formation of a vascular
microenvironment [54]. By expressing E-cadherin and carbonic anhydrase-9 (CA-9) on
their surfaces, exosomes also promote angiogenesis [55,56]. Additionally, integrins (ITGs)
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present on their surfaces determine organotropism, and their different expressions are
organ-specific [48]. These ITGs colocalize specifically with ECM components (laminin
or fibronectin) whose composition is modulated by fibroblasts and endothelial cells, sug-
gesting that exosomes drive the colonization of tumor cells by remodeling the stromal
microenvironment of the target organ. Mesenchymal stem cells (MSCs) are part of the
tumor microenvironment [57], where they are educated and transformed through the
release of exosomes into tumor-supportive myofibroblasts, leading to cancer initiation [58].

Likewise, cancer cell-derived exosomes from multiple myeloma (MM) cells are re-
ported to transfer miRNAs to MSCs to initiate cancer, which, in turn, activates cytokine
secretion, tumor growth and migration [59]. This mutual intercellular communication is
of primordial importance in initiating tumorigenesis in different organs. Tumor cells can
also inhibit or decrease antitumorigenic miRNA activity, leading to cancer initiation [60].
The release of miRNA-202-3p by exosomes into the microenvironment negatively regulates
its antitumorigenic target [61] (Table 1). From an alternative perspective, cancer-associated
fibroblasts (CAFs), which are mostly present in the cancer microenvironment, could induce
tumor development and progression. These cells, which secrete miRNAs such as miRNA-
21, miRNA-378e and miRNA-143, significantly increase the stemness of breast cancer cells
and their epithelial-mesenchymal phenotype [62]. In addition, infiltrating monocytes play
an important role in tumor cell progression, as they are driven to differentiate into M2
tumor-associated macrophages (TAMs) by the derived exosomes miRNA-103a and miRNA-
203, leading to the secretion of fibroblastic and proangiogenic growth factors [63,64].

On the other hand, exosome IncRNA-p21 is reported to suppress prostate cancer
initiation and the expression of genes transcriptionally regulated by P53 [65]. P53 expres-
sion is also stimulated by Inc-RNA-MEGS3 to inhibit cell proliferation in lung cancer [66].
Lnc-RNA-GASS represses antiapoptotic genes when binding to the DNA-binding domain
of the glucocorticoid receptor to prevent prostate cancer initiation [67].

Other Inc-RNAs are reported to favor tumor progression by regulating or silencing
different miRNAs involved in cancer initiation repression. LncRNA-HOTAIR, which is
associated with poor prognosis in urothelial bladder cancer, sponges miRNA-205, thus
facilitating tumor initiation and progression [68]. Similarly, IncRNA-MALAT1 is reported
to modulate EMT and to promote cervical cancer cell growth and invasion [69,70]. LncRNA-
MONC and MIR100HG are both expressed in acute megakaryoblastic leukemia blasts
and act as oncogenes associated with tumor development [71]. LncRNA-RoR is a stress-
responsive IncRNA in hepatocellular cancer, preventing the activation of cellular stress
and miRNA-145 sponging, which can also promote the expression of hypoxia-inducible
genes associated with cell growth, apoptosis, angiogenesis, differentiation and survival [72].
Another Inc-RNA, IncRNA DANCR, has been reported to sponge miRNA-33a-5p and to
increase EMT, cell proliferation and migration in gliomas [73].

2.1.2. Tumor Angiogenesis

The formation of tumor-associated vessels might be mediated by the sprouting of
tumors surrounding pre-existing vessels or the newly recruited endothelial progenitor
cells from bone marrow [60]. Exosome-derived miRNA-21 is reported to increase vas-
cular endothelial growth factor (VEGF) levels (Table 1), the key player in angiogene-
sis, which facilitates endothelial cell migration and new blood vessel formation [74,75].
STAT proteins are also targeted by miRNA-9, whereby tumor neovascularization is strongly
activated [76-78]. Another miRNA, miRNA-135b, transferred to endothelial cells by mul-
tiple myeloma cell-derived exosomes, inhibits hypoxia-inducible factor 1 (HIF-1) and
promotes angiogenesis [79].

Angiogenesis is an important mediator of tumor progression through the induc-
tion of protumoral TAMs when monocytes incorporate miRNA-203-derived exosomes
secreted by colorectal cancer cells [63] and miRNA-103a-derived exosomes from lung
cancer [64]. This mechanism underlies the spread of cancer through the polarization
of tumor-suppressive and proangiogenic macrophages. Exosomes also mediate the en-
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dothelial cell phenotype in CD90+ liver cancer cells through Inc-RNA H19 and promote
angiogenesis and cell-to-cell adhesion [80].

2.1.3. Tumor Metastasis

Since 1989, when Steven Paget introduced the concept of “seed and soil” in relation
to tumor progression and metastasis, a great body of literature has been developed, with
a better understanding of the mechanisms underlying tumor growth and metastasis [81].
The spread of tumor cells was proposed as the result of the interaction and cooperation
between cancer cells (seed) and the host organ (soil) [82]. The metastatic process was
later identified as including several stages, such as intravasation, extravasation, tumor
latency and the development of micrometastasis and macrometastasis. However, the
preferential target organs (soil) may be prepared for metastatic deposits through the devel-
opment of premetastatic niches that facilitate tumor cell homing, colonization and growth.
The primary tumor (seed) plays a key role in the development of premetastatic niches by
producing soluble factors, inducing bone marrow-derived hematopoietic cell migration to
the premetastatic niche. The primary tumor also secretes exosomes, thus modulating the
tumor microenvironment in the premetastatic niches. EMT and mesenchymal-to-epithelial
transition (MET) enable migratory phenotypes and seed behaviors. EMT enables tumor
cells to enter the circulation and seeding at distant sites [83], where MET is responsible for
colonization and metastasis [84]. Moreover, premetastatic niche formation is associated
with the composition of molecular and cellular components undergoing four stages to
support tumor growth and metastasis. In the primary phase, the primary tumor, which is
affected by the uncontrolled proliferation and secretion of exosomes or other tumor-derived
secreted factors (TDSFs), becomes hypoxic and inflammatory. Bone marrow-derived (BMD)
immune/suppressive cells are prepared and mobilized to form an immature premetastatic
niche at a distant organ or at another site of the same organ [85]. In the second licensing
phase, BMDCs are continuously recruited in the secondary site in response to exosomes
and TDSFs, and their interactions with the distant microenvironment lead to their matura-
tion and preparation for tumor cell colonization. Apart from these BMDCs, bone marrow
mesenchymal stem cells (BM-MSCs), which have been identified in different studies, are
recruited by the evolving tumor microenvironment as a major source of cancer-associated
fibroblasts (CAFs) that boost tumor cell survival [86-88]. The activation of integrins,
chemokines and the ECM plays a key role in this organotropism by enabling seeding and
colonization in the secondary licensed site [48]. ECM remodeling, as well as the presence
of interleukin-1 3 (IL-13) and myeloid-derived suppresser cells, result in the EMT profile
of tumor cells [89,90]. The mature and fertile premetastatic niche is colonized by the tumor
cells that can undergo latency if the niche microenvironment is not yet suitable during the
initiation phase. In the case of a well-prepared niche, seeding and colonization with tumor
cells lead to the formation of micrometastases. In the final progression phase, premetastatic
niche hosting and support of more migratory tumor cells induce growth, expansion and
progression to form macrometastases.

From another perspective, cancer stem cells (CSCs), also known as cancer-initiating
cells, have the ability to self-renew and to regenerate the different cell subpopulations
constituting the tumor [91], with evidence showing that few tumor cells can form a tumor
and accomplish metastasis [91,92]. CSCs from metastatic breast cancer show significantly
higher tumorigenic and metastatic capacities than low metastatic cells [93]. Althogh au-
tophagy, whose contribution to tumor progression and metastasis remains controversial is
considered to be another seed-type factor, some evidence has demonstrated its involvement
in tumor invasion, colonization [94,95], in EMT [96] and CSC viability [95,97,98]. Tumor
cells can also disseminate and metastasize in distant sites; however, a lag between both
these processes can occur, with tumor cells entering a dormant state for long periods
before giving rise to metastasis months or several years after the primary tumor treat-
ment [99]. When these residual tumor cells, whose reactivation appears to be regulated by
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microenvironmental factors in certain organs, enter a dormant state, they become immune
to therapy.

According to Paget, soil factors may first be represented by the primary tumor mi-
croenvironment and some molecules providing primary seed-to-soil signaling to enhance
the invasive properties of tumor cells [100,101]. In different cancers, TAMs have been
shown to induce tumor cell invasiveness through exosome-derived oncogenic miRNA-223,
CCL18 and CCL19 [102,103]. MSCs promote cell motility through CCLS5 signaling and
endothelial cells by modulating oxygenation and tumor perfusion [104]. Besides promoting
tumor growth and angiogenesis, CAFs also secrete SDF-1 to induce tumor cell motility
and invasion [105]. Additionally, secondary soil, which plays a critical role in influencing
cancer metastasis, is composed of many factors and cell types in the metastatic environ-
ment (distant organ microenvironment). In each cancer type, microenvironment-derived
factors promote specific signaling, leading to tumor migration, cell adhesion, growth and
metastasis by enabling tumor cells to enter the niche.

Invasive features are commonly associated with morphological changes in EMT
migration, cytoskeleton organization, motility, the basal membrane and extracellular matrix
(ECM) remodeling. Exosomes have emerged as potential regulators of the EMT promotion
of tumor invasion and spread. Given that EMT is reversible, mesenchymal-to-epithelial
transition (MET) might enable cancer cells to adopt an epithelial profile and capacity and,
thus, transmigrate to distant sites, promoting metastasis [106]. The miRNA-200 family
(miRNA-200a, -200b, -200c, -429 and -141) has the ability to regulate this epithelial cancer
cell phenotype by inhibiting the expression of Zeb1 and Zeb2 gene repressors [107,108].
Being the principal component of the tumor microenvironment, fibroblasts play a crucial
role in tumor progression. Their reprogramming into cancer-associated fibroblasts (CAFs)
occurs after miRNA-105 and miRNA-155 induction in breast cancer and pancreatic cancer,
respectively [109,110].

In addition, exosomes carrying different miRNAs have been shown to display migra-
tory and metastatic behaviors leading to distant tumors [111]. By disrupting the vascular
endothelial barrier, miRNA-939 and miRNA-105 are reported to increase its permeability
through the VE-cadherin gene and by targeting the tight junction protein ZO-1, respec-
tively [112,113]. In exosomes derived from breast cancer, miRNA-10b, with its higher
enrichment levels, also promotes cell invasion [114]. The blood-brain barrier (BBB) is
another aspect of tumor cell invasion, in which the modulation of permeability is the key
feature of brain metastasis. BBB degradation is caused by miRNA-181c, which downregu-
lates PDPK1 gene expression [115].

Glucose uptake suppression by nontumor cells has also been reported to increase
nutrient availability in the premetastatic niche via high-secretion miRNA-122, as observed
in breast cancer patients with metastatic progression [116,117].

2.1.4. Tumor Immunity

Exosomes have been reported to regulate adaptive immunity in different organs
through the cytokines and miRNAs they secrete [118]. Their involvement in tumor im-
munity can range from the regulation of tumor antigens to tumor immunity polariza-
tion [119,120]. However, the most commonly reported involvement of exosomes in immune
responses relates to antitumor supportive activity and to their role in preventing immune
surveillance. Tumor exosomes inhibit bone marrow dendritic cell (DC) differentiation via
the modulation of interleukin-6 (IL-6) expression [121]. The regulatory factor-X-associated
protein (RFXAP), a key transcription factor for the MHC-II gene, is downregulated by
pancreatic cancer-secreted exosomes containing miRNA-212-3p, leading to the inhibition
of MHC class II expression and CD4+ T-cell inactivation [122]. On the other hand, T-cell
apoptosis can be induced via the Fas ligand [123], while cytotoxic natural killer (NK)
cell activity can be inhibited via the downregulation of NK group 2 member D by tumor
exosomes [124]. Regulatory T cells are induced by exosome-derived transforming growth
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factor 3-1 (TGF-f3) or miRNA-214 in order to downregulate the phosphatase and tensin
homolog (PTEN) and to increase IL-10 secretion, leading to tumor growth [125,126].

On the other hand, tumor cells can evade immunosuppression responses by upreg-
ulating the surface expression of PD-L1 and by inactivating T cells. After binding to its
receptor PD-1, the Sh2p-driven dephosphorylation of the T cell receptor and its coreceptor
CD28 occurs, resulting in the suppression of the antigen-driven activation of T cells [127].
The level of PD-L1 in blood cancer patients is related to their pathoclinical features. Poggio
et al. have also demonstrated the differential expression of exosomal PD-L1 in prostate
cancer and melanoma cell lines [128].

Cancer cells release exosomes expressing PD-L1, which binds PD-1 through its ex-
tracellular domain on CD8 T cells in a concentration-dependent manner [53,128-130].
This PD-L1 secretion can be significantly amplified in tumor cells and in exosomes in
response to interferon gamma (IFN-y) [128,131]. Exosomal PD-L1 levels, which correlate
with tumor size, have been reported to be significantly higher in the plasma of melanoma
patients as compared to healthy donors. Breast and lung cancer cells also exhibit immuno-
suppressive exosomal PD-L1. Physical interactions were identified with exosomal PD-L1
and activated PD-1+ CD8 T cells, leading to the inhibition of their proliferation by reducing
the expression of Ki-67 and Granzyme B, cytokine production and cytotoxicity through
the inhibition of IFN-y, IL-2 and TNF-« [129]. Using a preclinical model of prostate can-
cer, the TRAMP-C2 model, the cluster regulatory interspaced short palindromic repeats
(CRISPR)/Cas9-mediated deletion of Rab27a and PD1I, thus inducing exosomal PD-L1
loss, has proven that exosomal PD-L1 is involved in in vivo tumor growth, even at distant
sites [128]. Additionally, in the absence of exosomes or PD-L1, the CD8 T-cell fraction in-
creases in lymph nodes relative to wild-type animals and decreases the exhaustion marker
Tim 3 characterizing cell subpopulations and increases the Granzyme B marker. Thus,
exposure to exosomal PD-L1-deficient tumor cells or the use of anti-PD-L1 antibodies,
considered to be new antitumor therapeutic targets, suppresses tumor growth. Moreover,
antibodies against PD-L1 and PD-1 have been demonstrated to be efficient in treating many
cancer types.

Known to express different toll-like receptors (TLRs), DCs and MSCs are expected to
interact with miRNAs to modulate immunity under normal and tumor conditions. Tumor
exosomes release miRNA-21 and miRNA-29a, which are considered TLR family ligands in
immune cells and act as key regulators of immune responses associated with prometastatic
microenvironments [132]. Pancreatic cancer-derived exosomes regulate TLR4 secretion
and the production of cytokines such as TNF-« and IL-12 in DCs through miRNA-203
transfer [133]. DC-derived exosomes are reported to activate T and B cells, thus facilitat-
ing the presentation of tumor antigens released by cancer cell-derived exosomes [134].
Additionally, this activation of T and B cells might be amplified by mast cells when DC
differentiation is induced [135].

2.1.5. Cancer Drug Resistance

Tumor cells often display resistance, hampering tumor treatments aimed at decrease
inter- and intracellular drug concentrations. This resistance can be the result of different
mechanisms due to genetic or phenotypic changes termed intrinsic resistance or to extrinsic
resistance involving the effect of the tumor microenvironment (TME) [136]. In the TME,
endothelial cells, fibroblasts and immune cells interact to support tumor growth and
progression, where homotypic or heterotypic exosome transfers are regarded as potent
effectors [136-138].

Tumor cells presenting cancer predisposition display multidrug resistance (MDR),
which is related to the increase in the expression of drug transporters from the adenosine
triphosphate (ATP)-binding cassette transporter (ABC) family [139]. These transporters
are present in more than 50% of cancer-presenting MDR phenotypes or can be induced
by chemotherapy [140] and encoded by multidrug resistance protein 1 gene (MDR1 or
ABCBI) for the p-glycoprotein or the ABCG2 gene for the breast cancer resistant protein
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(BCRP) [141]. Additionally, these transporters are able to transfer drug resistance through
exosomes to sensitive cells [142-144]. On the other hand, by reversing their orientation in
the exosome membrane, the transporters can drive drugs from donor cells into exosomes
for sequestration [143-145]. Acidification of the tumor microenvironment appears to
promote drug sequestration by increasing the expression of H+-ATPases [146]. Exosomes
can also act as sponges by presenting on their surface bait targets for drug molecules such
as CD20 to trap the anti-CD20 rituximab [147].

Exosomes are also reported to mediate irradiation resistance by interacting with
the cell cycle and DNA repair. Stroma-derived exosomes are reported to induce tumor cell
dormancy through their recruitment in the GO phase and a CSC phenotype, thus increasing
chemoresistance [148]. When exosomes were derived from MSCs, a CSC phenotype was
improved in tumor cells [149,150]. Exosomes can also mediate antiapoptosis in donor cells
by decreasing the intracellular levels of proapoptotic proteins by releasing caspase-3 and
-9 [151,152]. Besides decreasing these proapoptotic proteins, exosomes prevent apoptosis
in recipient cells by stimulating antiapoptotic pathways mediated by IL-6, CD41, p38 and
p53 and JNK, Raf/MEK/ERK and Akt [152-154]. IL-6, activin A and granulocyte-colony
stimulating factor (G-CSF) have been shown to induce a CSC phenotype in lung carcinoma
cells by stimulating their de-differentiation [155].

Inducing DNA damage repair is triggered by exosomes to induce tumor cell survival
after exposure to genotoxic irradiation. Furthermore, irradiation increases tumor cell
exosome release [156]. In breast cancer exosomes, the phosphorylation of ataxia telang-
iectasia mutated (ATM) kinase, Histone H2AX and checkpoint kinase 1 (ChK1) increases
in recipient cells, leading to DNA damage repair responses [157]. DNA double-stranded
break repair, induced by tumor cell exosomes to increase irradiation therapy, can occur in
response to irradiation [156-158]. Exosomes derived from irradiated tumor cells can adopt
a migratory profile to escape from the irradiated site, leading to an increase in irradiation
resistance [159].

Cancer-associated fibroblasts (CAFs), which are largely regarded as the principal com-
ponent of tumors and supportive cells, provide a nursing niche and actively regulate the
survival and proliferation of cancer cells [137,138]. CAFs affect cross-interactions between
the stroma and tumor to activate tumor-supportive mechanisms [160,161]. One of these
mechanisms is related to the decrease in drug penetrance in the tumor microenvironment
due to a desmoplastic reaction [162]. After exposure to chemotherapy, CAFs contribute
to therapy resistance through the significant increase in exosome release. In response
to gemcitabine exposure, these exosomes increase the chemoresistance-inducing factor
SNAIL in recipient epithelial cells, leading to proliferation and resistance of pancreatic
ductal adenocarcinoma [163]. In breast cancer, fibroblast-derived exosomes induce a CSC
phenotype through Notch3/STAT1 [164], where, in lung cancer, these fibroblasts create
a nursing microenvironment around aldehyde dehydrogenase 1-positive CSCs to resist
chemotherapy [165].

Therapy resistance mediated by the CSC phenotype is closely related to EMT. Exo-
somes are actually regarded as the main inducers of EMT [166,167], and cross-interactions
between EMT, CSCs, resistance and exosomes appear to be responsible for increasing CSC
markers in breast cancer biopsies after chemotherapy [168]. Moreover, this EMT confers
cell plasticity on CSCs and CAFs. However, CAFs and CAF-like phenotypes may release
cancer-supportive signals after exposure to different chemotherapies, as well as to a single
ablative dose of radiotherapy [138,161,169].

Increasing evidence demonstrates that miRNA-derived exosomes are involved in
drug resistance in different cancers. Breast cancer exosome-derived miRNA-221/222 has
been reported to increase tamoxifen resistance by reducing the target gene expression of
P27 and Era [170]. Transferred by monocytes, miRNA-155 has been reported to target
telomerase activity and telomere length through TERF1 in neuroblastoma cells, leading to
enhanced chemotherapy resistance. The authors cited above also report that miRNA-21 is
involved in ovarian cancer chemoresistance, which suppresses cell apoptosis by binding to
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its target, APAF1 [171]. In addition, multidrug resistance protein 1 (MRP-1) is reported to
be overexpressed in the promyelocytic leukemia HL60 cell line [172]. Nevertheless, cancer
cells might target other adaptation mechanisms to escape chemotherapy; for example, in
breast cancer, exosome-derived miRNA-9-5p, miRNA-195-5p and miRNA-203a-3p trigger
the expression of stemness-associated genes, including Notch1, SRY-box transcription factor
9 (SOX9), SOX2, NANOG and octamer-binding transcription factor 4 (OCT4), leading to a
cancer stem-like cell phenotype [173].

In pancreatic cancer, overexpression of reactive oxygen species (ROS)-detoxifying
genes superoxide dismutase 2 (SOD2) and catalase (CAT) and downregulation of gemcitabine-
metabolizing enzyme deoxycytidine kinase (DCK) confers cellular chemoresistance through
exosome-derived miRINA-155 [174]. Another nc-miRNA associated with cellular stress,
IncRNA-RoR, has been reported to act as a mediator of cell-to-cell communication in
hepatocellular cancer, which elevates miRNA TGF levels in recipient cells, resulting in
chemoresistance [47].
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2.2. Neurodegenerative Disease

In the central nervous system (CNS), close interactions between neurons, microglia,
astrocytes and oligodendrocytes facilitate nerve homeostasis, cellular communication and
signal transduction by secreting exosomes, which, however, also leads to the transfer
of abnormal mediators [185]. These exosomes, which are released into the extracellular
microenvironment, have, in recent years, led to increased interest in the pathophysiol-
ogy of neurodegenerative diseases associated with aging and increasing life expectancy.
Alzheimer’s disease (AD), frontotemporal dementia, Parkinson’s disease (PD), Huntington’s
disease (HD), multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS) have been the
subject of intense study focused on different aspects of these diseases, including their phys-
iology, etiopathology, diagnosis and biomarkers, as well as emerging treatments [16,186].
These pathologies are characterized by protein aggregates and the formation of inclusion
bodies in specific sites in the brain due to neuronal cell death. The impairment of the quality
control mechanisms of these proteins resulting from age-related external stress induces the
transmission of these aggregates to other aggregate-free cells in the brain [186]. Recently,
exosomes have been identified as potential new biomarkers of great interest in synaptic
transmission and nerve regeneration. Additionally, some evidence shows that they are
involved in pathogenesis and could play a role in the advanced treatment of neurodegener-
ative diseases. These exosomes, which act as key mediators in intercellular communication,
have recently been observed to be involved in age-related neurodegenerative diseases,
leading to cognitive impairment due to their ability to transmigrate the blood-brain bar-
rier (BBB) and to transfer pathological protein aggregates such as amyloidf (Af3), tau and
a-synuclein proteins to distant brain cells [187]. Cancer cell-derived exosomes can reach
the CNS by destroying the BBB and transferring to neural cells. miRNA-181-c has been
shown to activate actin mislocalization, enabling exosomes to be transferred to the periphery
of the CNS [115]. There is also evidence that exosomes have the ability to cross the BBB
in the opposite direction. Hematopoietic cells are reported to transfer their exosomes to
Purkinje cells in the brain, leading to a modification in gene expression via the inflammatory
pathway [188]. Moreover, exosomes are involved in nerve injuries associated with infectious
agents. Prion proteins might be taken up in the infected cells and then delivered to target
cells through membrane fusion after secretion in the extracellular fluid [21], suggesting that
they play a role in spreading the infectious disease in the brain.

AD is the first common neurogenerative disease in which affected neurons probably
secrete tau protein in the exosomes released, thus contributing to the spread and pro-
gression of tauopathy due to tau protein hyperphosphorylation [189]. Wang et al. have
demonstrated that neuron depolarization leads to the release of exosome-derived tau,
whose trans-synaptic transmission is confirmed by its trans-neuronal and microglial trans-
fer [190,191]. Exosomes effectively spread within interconnected neurons and transfer Af3
and tau proteins through an endosomal pathway and axonal transport [192]. The exosomal
hyperphosphorylated tau (p-tau) protein and the extracellular senile plaque containing the
A peptide result in neuron degeneration and the secretion of proinflammatory cytokines
by microglia and astrocytes, thus altering the BBB and causing AD [193]. Rajendran et al.
reported that exosome-derived p-tau protein concentrations increase significantly in the
mild/severe stages (Braak stages 3—6) of AD, as compared to patients in the early stages
(Braak stages 0-2), suggesting that exosomes play a crucial role in the abnormal processing
of tau in the cerebrospinal fluid (CSF) in early onset AD [194,195]. On the other hand, Af is
transported by exosomes to be degraded by lysosomes in normal settings, and the disrup-
tion of this clearance could lead to their accumulation in exosomes and AD spread [196].
Similarly, this lysosomal dysfunction has been observed in relation to exosomal x-synuclein
release and transmission [197]. Disruption of the secretory pathway of neurons is another
pathological mechanism leading to AD, in which the neuroprotective signal peptide se-
quence targeted by cystatin C is downregulated in exosomes [198]. The soluble amyloid
protein precursor (APP) is thus decreased and associated with the involvement of A
aggregates [199]. Exosomes from activated astrocytes have also been observed in the

72



Cancers 2021, 13, 84

pathogenesis of AD by targeting the inflammatory and proapoptotic pathways [200,201].
Astrocytic damage is related to A senile plaques through the activation of prostate apop-
tosis response 4 (PAR-4) [202,203], while the exosome secretion of PAR-4/ceramide results
in neuroprotective astrocyte apoptosis and AD induction [204].

The neurons are likely to modulate myelin biogenesis by regulating the secretion
of oligodendroglia-derived exosomes, whereby myelin sheaths are slowed down during
CNS development [205]. These exosomes contain myelin proteins and RNAs involved
in promoting myelination [206,207]. Their impact is not restricted to a positive effect on
myelination through an increase in neuron resistance to stress and their enhanced growth
but might also be involved in repairing damaged myelin sheaths [101].

In an immunological setting, exosomes from astrocytes, microglia, platelets, leukocytes
and endothelial cells have been demonstrated to secrete metalloproteinase (MMP)-14 and
caspase 1 following stimulation by proinflammatory cytokines in MS. These enzymes facilitate
lymphocyte and myeloid cell transmigration to CNS by inducing the disintegration of the
BBB [208,209]. In addition, endothelial-derived exosomes transfer the ICAM-1 receptor for
integrin Mac-1 to monocytes, thus increasing their transmigration through the barrier [210].
Furthermore, activated T lymphocytes are involved in this immunological cascade by releasing
exosomes containing larger amounts of chemokine CCL5, which facilitates their adhesion
to brain microvessel endothelium cells [211]. This suggests that exosome generation by the
neural and immune cell network is of great importance in MS pathogenesis.

Exosome cargo is also transferred outside the CNS. In MS, serum-derived exosomes
have been found to contain three myelin proteins: the myelin basic protein, the proteolipid
protein and the myelin oligodendrocyte glycoprotein (MOG). Some evidence indicates
that MOG content is strongly associated with MS, which modulates anti-myelin immune
reactions in both relapsing-remitting MS (RRMS) and secondary progressive MS (SPMS)
patients [212]. Significant sphingomyelinase enzymatic activity has recently been found in
MS patient-derived exosomes, resulting in decreasing levels of different sphingomyelins in
their CSF, which is associated with axonal damage and neuronal dysfunction [213].

Dopaminergic neuron degeneration in substantia nigra, the formation of intracy-
toplasmic Lewy bodies in other surviving neurons and the abnormal accumulation of
a-synuclein are related to the occurrence of PD [214,215]. In addition, a-synucleins control
synaptic transmission and vesicle release [216], where Lewy bodies indicate pathological
a-synuclein aggregation in neurons and glial cells [217], which propagate according to
a prion-like pattern [218]. Some evidence indicates that exosomes are involved in PD by
transporting «-synucleins to lysosomes for degradation, which might then be accumulated
and released into the intercellular space, resulting in cytotoxicity [219,220]. The coaggrega-
tion of a-synuclein with A and the protein tau has also been reported, thus accelerating
the neuropathology and cognitive decline [221,222].

Although protein aggregation is a major cause of neurodegenerative disease, exosome-
derived miRNAs play a key role in controlling protein levels by regulating their mR-
NAs [223,224]. Differential miRNA expression is closely associated with AD, PD, ALS,
MS and HD [225-231]. In MS, different miRINAs have been identified in serum-derived
exosomes, whose signatures appear to be indicative of disease subtypes. MiRNA-15b-
5p, miRNA-451a, miRNA-30b-5p and miRNA-342-3p have been identified in RRMS pa-
tients, while miRNA-127-3p, miRNA-370-3p, miRNA-409-3p and miRNA-432-5p have
been found in SPMS patients [232]. Given the T-cell-mediated autoimmune nature of MS,
various studies have reported the involvement of miRNAs in CNS immunomodulation.
Exosomal miRNA let-7i was found to increase in MS patients and to suppress T-reg cell
induction by targeting insulin-like growth factor 1 receptor (IGF1R) and TGF-3 receptor
1 (TGF-$3 R1), leading to autoimmune modulation [233]. Exosomal miRNA let-7 can also
activate TLR7 in neuronal cells and trigger inflammation, causing neuronal death [234,235].
On the other hand, Winkler et al. have suggested that neurons activate TLR7 proteins
present in endosomes and the uptake of exosomes containing miRNA let-7, thus inducing
cell degeneration [236]. In the CNS, TLRs are widely expressed in different cell types,

73



Cancers 2021, 13, 84

whose crosstalk with miRNAs is associated with immune damage, causing inflammation
and neurodegenerative diseases. Additionally, the pathogenesis of MS is related to an
increase in miRNA-326 secretion from T-cell-derived exosomes in RRMSs, thus targeting
TH17 differentiation and maturation [237].

In AD, AR and the hyperphosphorylated tau protein are individually regulated
by the APP gene. Increased APP activity results in higher A levels, which negatively
impacts synaptic function and neuron degeneration [238]. Various studies have reported
that miRNA-16; miRNA-101; miRNA-193b; miRNA-200b and the miRNA-20a family
(miRNA-20a, -106b and -17-5p) downregulate APP expression [239-241]. On the other
hand, the post-transcriptional protein tau is targeted by miRNA-34a by combining with
the 3’-untranslated region (UTR) of microtubule-associated protein tau (MAPT), which
inhibits its endogenous expression and leads to AD neuron degeneration [242,243].

The o-synuclein protein characterizing PD pathogenesis has been found to be overex-
pressed, with a recent study reporting that the a-synuclein gene (SNCA) combines its 3’-UTR
mRNA with miRNA-7, resulting in the inhibition of transcription and protein expression.
In PD, given the decrease in miRNA-7 expression, «-synuclein was found to be toxic to
dopamine neurons [244,245]. In addition, the blood plasma of patients is enriched in miRNA-
4639-5p as a result of the post-transcriptional downregulation of the DJ-1 gene, given that the
decrease in DJ-1 protein levels causes severe oxidative stress and neuron death [230].

3. Exosome Composition

Exosomes contain numerous molecules, including proteins, lipids, metabolites, mRNA
and microRNA [246], as well as genomic and mitochondrial DNA [247,248]. Other forms
of RNA, including transfer, ribosomal, small nucleolar and long noncoding RNA (IncRNA),
have also been identified [249] (Figure 1). These can be transferred from host to recipient
cells in order to regulate cellular functions [250-252]. In addition, the ExoCarta, EVpedia
and Vesiclepedia exosome databases provide detailed information regarding the molecular
content of exosomes [253]. The composition of exosomes is a tightly regulated process that
is influenced by environmental factors such as cell activation and stress conditions [254].
Exosomes secreted by the same cells are expected to have a similar protein, lipid and nucleic
acid composition. However, the molecular composition of exosomes has recently been
shown to be non-cell type-dependent and differs even when the exosomes originate from
the same parental cells [255-257]. On the other hand, some cargos are common to exosomes
of different origins [258]. Novel methods and technologies, including high-resolution flow
cytometry [259], laser tweezer Raman spectroscopy (LTRS) [257], ultracentrifugation [260]
and immunocapturing [261], have recently been developed in order to differentiate features
of exosomes such as exosomal heterogeneity [262].

3.1. Nucleic Acids

Exosomes contain nucleic acids, including messenger RNA (mRNA), microRNA
(miRNA) and other noncoding RNAs, which can be transferred between cells and possibly
regulate gene expression in recipient cells [263]. Exosomes released from cancer patients
have been found to contain fragments of single-stranded DNA and double-stranded ge-
nomic DNA, including all chromosomes [264,265]. These vesicles also excrete harmful
DNA from cells in order to maintain cellular homeostasis [266]. Exosomal RNA content
is a subset of cellular RNA and, in some cases, may differ significantly from that of its
parent cell. However, other RNAs are ubiquitous among all types of exosomes regardless
of their cell of origin due to their specific targeting in multivesicular bodies (MVBs) during
biogenesis [267], indicating that specific RN As are actively sorted into exosomes. In addi-
tion, miRNA packaging in EVs is different from that of the parent cell and is particularly
influenced by external stimuli. As exosomal miRNAs play a prominent role in disease
progression, induce angiogenesis and facilitate metastasis in cancers [112,268], they can be
used as potential noninvasive biomarkers of disease states [269,270].
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Koppers-Lalic and colleagues have suggested that post-transcriptional modifications,
notably 3’-end adenylation and uridylation, have opposite effects that may contribute, at
least in part, to directing ncRNA sorting towards EVs, given the overrepresentation of
3’-end-adenylated miRNAs and 3’-end-uridylated miRNAs in human B cells and their
secreted exosomes, respectively [271]. Dicer and Ago2, key components of miRNA pro-
cessing, have been found to be functionally present in exosomes [272]. A tetranucleotide
sequence is also present in miRNAs that controls their localization in exosomes. In fact, the
protein heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) specifically binds
exosomal miRNAs through the recognition of this sequence and controls their loading
into exosomes [273]. Similarly, the synaptotagmin-binding cytoplasmic RNA-interacting
protein (SYNCRIP) can control miRNA sorting in exosomes. This protein binds directly to
miRNAs enriched in exosomes that share a similar sequence or hREXO motif. This motif,
whose introduction into a poorly exported miRNA improves its exosomal loading, can
regulate miRNA localization [274].

Exosomes produced by endothelial cells promote angiogenesis in vivo in a small
RNA-dependent manner. Exosomes produced by human breast cancer cell lines MDA-
MB-231 and MDA-MB-436 contain various classes of RNA, such as small nucleolar RNAs
(snoRNAs), ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), microRNAs (miRNASs)
and yRNAs, with the major class of RNA being fragmented rRNAs, particularly rRNA
subunits 285 and 185 [275]. On the other hand, tRNAs are the most common RNA species
found in exosomes derived from human adipose- and bone marrow-derived mesenchymal
stem cells (MSCs). More than 50% of total small RNAs are tRNAs in adipose-derived
exosomes (ASC), while tRNAs account for 23-25% of the total small RNA content in bone
marrow (BMSC) exosomes [276]. Similarly, exosomes isolated from urine contain high
concentrations of rRNAs (40-60%) and tRNAs (20-50%), followed by mRNAs (5-15%) and
miRNAs (5-10%), while serum-derived exosomes are enriched with miRNAs (30-75%),
mRNAs (10-20%) and tRNAs (20-30%) [277]. As tRNAs can bind to argonaut proteins
and recognize mRNA targets similar to miRNAs, tRNAs may play a major role in RNA
silencing [278]. Furthermore, vault RNAs (vRNAs) have been reported to play an important
role by mediating the drug-resistant phenotype of malignant cells, suggesting that vRNAs
may be involved in the sequestration of chemotherapeutic compounds. On this basis,
mitoxantrone has the ability to bind to vVRNAs, which potentially sequesters the drug and
prevents it from reaching the target site [279].

3.2. Proteins

Exosome protein contents have been well-identified using a wide variety of proteomic
techniques. High-throughput proteomic analyses have revealed the presence of proteins
involved in cell structure, motility and adhesion, such as actins, myosin, radixin, tubulins,
integrins, and cell surface receptors, including epidermal growth factor receptors (EGFRs),
platelet-derived growth factor receptor beta (PDGFRB) proteins and plasminogen activa-
tor urokinase receptors (PLAURs), as well as signaling proteins, transcription factors and
metabolic enzymes [280,281]. In addition, ExoCarta has indicated the presence of over 4000
proteins in exosomes. Exosomal protein composition can vary between different cell types
and under different culture conditions. Ingenuity pathway analysis (IPA) has identified
the presence of 157 proteins in placenta mesenchymal stem cell (PlaMsc)-derived exosomes
exposed to 1% O,. On the other hand, 34 and 37 individual proteins were found to be present
in PlaMSC-3%0, and PlaMSC-8%Q, exosomes, respectively. More proteins associated with
vascular endothelial growth factor (VEGF), actin cytoskeleton, growth hormone and clathrin-
mediated endocytosis signaling in exosomes have been reported to be isolated from pMSC
exposed to 1% O, as compared to 3% or 8% Oy, possibly leading to an increase in the exosome
uptake of target cells [282]. As characterized by matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) analysis, MHC-I, together with heat shock proteins HSC70 and
HSP90, annexins, PV-1 and developmental endothelial locus-1 (DEL-1), were found to be
present in exosomes derived from human mesothelioma cells [283].
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Certain molecular markers commonly found in exosomes are essential for the overall
biological and pharmacological effects of exosomes. Heat shock proteins HSP70 and
HSP90 are molecular chaperones, and tumor susceptibility gene 101 (TSG101) is involved
in multivesicular body (MVB) biogenesis. Moreover, tetraspanin and integrin proteins
such as CD63, CD9, CD81 and CD82 are pivotal for cell targeting and adhesion, while
Rab GTPases, annexins and flotillin are involved in membrane transport and fusion [284].
Different « and {3 chains of integrins (x431, «Mp2, «L32 and 32); A33 antigen and P-
selectin; ICAM1/CD54 and cell-surface peptidases CD26 and CD13 are also present in
exosomes [285]. Interestingly, given their competition with membrane MHC-II for T-cell
receptor binding on CD4* T cells, soluble MHC-II (sMHC-II) proteins play a prominent
role in immune response suppression and the maintenance of tolerance [286].

As the protein composition of exosomes is not identical to that of the parent cell, there
are two major protein sorting pathways: the dependent and independent endosomal sort-
ing complexes for transport (ESCRT). ESCRT are composed of four multimeric complexes,
ESCRT-0 to ESCRT-III. Baietti and colleagues showed that cytoplasmic adaptor syntenin
interacts directly with ALIX, which, in turn, binds to ESCRT-III and is involved in the
sorting of syndecan membrane proteins in exosomes [287]. On the other hand, other studies
have indicated that proteins can also be packaged into MVBs without the involvement
of ESCRT or ubiquitin. Intraluminal vesicle (ILV) formation and melanosomal protein
(Pmell7) sorting continue following the disruption of the Hrs/ESCRT function, suggesting
that Pmel may be sorted into ILVs independently of Hrs/ESCRT machinery [288]. In
addition, the features of protein Sna3p enable its selective inclusion in invaginating vesi-
cles independently of ubiquitin [289]. Intriguingly, Lin et al. found that many ribosomal
proteins are secreted by exosomes that are derived from embryonic fibroblasts in sirtuin 6
knockout mice, indicating that SIRT6 affects the sorting of many proteins to exosomes [290].

Le Pecq and colleagues showed that dendritic cell-derived exosomes (dexosomes)
induce strong antitumor activity by displaying antigens to CD8" and CD4" T cells. In addi-
tion, this form of immunotherapy is well-tolerated in patients with advanced non-small
cell lung cancer (NSCLC), thus rendering dexosomes a viable acellular alternative to den-
dritic cells (DC) for use in cancer vaccinations in preclinical and clinical studies [291,292].
Some highly potent proteins in MSC-derived exosomes have the potential to improve
cardiac function after myocardial infarction (MI), including growth factors such as fibrob-
last growth factor 1 (FGF1) and neuregulin-1 (NRG1), involved in cardiac development
and regeneration in an MI rat model [293]. In addition, cardiac-specific human fibroblast
growth factor 1 (FGF-1) is also associated with enhanced postischemic hemodynamic
recovery and the attenuation of reperfusion-induced myocardial cell necrosis during is-
chemia reperfusion (IR) [294]. Macrophage colony-stimulating factor (M-CSF) increases
vascular endothelial growth factor (VEGF) production from cardiomyocytes, protects car-
diomyocytes and myotubes from cell death and enhances cardiac function after ischemic
injury [295]. Hill et al. demonstrated that glial growth factor 2 (GGF2) improves cardiac
function in rats with MI-induced systolic dysfunction [296]. Similarly, chronic leukemia
inhibitory factor (LIF) treatment has a positive effect on systolic heart function, suggesting
that LIF may have a therapeutic role in preventing or repairing myocardium injury [297].

3.3. Lipids

The effects of exosomes are not only mediated by their nucleic acid and protein content,
but exosomal lipids, in particular, can also modulate their bioactivity and vesicle stability.
Understanding the biological and pharmacological effects of exosomal lipids can improve
our knowledge of exosome biogenesis and will help to develop efficient exosome-based
therapeutics [262].

Exosomes are a heterogeneous population of extracellular vesicles (EVs) with different
surface-expressed molecular patterns, thus providing an additional tool for their identifica-
tion. The lipid composition of exosomes, which accounts for their unique rigidity, differs
from that of the parent cell’s plasma membrane, partly because exosomes also contain lipids
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from the Golgi apparatus. These vesicles are also rich in cholesterol, ceramide and other
sphingolipids, as well as phosphoglycerides with long saturated fatty acyl chains [298].
In this regard, B-cell-derived exosomes are rich in ceramides [299], whose role in the
budding of exosome vesicles into MVBs has also been reported [298]. On the other hand,
exosomes secreted from oligodendrocytes are highly rich in phosphatidylcholine (40%),
phosphatidylserine (25%) and phosphatidylethanolamine (20%) but contain only 2.2%
cholesterol [300].

Exosomes from mast and dendritic cells have increased levels of phosphatidylethanola-
mines, which have a higher rate of flipping between the two leaflets of the exosome bilayer
than in cellular membranes [301]. Interestingly, exosomes are able to deliver prostaglandins
to the target cells and carry prostaglandins bound to the exosomal membrane with po-
tentially enhanced biological activity rather than the soluble form of prostaglandins [302].
Recent studies have shown that exosomes may affect the lipid composition of recipient
cells, specifically cholesterol and sphingomyelin, thus modulating cell homeostasis [303].
Beloribi-Djefaflia and colleagues suggested that exosomal lipids contribute to tumor pro-
gression and drug resistance in Mia-PaCa-2 cells [304]. Finally, ceramide-enriched exo-
somes have been shown to induce astrocyte apoptosis, potentially contributing to the
progression of Alzheimer’s disease [204].

4. Applications of Exosomes in Biomedicine
4.1. Exosomes as Biomarkers

Exosomes are now regarded as new players in regenerative medicine due to their
therapeutic capacity and their potential as noninvasive biomarkers for early diagnosis;
the evaluation of treatment efficacy and monitoring of the progression of cancer, neurode-
generative, metabolic and infectious diseases [5,305]. They offer a simple method for the
molecular analysis of biofluids that reduces invasive surgery and promotes more precise
medical interventions. Several clinical trials have been launched for both early screening
and accurate diagnosis to reduce mortality rates and to increase recovery rates (Table 2).
The molecular content of exosomes reflects the origin and pathophysiological conditions
of releasing cells, suggesting that the analysis of exosomal markers is a highly specific
and sensitive method that could potentially replace invasive biopsies. In addition, their
small volume, specific biological information, strong permeability through body tissue
barriers, abundance and long half-lives in all biological fluids make these biomarkers
highly attractive targets for clinical diagnostic applications. In addition to nucleic acids,
exosomal proteins have been found to be potential biomarkers for a variety of pathologies,
including cancer, as well as a number of noncancer diseases in different organs, such the
central nervous system [195,197], the kidneys [306,307], liver [308] and lungs [309].

4.1.1. Exosomes for Cancer Diagnosis

Several types of cancer have long been known to shed exosomes into the blood. For-
tunately, recent technological advances have enabled the capture and analysis of these
cancer-derived exosomes to be improved upon, making them valuable diagnostic tools.
RNAs, including mRNAs, IncRNAs, circular RNAs (circRNAs) and miRNAs, DNA, pro-
teins and lipids, have been extensively used as cancer biomarkers (Figure 3).

DNA. Exosomes produced by several cancer types have been reported to contain
DNA. These vesicles carry either long double-stranded DNA fragments [310] or single-
stranded DNA [264]. Some studies have revealed the presence of double-stranded DNA in
exosomes secreted by human carcinoma and murine melanoma, suggesting its potential
use in the early clinical detection of cancer [248]. Similarly, Kahlert and coworkers detected
the predominance of double-stranded DNA in pancreatic cancer-derived exosomes, as well
as similar genomic mutations among exosomes and parental cancer cells [265]. On the other
hand, Balaj et al. identified single-stranded DNA in medulloblastoma-derived exosomes,
thus illustrating its promising potential use in cancer diagnosis and therapy [264].
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Messenger RNAs (mRNAs). Increased levels of epidermal growth factor receptor vari-
ant type III (EGFRvIII) mRNA have been detected in the serum exosomes of glioblastoma
patients, suggesting its use as a new glioblastoma diagnosis method instead of surgery [270].
Exosome Diagnostics, Inc. (Waltham, MA, USA) have developed methods for detecting one
or more biomarkers in urine microvesicles in order to aid the diagnosis, monitoring and
treatment of diseases such as cancer, especially prostate gland-related pathologies. Biomark-
ers, which are mRNAs of one or more isoforms of a large group of genes, facilitate the
detection of prostate cancer by determining the fusion between SLC45A3 and BRAF genes
in urinary microvesicles [311]. Recently, Dong and coworkers found that exosomal serum
membrane type 1-matrix metalloproteinase (MT1-MMP) mRNA increases significantly in
gastric cancer (GC) patients, which correlates with the tumor, lymph node and metastasis
(TNM) stage and lymphatic metastasis. These findings indicate that exosomal MT1-MMP
mRNA can be utilized as a biomarker for GC diagnosis and early treatment [312]. Similarly,
exosomal heterogeneous nuclear ribonucleoprotein H1 (hnRNPH1) mRNA levels, which
are remarkably higher in hepatocellular carcinoma (HCC) patients than in other groups,
are associated with the Child-Pugh and TNM stage classification, portal vein tumor emboli
and lymph node metastasis. This confirms that exosomal serum hnRNPH1 mRNA could
be an effective marker of HCC [313]. Esophageal cancer-related gene-4 (Ecrg4) has been
shown to be a tumor suppressor in several studies. Mao and colleagues have reported
that serum exosomes contain higher levels of ECRG4 mRNA in healthy individuals than
in their cancer counterparts, thus showing that exosomal ECRG4 mRNA can be used for
cancer detection [314].

MicroRNAs (miRNAs) are small noncoding, double-stranded RNA molecules that
degrade complementary mRNA sequences in target cells in order to inhibit protein transla-
tion. These molecules are reported to be abnormally expressed in several types of cancer,
suggesting their role in the pathogenesis of human cancer [315]. Eight miRNAs, previously
shown to be diagnostic markers of ovarian cancer, have been reported to be present at
similar levels in biopsy specimens of ovarian cancer and circulating exosomes isolated
from the same ovarian cancer patients [316]. With respect to lung tumors, Rabinowits
and coworkers found similar miRNA patterns in plasma exosomes and tumor biopsies
from lung adenocarcinoma patients. However, miRNA levels in lung cancer patients and
control subjects differed significantly, indicating that circulating exosomal miRNA could
be useful for lung adenocarcinoma screening tests [269]. Hepatocellular carcinoma (HCC)
is a primary liver malignancy and a leading cause of cancer-related mortality worldwide.
Exosomal miRNA-210 secreted by hepatocellular carcinoma cells is reported to promote
angiogenesis by targeting SMAD4 and STAT6 in endothelial cells. Therefore, exosomal
miRNA-210 could be used as a therapeutic target in anti-HCC therapy [109]. In this
regard, circulating miRNAs in serum exosomes have potential as novel biomarkers for
predicting hepatocellular carcinoma recurrence following liver transplantation [317]. In
addition, Takeshita and colleagues reported that the sensitivity and specificity of serum
miRNA-1246 in an esophageal squamous cell cancer (ESCC) diagnosis are 71.3% and 73.9%,
respectively. Serum miRNA-1246, which closely correlates with the tumor, lymph node
and metastasis (TNM) stage, has been shown to be a strong independent risk indicator
of poor survival rates. Intriguingly, miRNA-1246 levels were found to be elevated in
serum exosomes from ESCC patients but not in ESCC tissue samples, suggesting that
exosomal serum miRNA-1246 could be a valuable diagnostic and prognostic biomarker
of ESCC [318]. Circulating exosomal miRNA-17-5p and miRNA-92a-3p were found to be
upregulated in colorectal cancer (CRC) patients. Their expression levels correlated closely
with metastasis and chemotherapy resistance [319]. Moreover, exosomal miRNA-320d has
been identified as a promising blood-based biomarker for distinguishing metastatic from
nonmetastatic diseases in the serum of CRC patients. Therefore, these noninvasive biomark-
ers may have great potential to predict the clinical behavior of CRC and to monitor tumor
metastasis [320,321]. Mitchell et al. reported that circulating miRNA-141 levels are strong
diagnostic markers of prostate cancer [322]. Furthermore, exosomal serum miRNA-141 and
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miRNA-375 have been found to correlate with tumor progression in prostate cancer [323].
The enrichment of the let-7 miRNA family in exosomes from AZ-P7a cells may reflect their
oncogenic characteristics, including tumorigenesis and metastasis, suggesting that AZ-P7a
cells release let-7 miRNAs via exosomes into the extracellular environment to maintain
their oncogenesis [182].

Long noncoding RNAs (IncRNAs). Exosomes also contain IncRNAs, now character-
ized as potential diagnostic and prognostic biomarkers for a wide range of pathologies.
These functional RNAs, which are longer than 200 nucleotides, do not code for proteins but,
rather, bind to a variety of nucleic acids and proteins as a means to regulate gene expres-
sion at the transcriptional and/or translational level. Colon cancer-associated transcript
2 (CCAT2), a novel IncRNA transcript encompassing the rs6983267 SNP, is significantly
upregulated in CRC tissues as compared to adjacent noncancerous tissues. The higher
expression levels of CCAT2 are associated with a greater depth of local invasion, positive
lymph node metastasis and advanced TNM stage [324]. Moreover, exosomal IncRNA
and miRNA-217 are differentially expressed in the serum of colorectal carcinoma patients
and correlate with tumor classifications (T3/T4), advanced clinical stages (III/IV) and
lymph node or distant metastasis [325]. LncRNA 91H is known to play a prominent role in
tumor development by enhancing tumor cell migration and invasion through the modifi-
cation of heterogeneous nuclear ribonucleoprotein K (HNRNPK) protein expression. In
addition, CRC patients with high IncRNA 91H expression demonstrate a higher risk of
tumor recurrence and metastasis [326]. Interestingly, exosomes from healthy donors carry
a significant amount of HOTTIP (HOXA distal transcript antisense RNA) transcripts in
comparison to CRC patients, with a significant statistical correlation between low exosomal
HOTTIP levels and poor overall survival rates. Therefore, IncRNA HOTTIP could be a
viable biomarker for CRC patients to predict the postsurgical survival time [327]. Exosomal
serum IncRNA HOTAIR (Hox transcript antisense intergenic RNA) and miRNA-21 expres-
sion levels were higher in patients with lymph node metastasis than those without. In
addition, exosomal HOTAIR and miRNA-21 achieved a sensitivity and specificity of 94.2%
and 73.5%, respectively, in differentiating the malignant from benign laryngeal disease,
suggesting that the combined evaluation of their serum expression levels may be a valuable
biomarker of laryngeal squamous cell carcinoma [328].

Proteins. Exosomal protein signatures have also been used as potent alternative
diagnostic markers of cancer. The epidermal growth factor receptor (EGFR) localized to
exosome membranes has been found to be a possible marker for lung cancer diagnosis [329].
In this regard, Jakobsen and coworkers reported that the EGFR is highly expressed on the
exosomal surface by analyzing the extracellular vesicles secreted by lung cancer cells [330],
indicating that the EGFR is a promising biomarker for diagnosing non-small cell lung cancer
(NSCLC). The epidermal growth factor receptor variant type III (EGFRVIII) transcript was
detected in serum exosomes from 25 spongioblastoma patients but was not found in serum
exosomes from 30 normal control individuals. Therefore, exosomal EGFRVIII may provide
diagnostic information for glioblastoma patients [270]. Similarly, Graner et al. reported that
brain tumor exosomes can escape from the blood-brain barrier, with potential systemic and
distal signaling and immune consequences, and that serum exosomes from brain tumor
patients possess EGFR, EGFRVIII and TGF-beta [331]. A microfluidic chip was used to
analyze exosomal protein types in the blood circulation of spongioblastoma patients. In
this regard, Shao and colleagues found that circulating exosomes contain EGFR-VII, EGFR,
PDPN and IDH1, which can be used to analyze primary tumor mutations and to indicate
drug efficacy [332]. Urinary exosomal proteins have also been investigated as potential
biomarkers for prostate and bladder cancers. Nilsson et al. showed that urinary exosomes
in prostate cancer patients express prostate-specific antigen (PSA), prostate cancer gene-
3 (PCA-3), transmembrane serine protease 2-erythroblast transformation-specific (ETS)
transcription factor family member-related gene fusion (TMPRSS2-ERG) and other prostate
cancer-related markers, indicating the potential for the diagnosis and monitoring of cancer
patients [333]. In this respect, Chen and colleagues found that 24 urinary exosomal proteins
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presented at significantly different levels in hernia (control) and bladder cancer patients.
In particular, they revealed the strong association of TACSTD2 with bladder cancer and
the potential of human urinary exosomes in noninvasive cancer diagnosis [334]. CD24,
found in the MVB cytoplasm, is released into the extracellular environment via exosomes
and is associated with the poor prognosis of ovarian carcinomas [335]. Logozzi and
colleagues found that plasma CD63+ exosome levels are significantly higher in melanoma
patients as compared to healthy control individuals [336]. This team recently showed
that plasmatic exosomes from prostate cancer patients overexpress carbonic anhydrase IX
(CA IX), as well as CA IX-related activity. In addition, CA IX expression correlated with
intraluminal acidity in the plasmatic exosomes of these cancer patients [337]. The acidic
microenvironment was reported to induce an upregulation of both the expression and
activity of CA IX in cancer-derived exosomes, along with an increase in their production
levels [338]. Finally, leucine-rich alpha-2-glycoprotein 1 (LRG1) expression levels were
found to be higher in the urinary exosomes and lung tissue of NSCLC patients as compared
to healthy individuals, indicating that LRG1 may be a candidate biomarker for noninvasive
NSCLC diagnosis [309].

Lipids. Exosome lipidomics show great potential for the identification of suitable
markers for cancer diagnosis. Recently, using an untargeted high-resolution mass spec-
trometry approach, our research group identified similarities between structural lipids
differentially expressed in cancer stem cell (CSC)-derived exosomes and those derived
from patients with malignant melanoma (MM) [339]. Our results showed significant
metabolomic differences between exosomes derived from MM CSCs and those from differ-
entiated tumor cells and, also, between serum-derived exosomes from patients with MM
(MMPs) and those from healthy controls (HCs). We detected metabolites from different
lipid classes, such as glycerophosphoglycerols, glycerophosphoserines, triacylglycerols
and glycerophosphocholines. Interestingly, we found that PC 16:0/0:0 glycerophospho-
choline expression was lower in both CSCs and MMPs in comparison with differentiated
tumor cells and HCs, respectively, while lysophospholipid sphingosine 1-phosphate (51P)
levels were found to be lower in serum-derived exosomes from MMP patients than from
HCs. These results indicate the importance of structural lipids detected in exosomes as
biomarkers in the early detection of cancer and their potential in the determination of
aggressiveness and therapeutic monitoring [339].

4.1.2. Use of Exosomes for Molecular Diagnostics of Neurodegenerative Diseases

Recent evidence indicates the potential involvement of exosomes in the nervous sys-
tem and highlights their role in transcription regulation, neurogenesis and plasticity [340].
Several central nervous system (CNS) cell types, such as neurons and glial cells, are known
to communicate intercellularly by releasing EVs. However, these vesicles could also play
a role in the development of neurodegenerative diseases. Parkinson’s disease (PD) is a
progressive neurodegenerative disorder that mostly affects the motor system. Proteomic
profiling was used to differentially identify proteins expressed in serum exosomes from
PD patients and healthy individuals [341]. In addition, Fraser and colleagues identified
leucine-rich repeat kinase 2 (LRRK2) as a biomarker in urinary exosomes from PD patients
that predicts the risk of the development of this disease among LRRK2 mutation carri-
ers [342]. The aggregation of «-synuclein may play an important role in PD pathology.
Exosomes have been shown to be able to transfer the a-synuclein protein to neighboring
normal cells, thus possibly exacerbating PD pathogenesis [197].

Alzheimer’s disease (AD), another neurodegenerative disorder, is now regarded as
the most common casue of dementia. The early detection of exosome-associated tau,
which is present in human cerebrospinal fluid (CSF) samples and is phosphorylated at
Thr-181 (AT270), would be helpful for AD diagnosis [194]. In this regard, the T-tau, P-
tau and neurofilament light (NFL) biomarkers could be used to differentiate effectively
between AD patients and healthy subjects [343]. Exosomal lipids could also be used as
promising biomarkers for AD diagnosis. In this respect, 10 lipids from plasma were able
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to predict phenoconversion to AD within a two-to-three-year timeframe with over 90%

accuracy [344].
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Figure 3. Exosome-associated molecules used for diagnosis and therapy. For instance, epidermal growth factor receptor
variant type III (EGFRVIII) is associated with the classical glioblastoma (GBM) subtype [345]. MicroRNA (miRNA)-124 has
been reported to enhance the chemosensitivity of GBM cells to temozolomide and to decrease GBM cell migration [346].
In addition, the delivery of miRNA-34a results in the inhibition of GBM cell proliferation, invasion, migration and
tumurogenesis both in vivo and in vitro [347]. Lung cancer was also detected using exosomal biomarkers. In this context,
Liu et al. found that miRNA-23b/10b-5p/21-5p were good candidates for its diagnosis [348], while Dejima and coworkers
considered miRNA-21/4257 /451a reliable biomarkers [349,350]. Other miRNAs such as homo sapiens (hsa)-miRNA-
320d/320c/320b were suggested as potential biomarkers [351]. On the other hand, exosome miRNA-101/373 serum levels
were found to be linked to aggressive breast carcinomas [352]. Other authors recommend miRNA-1246/21/223-3p as
potential indicators of breast cancer [353,354]. Therapeutic quantities of doxorubicin (Dox) and cholesterol-modified miRNA
159 (Cho-miRNA-159) were delivered to triple-negative breast cancer (TNBC) cells and exhibited improved anticancer
effects [355]. In addition, miRNA-204-5p and miRNA-21 efficiently inhibited cancer cell proliferation and increased
chemosensitivity by specifically suppressing their target genes in human colorectal cancer cells [356,357]. Adipose-derived
stromal cells (ASCs) were shown to be able to promote prostate cancer cell apoptosis via exosomal miRNA-145 through the
caspase-3/7 pathway [358,359].

4.2. Use of Exosomes as Therapeutic Agents

In many studies, exosomes have been used as delivery vectors for small-molecule
therapeutic agents, as they are capable of traveling from one cell to another and of con-
veying their cargo in a biologically active form, thus acting as attractive gene and drug
delivery vehicles [360]. Cancer cells internalize a significantly larger percentage of exo-
somes as compared to normal cells. HEK293 and MSC exosomes were therefore effectively
used as delivery vectors to transport PLK-1 small interfering RNA (siRNA) to bladder
cancer cells in vitro, resulting in the selective gene silencing of PLK1 [361]. In addition, the
internalization of exosomes in tumor cells is ten times greater than that of liposomes of
comparable size due to their lipid composition and surface proteins, indicating the superior
specificity of exosomes for cancer targeting [362]. Furthermore, exosomes offer several
advantages over standard delivery vehicles. For example, exosomes are able to cross
biological barriers, such as the blood—-brain barrier (BBB), have poor immunogenicity and
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can be cell-specific [363]. Therefore, exosomes could be next-generation nontoxic delivery
tools that combine nanoparticle sizes with high capacity levels, making them powerful
vectors for the treatment of a variety of pathologies [364].

Doxorubicin-loaded exosomes are transported to tumor tissues and reduce tumor
growth in mice without any adverse effects observed from this equipotent free drug [365].
Tian and coworkers used mouse immature dendritic cells (imDCs) for exosome production
due to their lack of immunostimulatory markers. Purified imDC-derived exosomes were
gently mixed with doxorubicin (DOX) in an electroporation buffer and then examined
under a transmission electron microscope to verify the recovery of their plasma membrane.
After loading the therapeutic cargo, these vesicles successfully delivered DOX to the
targeted cell nucleus, leading to the inhibition of tumor growth without overt toxicity [366].
In another study, exosomes derived from a brain endothelial cell line, PEND.3, were loaded
with DOX and used to deliver the anticancer drug across the blood-brain barrier (BBB) for
the treatment of brain cancer in a zebrafish model [367]. The membrane vesicles mediated
the autonomous intercellular migration of anticancer agents through multiple cancer cell
layers and enabled hydrophobic and hydrophilic compounds to significantly penetrate
both spheroids and in vivo tumors, thereby enhancing their therapeutic efficacy [368].
Interestingly, chemotherapeutic agents epirubicin and paclitaxel increased miR-503 levels
in exosomes released from human umbilical vein endothelial cells (HUVECs) as compared
to control conditions and were demonstrated to induce antitumor responses during breast
cancer chemotherapy [369].

Exosomes also have the potential to deliver oligonucleotides, such as mRNA, miRNA
and various noncoding RNAs, as well as mitochondrial and genomic DNA, to other cells,
thus offering considerable advantages as ideal delivery systems for gene therapy [370].
As with the incorporation of genetic material into living cells, Alvarez-Erviti and colleagues
used electroporation to deliver short interfering siRNA analogs to the brain in mice via
exosomes [363]. In addition, Wahlgren and coworkers used plasma exosomes as gene
delivery vectors to transport exogenous siRNA to human blood cells. The vesicles suc-
cessfully delivered the administered siRNA to monocytes and lymphocytes, leading to
robust gene silencing of mitogen-activated protein kinase 1, thus suggesting exosomes
as a new generation of drug carriers that enable the development of safe and effective
gene therapies [371]. Similarly, Kamerkar et al. demonstrated a technique for the direct
and specific targeting of oncogenic KRAS in tumors using electroporated MSC-derived
exosomes with siRNA. This treatment suppressed cancer in multiple mouse models of
pancreatic cancer and significantly increased overall survival rates [372]. The same method
was used to load exosomes with miRNA to the epidermal growth factor receptor (EGFR)
expressed in breast cancer cells, indicating that exosomes can be used therapeutically to
target EGFR-expressing cancerous tissues with nucleic acid drugs [373]. Finally, endothelial
cells treated with chemotherapeutic agents are reported to release more exosomes that
contain miRNA-503. Given that miRNA-503 is downregulated in exosomes released from
endothelial cells cultured under tumoral conditions, the introduction of miRNA-503 into
breast cancer cells altered their proliferative and metastatic capacities by inhibiting both
CCND2 and CCND23 [369].

Lee and colleagues demonstrated that exosomes derived from MSCs deliver specific
miRNA mimics (miRNA-124 and miRNA-145) and decrease glioma cell migration and
the stem cell properties of cancer cells, providing an efficient route of therapeutic miRNA
delivery in vivo [374]. In addition, the intratumoral injection of exosomes derived from
miRNA-146-expressing MSCs results in a considerable reduction in glioma xenograft
development in a rat brain tumor model and decreases cell growth and invasion, suggesting
that the export of specific therapeutic miRNA into MSC exosomes represents an effective
treatment strategy for malignant glioma [375]. O’Brien and coworkers engineered EVs
loaded with miRNA-134, which is substantially downregulated in breast cancer tissue
as compared to healthy tissue. It has been demonstrated that miRNA-134-enriched EVs
reduce STAT5B and Hsp90 levels in target breast cancer cells, as well as cellular migration
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and invasion, and enhance the sensitivity of these cancer cells to anti-Hsp90 drugs [376].
Similarly, MSC-derived exosomes encapsulated with miRINA-379 were administered in
breast cancer therapy in vivo. The results of this study show that miRNA-379-enriched
EVs are potent tumor suppressors with an exciting potential as an innovative therapy for
metastatic breast cancer [377]. Bovy et al. identified miRNA-503, whose expression levels
are downregulated in exosomes released from endothelial cells cultured under tumoral
conditions. Endothelial cells are able to transfer miRNA-503 via exosomes to breast cancer
cells, thus impairing their growth and altering their proliferative capacity [369]. Breast
cancer cells prime MSCs to secrete exosomes containing distinct miRNA contents, which
promotes quiescence in a subset of cancer cells and confers drug resistance. According to
this study, a novel therapeutic approach to target dormant breast cancer cells based on
the systemic administration of MSCs loaded with antagomiRNA-222 /223 resulted in the
chemosensitization of cancer cells and increased survival rates [148].

Shtam et al. introduced two different anti-RAD51 and -RAD52 siRNAs into Henrietta
Lacks (HeLa) cell-derived exosomes. These exosomes effectively delivered siRNA into
the recipient cancer cells and caused strong RAD51 knockdown, providing additional
evidence of the ability to use human exosomes as vectors in cancer therapy [378]. In a
similar study, Shimbo and coworkers found that the transfer of miRNA-143 by means of
MSC-derived exosomes decreases in the in vitro migration of osteosarcoma cells [379]. In
addition, miRNA-122-transfected adipose tissue-derived MSCs (AMSCs) can effectively
generate miRNA-122-encapsulated exosomes, which can mediate miRNA-122 communica-
tion between AMSCs and hepatocellular carcinoma (HCC) cells, thereby elevating tumor
cell sensitivity to chemotherapeutic agents through the alteration of miRNA-122 target gene
expression in HCC cells [380]. Usman and colleagues have described a strategy for gener-
ating large-scale amounts of exosomes for the delivery of RNA drugs, including antisense
oligonucleotides (ASOs). They chose human red blood cells (RBCs), which are devoid of
DNA, for EV production. RBC EVs were demonstrated to deliver therapeutic ASOs in order
to effectively antagonize oncogenic micro-RNAs (oncomiRNAs) and to suppress tumorige-
nesis [381]. Exosomes could potentially deliver therapeutic proteins to recipient cells, with
a recent study reporting the feasibility of using exosomes as biocompatible vectors that
could improve the targeting and delivery of therapeutic proteins to specific cells in diseased
tissues [382]. In addition, Haney et al. used a new method to treat Parkinson’s disease (PD).
In fact, catalase-loaded exosomes produce a potent neuroprotective effect on both in vitro
and in mouse brains following intranasal administration. This result demonstrates the
capacity of exosomes to load fully functional proteins and to treat specific disorders [383].
Several approaches have envisaged the utilization of specific conserved domains in order
to enhance the loading of proteins. For instance, Sterzenbach and colleagues exploited
late-domain (L-Domain) proteins and ESCRT machinery pathways to load Cre recombinase
into exosomes. This protein was successfully delivered to neurons through a nasal route,
a well-characterized noninvasive method to deliver exogenous proteins to the brain via
exosomes [384]. Human ubiquitin was also used as a sorting sequence to deliver diverse
proteins into exosomes such as EGFP and nHER2. Interestingly, C-terminal-ubiquitin
fusion may act as an efficient signal sequence of antigenic proteins into exosomes, which
could support the use of exosomes as vaccines [385].

5. Conclusions

A considerable number of physiological and pathological processes are undoubtedly
governed or, at least, modulated by the intervention of exosomes. This places exosomes in
a privileged position and optimizes their use as a potential tool in clinical applications for
both diagnosis and therapy. Despite groundbreaking improvements, a number of limita-
tions and challenges remain with regards to transforming exosome applications into clinical
therapies. Further exploration of the molecular composition and function of exosomes,
along with an appropriate cell source for exosome production according to the intended
therapeutic use, will undoubtedly enhance the final outcome of any clinical applications
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using these membrane vesicles. Taking into account the low biofluid volumes available
for diagnosis application, standard and highly effective exosome isolation, purification,
characterization and manipulation methods need to be developed to make these vesicles
a clinical reality. Furthermore, the loading of exosomes without altering their functional
efficacy and the natural characteristics of the donor cell are crucial for oncological research
and their development. Finally, with research in exosome biology in its infancy, further
studies to evaluate the possible impacts of exosomes in major preclinical models are re-
quired to assess the safety /toxicology issues and to ensure their safe and effective use in
therapeutic settings.
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Simple Summary: Tissue biopsy is essential for diagnosis and characterization of a tumor. Recently
circulating tumor cells and other tumor-derived nucleic acid can be detected from blood, which is
called liquid biopsy. Now this concept has been expanded to many other body fluids including
urine. Urine is the least invasive method to obtain a liquid biopsy and can be done anywhere, which
allows longitudinal repeated sampling. Here, we review the latest update on urine liquid biopsy in
urological and non-urological cancers.

Abstract: Tissue biopsy is the gold standard for diagnosis and morphological and immunohis-
tochemical analyses to characterize cancer. However, tissue biopsy usually requires an invasive
procedure, and it can be challenging depending on the condition of the patient and the location
of the tumor. Even liquid biopsy analysis of body fluids such as blood, saliva, gastric juice, sweat,
tears and cerebrospinal fluid may require invasive procedures to obtain samples. Liquid biopsy can
be applied to circulating tumor cells (CTCs) or nucleic acids (NAs) in blood. Recently, urine has
gained popularity due to its less invasive sampling, ability to easily repeat samples, and ability to
follow tumor evolution in real-time, making it a powerful tool for diagnosis and treatment monitor-
ing in cancer patients. With the development and advancements in extraction methods of urinary
substances, urinary NAs have been found to be closely related to carcinogenesis, metastasis, and
therapeutic response, not only in urological cancers but also in non-urological cancers. This review
mainly highlights the components of urine liquid biopsy and their utility and limitations in oncology,
especially in non-urological cancers.

Keywords: liquid biopsy; urine; urine liquid biopsy; DNA; mRNA; microRNA; sncRNA
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1. Introduction

Radiological evaluation followed by biopsy for assessment of tumor tissue and patho-
logical confirmation are the main investigatory methods for cancer diagnosis and treatment
planning. Depending upon the location of the tumor, invasive biopsies can be painful with
risk of complication and associated costs. This is particularly the case when lesions are
in vital organs or close to major vessels, thus making biopsy very challenging to access.
Treatment decisions are often made based on the pathological profile of the primary tumors,
which may or may not be the same genomic clone of the metastatic tumor. It is well known
that treatment effect is different between primary and metastatic tumors [1]. Cancer cells
proliferate continuously, through clonal evolution, to adapt to new environments and
exhibit clonal selection by selective pressure from a tumor microenvironment (TME) or
treatment [2]. It is now known that a bulk tumor may consist of multiple clones of the
same cancer cells (with different molecular and phenotypical profiles) that have a different
cancer biology and clonal evolution in response to treatment, also known as intratumor
heterogeneity. Intratumor heterogeneity is a key challenge in cancer treatment, requiring
real-time assessment of tumor genomic information for precision medicine. Tissue biopsy
often takes samples from only a small part of a bulk tumor and thus may not capture
the entire spatial diversity of tumor heterogeneity [3]. Although multi-region sequential
biopsy can be performed in order to address intratumor heterogeneity [4,5], it may be
impractical in clinical practice and limited to the number of samples that can be tolerated
by the patient. At the present time, cancer surveillance and assessment of treatment effect
is dependent on imaging studies. However, they can only capture morphology of the
tumor as a snapshot at a specific time and location, which does not correspond to the whole
characteristics or function of the tumor. Multiple follow-up visits with imaging studies and
possible biopsies significantly reduce patient compliance and quality of life, and it may be
cost-prohibitive. In order to avoid the shortcomings of current imaging and tissue biopsy
modalities but capture tumor heterogeneity, a non-invasive method to monitor tumor-wide
genomic information during tumor progression or treatment responses is needed.

Liquid biopsy can be an answer to these challenges. Body fluids contain large amounts
of substances secreted from cells after they are utilized in intercellular communication
or released upon cell death. They include metabolites, proteins, and nucleic acids which
may reflect the changes or abnormalities of cells in the body. Liquid biopsy refers to
a process of obtaining tumor-derived materials from body fluids. It is a non-invasive
investigative modality suited for repetitive assessment of tumor-related substances for
assessing changes in gene expression patterns and to study the genomic profile of the
tumor. Liquid biopsy (regardless of blood or urine) measures cells or nucleic acids, either
secreted out of the tumor or brushed out of the tumor after being destroyed. Thus, liquid
biopsy involves sampling from the entire tumor and not a specific area of a bulk tumor.
First, in regard to tumor heterogeneity, blood or urine are expected to contain materials
secreted or released from all cells and its quantity is expected to be reflective of the amount
in the bulk of a tumor. Second, since blood or urine capture the secretome from cells, it is
expected to capture the function of the cells. Changes in circulating materials reflect overall
changes in the TME, such as stromal interactions between the cancer and immune cells [6].
Theoretically, liquid biopsy has the possibility to capture everything from the cells in the
TME and is not spatially or longitudinally limited. Finally, based upon the homeostasis of
the body, anything produced and secreted by a neoplasm should be an excess to the body
and should be excreted via the urine; thus, urine is theoretically an ideal medium to detect
a neoplasm-derived material.

Because of these advantages, liquid biopsy is expected to become a powerful tool in
oncology not only for diagnosis and prognosis, but also for surveillance and assessing
therapeutic effects. Liquid biopsy initially referred only to circulating tumor cells (CTCs)
(although with a short half-life) but now extends to other components released by tumors
like cell-free circulating nucleic acids (NAs) such as DNA, messenger RNA (mRNA),
microRNA (miRNA), non-coding RNA, extracellular vesicles (EVs or exosomes) and tumor
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educated platelets (TEPs). Liquid biopsy corresponds to tumor burden and measurement
of ctDNA appears to be even more beneficial in the metastatic setting (with levels <5 CTCs
per 7.5 cc correlating to better progression free survival and overall survival) [7]. For the
same reason, high false negative rates (FNR) are seen when lower levels of tumor-derived
products are seen in body fluids. For example, cell-free DNA (cfDNA) can be poor in
quality secondary to inflammation or infections that result in high false positive rates.
Droplet digital polymerase chain reaction (ddPCR) has become one of the most sensitive
methods for detection of somatic mutations by improving c¢fDNA extraction methods,
thereby optimizing the yield of cfDNA [8-11]. Although liquid biopsy can be performed
with various body fluids, such as blood [12], CSF [13,14], pleural fluid [15,16], gastric
juice [17,18], or saliva [19,20], we will focus on urine, as it can be easily and non-invasively
collected without use of any special techniques or instruments and in copious amounts.
Table 1 illustrates the specifics of standard tissue biopsy and its comparison with blood
and urine as liquid biopsy. While several reviews have been published on urine as a source
of liquid biopsy for cancer, most of them have mainly focused on genitourinary cancers.
Chen et al. focused on urine liquid biopsy technologies and its use in cancer, glomerular
disease, and tuberculosis [21], while Yu et al. focused on prostate and bladder cancer [22],
and Hentschel et al. on bladder, prostate, and cervix cancer [23]. This review seeks to
highlight the components of urine liquid biopsy and its utility and limitations in oncology,

mainly in non-urological cancers.

Table 1. Advantages and disadvantages of standard tissue biopsy versus blood liquid biopsy versus urine liquid biopsy.

Standard Tissue Biopsy

Blood Liquid Biopsy

Urine Liquid Biopsy

Cell structure, grade, stromal and
immune cells, Lymphovascular

CTCs, cell free nucleic acids, exosomes,

Cell free DNA, urinary mRNA,

Components invasion, DNA seq, RNA seq, tumor educated platelets ﬁlII\IIX\IA)’( lncﬁNA, other snc
gene signatures s EX0Somes
. Minimally invasive procedure . Noninvasive procedure
° Ear?ll detection arld molecular e Early detection and molecular
profile assessmen £l "
. profile assessmen
M Intriitl_lmor het_erogenm;y ° Intratumor heterogeneity
. Standard of care ° Real time monitoring o . Large quantities available and
e  Standard technique, cancer evolution centrifuged for concentrates
’ . Corelates with tumor burden . .
Advantages low ENR : e Identifies genetic markers of *  High DNAyield
8 e  Histological information treatm. tg d treatment resist e  Identifies genetic markers of
and immunohistochemical freatment and treatment resistance treatment and
profiling excellent ¢ ggﬁ giz}clhe;r}dl?;t modified by treatment resistance
. Quicl% turnaro?md testine time . Good for longltudlqal follow up
for tDNA & . ucfDNA can potentially help in
or ¢ fi o
. ctDNA more beneficial in locle(lhzmg cancer Sf
metastatic setting uninown primary
. Invasive procedure,
. }ivc(l)(lsvzzsz:;lrire;?zl; . Investigational setting
intratumor heterogeneity e No histological assessment
. Time period of o Investigational setting * Eff:id oghy(;l.ratlon status
analysis fixed e  HighFNR . irclfDrﬁfA liiﬁrelggiy sensitivity
. Repetitive invasive . Lack of standardized technique for and specificity issues
Disad biopsies cumbersome cfDNA and cellular genomic DNA | Artif ai ts fronzl
isadvantages e Early detection of cancer

not possible

. DNA quality highly
variable in FFPE

e Variable quantity of DNA
based on sampling methods,
high risk of
DNA degradation

e  ctDNA quality and

extraction methods.
. Short half life of CTCs (1-2.4 h) in
peripheral blood

microchip analysis

. Variations in assay
protocols/sample handling

. Measurement of urinary
RNAs challenging

. Lack of large multicenter studies

CTC: Circulating tumor cells; FNR: False negative rate; Inc RNA: Long non-coding RNA, sncRNA: small non-coding RNA; ucf DNA: urine
cell-free DNA; RT-PCR: Reverse transcription polymerase chain reaction; FFPE: Formalin fixed paraffin embedded; ctDNA: circulating

tumor DNA.
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2. Urine Liquid Biopsy Components

Urine is a biological fluid consisting of organic and inorganic compounds; salts; cells
like leucocytes, renal cells, urothelial cells, prostate cells, and exfoliated tumor cells; and
tumor cell-free nucleic acids. Tumor-derived DNA, mRNA, and miRNA can be obtained
via whole urine sample, centrifugation to obtain urine sediment, or filtration to obtain
urinary supernatant and cells [24]. With recent technological advances, it has become
possible to extract and analyze minute amounts of NAs from body fluids. It is easy to
collect large amounts of urine for larger samples of urinary NAs. Urinary NAs are expected
to provide very useful clinical information that may reflect tumor heterogeneity.

2.1. Urinary DNAs

While the exact mechanism of origin of circulating tumor DNA (ctDNA) and its fil-
tration by the kidneys remains unclear, some hypotheses of origin include: (i) from dying
cells, exfoliated either in urine (bladder and prostatic cells) or from circulation (ii) from
CTCs and (iii) via active release [25]. Urine contains DNA as a result of renal clearance of
blood. Only molecular substances smaller than 6.4 nm in diameter and molecular weight
not greater than 70 kDa can pass through the lumen of a nephron [26]. This corresponds to
about 100 base pair (bp) DNA in size [27]. Since the size of a mononucleosome exceeds the
size of the nephron barrier pores, they cannot pass through the nephron. Only protein and
NAs can pass through and are excreted in the urine. Many studies of urine liquid biopsy
have reported the correlation between urinary DNAs and urological malignancies, such as
cancers of the bladder [28,29], prostate [30], and kidney [31], as a result of directly shedding
breakdown products in the urine. Isolating DNA fragments in urine is technically easier
than blood since urine contains less protein [32]. On the other hand, NA-hydrolyzing
enzymes that breakdown DNAs are easily activated in urine. DNA hydrolase deoxyribonu-
clease I and II (DNase I and II) are present both in urine and blood and are more active
in urine. DNase I is a major DNA hydrolase released from the pancreas. The amount of
DNase Il is less than DNase I in urine although it is more potent.

DNA methylation changes, which are considered one of the primary events in carcino-
genesis, can be identified by DNA-sodium bisulfite in the urine. This method selectively
deaminates unmethylated cytosines to uracil but methylated forms of cytosines escape the
bisulfite reaction, allowing them to be analyzed by polymerase chain reaction (PCR)-based
technology to target specific functional locations like CpG islands where methylation genes
are expressed. However, there is great variability in its sensitivity and specificity. GSTP1
methylation is a biomarker for prostate cancer [33] and ONECUT2 (One Cut Homeobox 2)
is for upper ureteral carcinoma [34]. However, due to its low sensitivity, DNA methylation
is recommended only in combination with other biomarkers.

Urinary cell-free DNA (ucfDNA) originates directly from dying cells exfoliated in
urine and gives important information regarding DNA derived from cancer cells and is
considered to be more representative than the tissue biopsy of a tumor [35]. There are no
standard protocols for isolation or detection of ucfDNA to date, but it can be detected by
conventional PCR-based assays or by using commercially available kits [36]. Recently, next
generation sequencing (NGS) has been used for better sensitivity [37]. ucfDNA has mainly
seen utility in urological cancers and was first described by Sidransky et al. in 1991 with the
presence of p53 mutations in the urine sediment of patients with muscle invasive bladder
cancer [38]. ucfDNA has also been investigated for EGFR mutation in non-small cell lung
cancer [39], with elevated levels seen in Stage Il and IV. Elevated levels of ucfDNA p53
mutations have been demonstrated by Lin et al. in hepatocellular carcinoma and could be
potentially explored for screening [40]. Su et al. reported that KRAS mutation was detected
in higher incidence in urine compared to serum (35%) or plasma (40%) among patients
with colorectal cancer or colonic polyps [41]. KRAS gene G12/13 mutation has also been
found in ucfDNA by the NGS approach of patients with colorectal cancer [42].
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2.2. RNA-Based Biomarkers

Several types of RNA are present and measurable in the supernatant of the urine.
RNA molecules are biochemically unstable and sensitive to heavy metal ions, alkaline pH,
and RNA-hydrolyzing enzymes. There are abundant RNA hydrolases in urine, such as
RNA-hydrolyzing enzyme (RNase II) and Ribonuclease I, which hydrolyze both RNAs
and DNAs. Despite this mechanism, mRNAs are still detectable in the urine because they
are somewhat protected from degradation by extracellular vesicles, ribonucleoproteins,
and lipoproteins [43]. Through alternate splicing of mRNA, many genes generate different
isoforms of protein products in cancer. Thus, mRNA, being a protein coding transcript,
represents a good biomarker for establishing the correlation between information in DNA
and proteins. Several methods to isolate urinary mRNA have been described, including the
QIAamp Circulating Nucleic acid kit (Qiagen) [44], RNeasy kit (Qiagen [45]), and Quick-
RNA MicroPrep Kit (Zymo Research) [46], and miRNeasy kit (Qiagen) [47]. After isolation
of mRNA, molecular biology methods such as quantitative-PCR, droplet digital PCR, or
Next Generation Sequencing are required to search or determine NAs. Currently, the Xpert
BC Monitor test [48] and 2-Gene mRNA Urine test [49] are used for bladder cancer and
prostate cancer, respectively. Since these kits have been used predominantly for urological
cancer, further studies are needed to expand their application for non-urological cancers.

2.2.1. Urinary microRNAs

Compared with mRNA that can be easily degraded by RNA-hydrolyzing enzymes, mi-
croRNA is more resistant to nucleases and remains relatively stable in urine [50]. MicroRNA
are a class of short single strand RNAs (22-24 nucleotides in length) and are involved in cell
proliferation, differentiation, stress response, inflammation, and cell death [51-58]. They
epigenetically inhibit the translation of target mRNA into proteins [59]. They are known
to play roles in different mechanisms of cancer progression, including carcinogenesis,
angiogenesis, and metastasis [51]. MicroRNA is encapsulated and bound to RNA-binding
protein, which stabilize it to the point that it withstands several cycles of freeze and thaw
and remains stable at room temperature for long periods of time. They can be evaluated
in different fractions such as non-centrifuged urine, urine sediment, supernatant, and as
part of exosomes [60]. Since some microRNAs released from cancer cells are also highly
expressed in activated T-cells, some suggest that monitoring circulating microRNA released
from the host immune cells can be used as a biomarker in predicting cancer progression [61].
Furthermore, given the possible association between circulating microRNA and cancer
immunity, studies on circulating microRNA are expected to lead to the future development
of new therapeutic agents through immunomodulation. MicroRNAs represent a new
source of reliable biomarkers that can be diagnostic, prognostic, and predictive during
therapy of cancer patients and has been widely studied in prostate [62], renal [63], and
urothelial carcinoma [64]. MicroRNA can be quantified by reverse transcription-PCR
(RT-PCR), Northern blotting, in situ hybridization, gene expression microarray, or NGS
technology but also with commercially available isolation kits including the miRNeasy
Mini kit (Qiagen) [65], ZR urine RNA isolation kit (Zymo Research) [66] for bladder cancer;
Acid phenol-chloroform plus Silica columns (BioSilica Ltd.) [67], Urine Exfoliated Cell
and Bacteria RNA Purification Kit (Norgen) [68] for prostate cancer; TRIZOL reagent
(Invitrogen) [69] and miRNeasy Serum/Plasma kit (Qiagen) [70] for gastric cancer.

2.2.2. Long Non-Coding RNAs (IncRNAs)

Long non-coding RNAs (IncRNAs) are transcripts with length greater than 200 nu-
cleotides encoding no protein and are gene regulators involved in many biological functions
and dysregulated in various cancers [71]. Expression of IncRNAs is associated with a broad
range of cellular processes, such as cell growth, survival, migration, invasion, and differen-
tiation [72]. More recently, studies have investigated their possible role as biomarkers in
cancer by highlighting the role of IncRNAs in carcinogenesis through impairment of cell
cycle arrest and apoptosis [73]. Many IncRNAs are exosome-derived in urine and have
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been found to be more protected by RNAse activity. The gold standard method for IncRNA
detection is quantitative RT-PCR [74]. Prostate cancer antigen 3 (PCA3) was the first
IncRNA identified in 1999 mapped on chromosome 9q21-22 and found to be overexpressed
in greater than 95% of prostate cancers [75]. The human urothelial carcinoma-associated 1
(UCAL1), a 2314-bp IncRNA located on human chromosome 19, has been found to be upreg-
ulated in many cancers, such as hepatocellular cancer [76], colorectal cancer [77], gastric
cancer [78], esophageal squamous cell carcinoma [79], and epithelial ovarian cancer [80].

2.2.3. Other Urinary Small Non-Coding RNAs (sncRNAs)

Small non-coding RNAs are usually shorter in length by about 18-200 nucleotides.
While mRNAs are highly susceptible to nucleases, sncRNAs, which are smaller in size, form
stable complexes in urine, making them more resistant to nuclease [81]. They include small
nuclear RNA (snRNA), small nucleolar RNA (snoRNA), Piwi-interacting RNA (piRNA)
and tRNA-derived small RNA (tsRNA). They have diverse roles, which in conjunction with
other molecules involve gene regulation through RNA interference or RNA modification.
SncRNAs circulate as part of nucleoprotein complexes or membrane-coated microparticles
such as exosomes [82]. Their role as a biomarker of cancers remains unclear [83].

3. Utility of Urine for Liquid Biopsy

While urine is a relatively cell-free biofluid, it contains large numbers of complex sub-
stances, including protein, circulating NAs (DNAs and RNAs), and extracellular vesicles
(EVs). Since the yield and sensitivity of urine cfDNAs are comparable to blood cfDNAs,
attention has been directed to urine sampling as an alternative body fluid source in lieu of
blood to monitor clinical course and follow-up therapeutic effects [84]. Genomic abnormal-
ities detected from urine NAs are shown to be useful in both urologic and non-urologic
cancers. It has been shown that the sensitivity of cf DNA /ctDNA in urine is comparable
to blood among patients with multiple cancers, such as urothelial carcinoma [85], breast
cancer [84], colon cancer [41], and lung cancer [37]. One of the major advantages of using
urine is its non-invasive nature of collection compared to tissue or blood, especially in
patients requiring repeated sampling to monitor cancer progression and/or therapeutic
effects [86]. Urine can be collected in large quantities, which solves one of the major prob-
lems with tissue biopsy or other liquid biopsy materials that often suffer from a limited
number of samples. It is more patient-friendly since the collection of urine can be done
anywhere as opposed to access to other body fluid or tissue which needs to be done in
clinics or hospitals. Even in clinic settings, obtaining sufficient blood draws can be a
challenge in some populations including geriatric patients, intravenous drug abusers, or
anyone with thin veins [87]. Sampling cerebrospinal fluid (CSF) or gastric juice is even
more invasive, and sophisticated techniques are required for their collection. Therefore,
liquid biopsy using urine is expected to significantly reduce labor and cost as well as
patients” pain. Due to these advantages, urine liquid biopsy has been investigated for
cancer screening, monitoring of cancer progression or recurrence, and the efficacy of chemo
and radiation therapy.

3.1. Urinary Liquid Biopsy for Urological Cancers

Most of the studies regarding urine liquid biopsy have been performed on urological
cancers, since many of the substances secreted from urological cancer are likely to drain
directly into the urinary tract [27,88]. First morning urine contains the highest number of
cells and cellular debris from the urological tract exfoliated in urine at night [89]. Both
low-molecular-weight DNA (<100 bp) and high-molecular-weight DNA (>1 kbp) can
be detected in urine [84]. Urinary protein biomarkers for early detection of prostate
cancer and bladder cancer have already been established and approved by the FDA, such
as Nuclear Matrix Protein 22 (NMP22), Urovysion Fluorescence In Situ Hybridization
(FISH), and Prostate Cancer gene 3 (PCA3) [90]. As a matter of fact, several tests based on
urine liquid biopsy have been already included in the National Comprehensive Cancer
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Network (NCCN) Guidelines for Prostate Cancer Early Detection since 2020. These tests
are Mi-Prostate scores that include measurements of PCA3 and TMPRSS2:ERG fusion
gene expression in the urine, IntelliScore and SelectMDx, which may reduce the number
of unnecessary biopsies [91]. In addition to ctDNA/cfDNA, the other NAs, such as
mRNA [44,92], IncRNA [93], microRNA, piRNA [94], and circRNA [95], have been reported
to be useful as biomarkers in urological cancers. The first commercial exosome-based
prostate Intelliscore test for prostate cancer became available in 2016 [96]. Several urinary
IncRNAs, such as FR0348383, MALAT1, and DD3 (PCA3), have been reported as better
biomarkers in prostate cancer compared to serum prostate-specific antigens (PSA) [97,98].
Given its quality and accuracy, detection of urinary PCA3 has been approved by the FDA
as a diagnostic tool for prostate cancer [98]. PCA3 levels have also been associated with
tumor volume burden and extracapsular extension and provide prognostic information
before a radical prostatectomy [99]. Urothelial carcinoma associated 1 (UCA1) is one
of the most well studied genes in bladder cancer, and urinary IncRNA of UCA1 was
often detected in patients with bladder cancer [100,101]. Currently, there are two clinical
trials evaluating urine as a source for liquid biopsy. NCT04432909 is a prospective multi-
center, single-blinded study to evaluate the utility of UroCAD for urothelial carcinoma
diagnosis and follow-up in 500 participants (https://clinicaltrials.gov/ct2 /show/NCTO0
4432909, accessed on 19 May 2021). Patients with urothelial carcinoma prior to resection
are compared with the patients being treated for other diseases but without any tumor to
determine the sensitivity and specificity of UroCAD analysis, which will be compared with
cytology and FISH. Another trial was reported at the American Society of Clinical Oncology
Genitourinary (ASCO-GU) 2021 meeting by Zhang et al. from Shanghai, China, which is a
prospective clinical trial that compares blood and urine liquid biopsy using PredicineCARE
NGS 152 gene assay with the gold standard of tissue biopsy in 59 treatment-naive bladder
cancer patients. The mutation profiles of urine samples (sensitivity of 86.7%) were found
to be very similar with tissue biopsy compared to blood liquid biopsy samples (sensitivity
of 10.3%). At this point, we were unable to identify any current ongoing clinical trials in
non-urological cancers. With increasing evidence, it is conceivable that detection of not
only DNA and miRNA but also oncogenic IncRNAs in urine might enable early cancer
diagnosis and can be promising therapeutic targets for patients with genitourinary cancer.

3.2. Urinary Liquid Biopsy for Non-Urological Cancers

There are numerous studies identifying common mutations in each type of cancer, such
as EGFR mutation in lung cancer, that guide us in assigning a cell of origin to a biomarker
like cfDNA. We have summarized these molecules detected in urine and the cancer type
in Table 2. In addition, given the strength of liquid biopsy in longitudinal follow-up, we
may discover a unique/novel biomarker for a particular patient of a particular cancer type
that may become a strategy in the future. It is speculated that urinary RNAs may be also
associated with clinical outcomes in patients with various types of cancers [102,103].

Table 2. Application of urine liquid biopsy in non-urological cancers.

Study, Early Stage, Methodology/ Clinical e
Reference Cancer Type  Advanced or PI:t(i)e(r)\fts h,::;:i? Quantitative ~ Application of siel?i}:li::y
Number Metastatic Analysis Urine Biopsy

Advanced ctDNA for rlz;eccl)lr?;zvteo

Reckamp [37] NSCLC 63 EGFRT790M  ddPCR, NGS ponse. 75%
Stage mutation Rociletinib
(EGFR TKI)
Predictive
Advanced ctDNA for response to

Husain [104] NSCLC Stace 8 EGFRT790M  ddPCR,NGS  Osimertinib (III 86%
& mutation generation
EGFR TKI)
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Table 2. Cont.

Study, Early Stage, No of Molecules Meth0f1019gy/ Cl.lmsal Sensitivity
Reference Cancer Type  Advanced or Patients Assessed Quantitative Application of in Urine
Number Metastatic Analysis Urine Biopsy
Advanced TP53 and Detection of
Wu [105] NSCLC Stage 50 EGFR PCR, NGS driver gene 60%
& Metastatic mutation alterations
Early detection
. DNA Methylation after incidental o
Liu [106] NSCLC Farly stage 74 methylation  specific PCR  finding of nodule 73%
on CT chest
ctDNA for Prognostic and o
Zhang [107] Breast Early stage 200 PIK3CA ddPCR predictive 77%
RT-qPCR,
Endometrial Human
Ritter [108] . Early stage 10 MiR-10b-5p miRNA Early detection 50%
& Ovarian
V21.0
microarray
Quantitative
Kao [69] Gastric Early stage 50 MiR-21-5p stem loop RT- Predictive NA
PCR
miRNeasy kit .
. . Early detection
. . MiR-6807-5p (Qiagen), o
Iwasaki [70] Gastric Early stage 197 MiR-6856-5p RNA and . 63.4%
. Prognostic
microarray
Advanced cfDNA
Su [41] Colorectal stage 20 KRAS RT-PCR Early detection 95%
& mutation

NSCLC: Non-small cell lung cancer; ddPCR: Droplet digital polymerase chain reaction; NGS: Next generation sequencing; RT-PCR: Reverse
transcription polymerase chain reaction; ctDNA: circulating tumor DNA.

3.2.1. Urine Liquid Biopsy in Lung Cancers

Conventional tissue biopsies are particularly cumbersome and carry potential risk
for significant morbidity to lung cancer patients since they can cause pneumothorax and
significant bleeding within the airway. Various urine liquid biopsy components have
been investigated for patients with non-small cell lung cancer (NSCLC) and have been
reported to reduce costs by improving detection of EGFR T790M mutations and reducing
the complications associated with tissue biopsy [109]. Reckamp et al. studied 63 patients
with advanced EGFR-mutant NSCLC and found that the sensitivities of tissue, plasma, and
urine were 73%, 82%, and 75%, respectively, for T790M detection in these complementary
specimens [36]. They also found a significant decrease in T790M MAF in urine in patients
treated with Rociletinib (an EGFR tyrosine kinase inhibitor (TKI)), highlighting a potential
of using urine for follow-up. These findings were confirmed in another study by Husain
et al. who found that early kinetics of ctDNA in the urine of eight patients treated with
Osimertinib, a third generation anti-EGFR TKI, correlated with tumor response [104]. These
studies demonstrate that urine testing successfully identifies EGFR mutations in patients
with advanced stage/metastatic NSCLC and has high concordance with tumor tissue
and plasma and can be used as a viable approach for assessing EGFR mutation status.
In advanced NSCLC, Wu et al. demonstrated a good correlation and complementarity
between genomic profiles of cfDNA extracted from plasma, sputum, and urine compared to
tissue [105]. In early-stage NSCLC, the analysis of DNA methylation at cancer-specific loci
in urine were shown to help characterize nodules after screening via computed tomography
(CT) [106]. Thus, various studies have demonstrated the utility of urine liquid biopsy not
only as a diagnostic but also a prognostic and predictive marker in NSCLC.
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3.2.2. Urine Liquid Biopsy in Breast, Gynecological, and Gastrointestinal Cancers

Some have investigated the role of urine liquid biopsy in early breast cancer. In a
prospective study, Zhang et al. compared serum and urine ctDNA levels using a droplet
digital PCR (ddPCR) technique of 200 breast cancer patients and healthy volunteers [107].
The authors found 3.5-fold higher levels of ctDNA as well as wild-type PIK3CA genotype
in early breast cancer patients compared to healthy volunteers. These results demonstrate
that urinary ctDNA is capable of discerning between healthy populations while providing
early disease detection, especially in high-risk individuals. Zhang et al. also evaluated a
decline of urinary ctDNA following initial treatment and found a 6.8-fold decrease [107].

Among the tested 10 microRNAs, miR-10b-5p was identified as a candidate biomarker
for endometrial and ovarian cancer [108]. It was found to be elevated in patients with
endometrial cancer compared to healthy women; however, its relevance in ovarian cancer
remains unelucidated. MiR-200c-3p was found to be enriched in the urine of endometrial
cancer patients, paving the way for the development of a non-invasive biomarker for
early detection [110]. Abnormal IncRNA UCA1 expression has been linked to adverse
clinicopathological characteristics including lymph node metastasis, chemoresistance, and
poor overall survival in both cancers [80,111].

Identification of biomarkers for gastric cancer still remains a challenge. The most
frequently used tumor markers include CEA, CA19-9, CA72-4, CA50, pepsinogen, and
alfa fetoprotein, however their sensitivity and specificity are poor and hence not specific
to a diagnosis of gastric cancer. Hung et al. reported that miR-376c promotes gastric
cancer cell proliferation and migration, and it was increased in urine and plasma of gastric
cancer patients [112]. Kao et al. detected miR-21-5p levels in the urine of gastric cancer
patients pre- and post-op at one and three months and found that its levels consistently
decreased following gastric surgery [69]. MiR-6807-5p and miR-6856-5p were also found
to be significantly increased in the urine of gastric cancer patients but fell to almost non-
detectable levels following gastric resection [70]. These results appear promising for both
early detection and prognosis of patients with gastric cancer.

KRAS mutations were detected from the ¢fDNAs in the urine of advanced col-
orectal cancer patients. This was the first reported urinary ¢fDNA as a biomarker in
a non-urological cancer, proving that the kidney barrier in humans is permeable to DNA
molecules large enough to be analyzed by standard genetic technologies [113]. Su YH et al.
compared the concentration of DNA in different body fluids and found that it was similar
in urine compared to serum, but it was significantly lower in plasma than in either urine or
serum (p < 0.05). They also reported that when DNA was derived from 10 pL of body fluid
in each mutation assay, the mutated KRAS DNA detection was comparable among serum,
plasma, and urine. However, in patients with colorectal cancer, when a larger amount of
body fluid (200 uL) was used the detection rate of the KRAS gene in urine was significantly
higher (95%) than in serum (35%) or plasma (40%). These findings suggest that inhibitory
factors (such as DNase) in serum and plasma might be less abundant in urine, and that
urine does not usually contain large molecules, such as protein, that can interfere with PCR
amplification compared to blood or serum, as they are filtered by the kidneys [41].

4. Limitations of Urinary Liquid Biopsy

By definition, urine is generated by the kidney and there are many components that
may not get filtered in the urine compared to blood. Therefore, urine liquid biopsy has
been more intensively studied in genitourinary cancers and is one of the major limitations
in non-urological cancers. Since urine is a dynamic body fluid, concentrations change
with hydration status, renal pathology, urine volume, and effect of medications. Hence,
concentrations will most likely not be reliable with a high degree of variability within
the urine composition and will require an absolute amount or centrifugation. Therefore,
measuring 24 h urine volumes would be the gold standard to assess hydration status. Mea-
suring creatinine ratios or specific gravity remain as other possibilities and potentially more
feasible alternatives. Despite being a useful tool for diagnosis, prognosis, and a predictive
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marker for treatment response, a major limitation of urine cfDNA-based tests includes
lack of specificity. Increased levels of cf DNA are seen in non-malignant conditions such
as trauma, inflammation, pregnancy, autoimmune conditions like lupus, and infections
such as tuberculosis. Due to these very reasons, cfDNA-based tests lack application in the
clinical setting [36]. Mutation rates in individuals may be influenced by environmental and
physiological factors [114], and spontaneous mutations known to typically contribute to
cancer development can occur with increasing age but may not directly cause cancer. There
is also less abundance of mRNA in urine, a lack of stable targeted molecules, along with
possible contamination of cellular RNA during sample preparation [115]. Thus, utilization
of urine liquid biopsy in pre-symptomatic stages may yield false positive results and
overdiagnosis of cancer. With regards to methodology, microchip analysis is an efficient
method to screen for urine biomarkers; however, challenges when applying this method
include repetitive sequences in the discovery phase miRNAs when designing probes or
primers (due to short length of nucleotides), which may result in artifacts [108] masking
the results of microchip analysis. Varied analytical methods include NGS, RT-PCR, and
microarray, which can lead to aberrational findings [116]. Variations exist in assay protocols
and sample handling despite the same analytical method performed. More importantly,
why certain specific RNA extraction kits are used for detection of biomarkers in different
studies depending on the cancer site, remains elusive. Lack of large multicenter studies
remain the major reason for precluding its adoption in clinical practice.

While there are several limitations to urine as liquid biopsy, it can also be used to our
advantage. The biggest advantage of urine is that an unlimited amount can be collected.
Instead of an absolute value, urine samples can be collected as a set quantity per day and
quantified as a fraction of the total quantity (especially in patients suffering from excessive
diuresis). Ideally, it would be beneficial to confirm the presence of sufficient amounts
and quality of ctDNA to identify the most appropriate ctDNA quantification methods to
maintain uniformity and improve the sensitivity of ctDNA detection to anticipate drug
resistances by urine biopsy. In addition to looking into ctDNA, we can look into smaller
nucleic acids such as messenger RNA, micro-RNA, circular RNA, transfer RNA, or even
RNA in exosomes. Analyzing exosomes in the future can become an important strategy as
cells communicate through exosomes. More recently, with newer tools like SiRe NGS panel
testing [12] or the TargetPlex FFPE Direct DNA library preparation kit [117] being applied
to patient blood and tissue samples with advanced-stage NSCLC, we cannot help but
speculate that these more cost-effective methods may gain more widespread application in
urine liquid biopsies in the future. Considering the positive effects on biomarker studies
and beyond, we hope that funding bodies will take steps to complement the current
emphasis on these novel studies and support programs for reproduction studies of existing
findings to validate their clinical utility.

5. Conclusions and Future Perspectives

Changes in genomic and genetic material in the urine potentially precede changes
in imaging and can detect minimal tumor burden of urological and non-urological can-
cers. There still remains a need for standardized methods and normalization procedures.
Despite the non-invasive nature of sample collection and its potential benefits, this newer
urine-based approach still requires large-scale research for validation by large cohorts
prospectively. Although a promising innovation, an important question that remains to
be answered is whether urine biomarkers offer better profiling for disease recurrence and
whether urine biomarker elevation-driven interventions translate into better outcomes.
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Simple Summary: Apart from genetic changes, cancer is characterized by epigenetic alterations,
which indicate modifications in the DNA (such as DNA methylation) and histones (such as methyla-
tion and acetylation), as well as gene expression regulation by non-coding (nc)RNAs. These changes
can be used in biological fluids (liquid biopsies) for diagnosis, prognosis and prediction of cancer
drug response. Although these alterations are not widely used as biomarkers in the clinical practice
yet, increasing number of commercial kits and clinical trials are expected to prove that epigenetic
changes are able to offer valuable information for cancer patients.

Abstract: Early alterations in cancer include the deregulation of epigenetic events such as changes
in DNA methylation and abnormal levels of non-coding (nc)RNAs. Although these changes can
be identified in tumors, alternative sources of samples may offer advantages over tissue biopsies.
Because tumors shed DNA, RNA, and proteins, biological fluids containing these molecules can
accurately reflect alterations found in cancer cells, not only coming from the primary tumor, but also
from metastasis and from the tumor microenvironment (TME). Depending on the type of cancer,
biological fluids encompass blood, urine, cerebrospinal fluid, and saliva, among others. Such samples
are named with the general term “liquid biopsy” (LB). With the advent of ultrasensitive technologies
during the last decade, the identification of actionable genetic alterations (i.e., mutations) in LB is
a common practice to decide whether or not targeted therapy should be applied. Likewise, the
analysis of global or specific epigenetic alterations may also be important as biomarkers for diagnosis,
prognosis, and even for cancer drug response. Several commercial kits that assess the DNA promoter
methylation of single genes or gene sets are available, with some of them being tested as biomarkers
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for diagnosis in clinical trials. From the tumors with highest incidence, we can stress the relevance of
DNA methylation changes in the following genes found in LB: SHOX2 (for lung cancer); RASSF1A,
RARB2, and GSTPI1 (for lung, breast, genitourinary and colon cancers); and SEPT9 (for colon cancer).
Moreover, multi-cancer high-throughput methylation-based tests are now commercially available.
Increased levels of the microRNA miR21 and several miRNA- and long ncRNA-signatures can also be
indicative biomarkers in LB. Therefore, epigenetic biomarkers are attractive and may have a clinical
value in cancer. Nonetheless, validation, standardization, and demonstration of an added value over
the common clinical practice are issues needed to be addressed in the transfer of this knowledge
from “bench to bedside”.

Keywords: epigenetic biomarkers; cancer; DNA methylation; micro-RNAs

1. Introduction

Aberrant epigenetic changes are recognized as one of the key events leading to car-
cinogenesis [1]. Cancer cells harbor global epigenetic abnormalities in addition to genetic
alterations. The use of “omic” techniques in recent years has allowed us to get a compre-
hensive view of the extensive reprograming that occurs in the epigenetic machinery of
cancer cells. These epigenetic changes include DNA methylation, histone modifications,
nucleosome positioning, and de-regulation of non-coding RNAs, mainly micro-RNAs
(miRNAs) [2].

The most widely studied epigenetic modification and the one closer to be transferred
to the clinic as a cancer biomarker is DNA methylation. This modification is the result
of the addition of a methyl group at the 5'-carbon of the pyrimidine ring of a cytosine
followed by a guanine (CpG), which impedes gene transcription. Cancer is characterized
by global DNA hypomethylation and focal hypermethylation of certain genes such as
tumor suppressor genes [3] or miRNAs, whose silencing promotes tumor growth [4].
Hypomethylation takes place mainly in repetitive regions of the genome and has been
shown to facilitate genomic instability and DNA damage [5].

Both genetic and epigenetic alterations identified in cancer can be used as biomark-
ers for diagnosis, prognosis, and prediction of drug response. Although assessment of
biomarkers in tumor specimens may offer direct information about genetic and epigenetic
alterations, the amount of tissue obtained from advanced tumors is often insufficient and
may not reflect the whole tumor heterogeneity. To overcome these inconveniences, an
alternative option to tissue samples has emerged in the last years, known as liquid biopsy
(LB). LB is an non-invasive method that allows for the analysis of different biomarkers
in fluids such as blood, saliva, bronchoalveolar lavage (BAL), cerebrospinal fluid (CSF),
urine, or other body fluids [6]. These samples are easily obtained and may pick up
DNA /RNA /proteins coming from both the primary tumor and the different metastatic
sites, representing tumor heterogeneity and clonal evolution. In LB, we can find circulating
tumor DNA (ctDNA), circulating tumor RNA (ctRNA), circulating tumor cells (CTCs), and
extracellular vesicles (EVs) that may contain RNA, proteins, and DNA. Figure 1 graphically
depicts the possible contribution of epigenetic biomarkers (free or vesicle-enclosed methy-
lated DNA and ncRNAs) isolated in LB, in conjunction with clinical data, for patient’s
stratification, prognosis, and prediction of response to therapy [6].
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Figure 1. Scheme representing the utility of epigenetic changes found in liquid biopsies as biomarkers for cancer diagnosis,

patient’s stratification, prognosis, and response to treatments. Changes in DNA methylation of gene promoters and

abnormal levels of non-coding RNAs (ncRNAs) can be found in fluids as free molecules or inside extracellular vesicles

(EVs). Integration of these biological markers with clinical and radiological data may help in the management of cancer

patients, in particular in the field of screening and diagnosis.

The clinical value of identifying actionable genetic mutations in LB (mainly blood)
to treat patients with targeted therapy has been widely proven. However, regarding
epigenetic changes, translation of these potential biomarkers into the clinic still lags far
behind the genetic biomarkers. Although with some exceptions, rather than prediction
of response to drugs, epigenetic biomarkers could be particularly useful as diagnostic
and prognostic indicators, with numerous commercially available tests already developed
to detect changes in DNA methylation levels [7]. The performance of diagnostic test is
commonly evaluated in terms of sensitivity, specificity, and the area under the ROC curve
(AUC). Sensitivity is defined as the percentage of positive cases that is correctly identified
and specificity as the percentage of negative cases that is correctly identified. The AUC,
which takes into account both sensitivity and specificity, defines diagnostic accuracy and
is optimal when values are closer to 1. The fact that epigenetic changes are found early
in carcinogenesis and that DNA methylation is stable in c¢tDNA, makes this epigenetic
modification an excellent potential cancer diagnostic biomarker in LB.

The term “epigenetic”, considered as any change in gene expression that does not
permanently affect the DNA, may also include gene expression regulation by non-coding
(nc)RNAs and histone modifications [8]. The aberrantly expressed ncRNAs may be promis-
ing therapeutic targets as well as cancer biomarkers. ncRNAs are the principal regulators of
key molecular and cellular processes such as RNA splicing, gene regulation, proliferation,
and apoptosis. ncRNAs can be classified into two groups based on their length and their
roles: housekeeping ncRNAs and regulatory ncRNAs, which in turn include small ncRNAs
and long ncRNAs (Figure 2). Circulating RNA species can be found free in fluids or inside
EVs, where they are protected from degradation. EVs can be classified into three main types
according to their size and biogenesis: exosomes, microvesicles, and apoptotic bodies [9].
Approximately 70% of studies have assessed exosomes as the source of choice for ncRNA
when evaluating biomarkers [9]. Yuan et al. analyzed the RNA content in exosomes and
estimated that mature miRNAs spanned 40.4%, piwi-interacting RNAs 40%, pseudo-genes
3.7%, IncRNAs 2.4%, tRNAs 2.1%, and mRNAs 2.1% of the total RNA [10]. From the
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different species of ncRNAs, microRNAs stand out as potential epigenetic markers in
fluids, although implementation in the clinic encounters several difficulties such as RNA in-
stability and variability of the methodologies used [11]. In general, RNA is less stable than
DNA and proteins, and in particular, some regulatory IncRNAs show short half-lives [12].
Besides, there are many factors that may influence RNA stability in body fluids such as
hemolysis in plasma/serum samples, which are a major cause of variation in miRNA
levels [13]. Another possible pitfall when analyzing tumor miRNAs in liquid biopsy is
their unknown cellular origin and the masking effect from ncRNAs released by non-tumor
cells. Several studies postulate that the material contained in exosomes derived from the
tumor microenvironment (TME) can also contribute to the characterization of the tumor,
and as a consequence, TME-derived exosomes could be a good source for biomarkers [14].
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Figure 2. Non-coding (nc)RNAs classification into different groups based on their length and their regulatory roles. Small
non coding RNA (sncRNA), long non coding RNA (IncRNA), ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear
(snRNA), small nucleolar (snoRNA), telomerase RNA component (TERC), tRNA-Derived Fragments (tRF) and tRNA
halves (tiRNA), microRNA (miRNA), small interfering RNA (siRNA), piwi-interacting RNA (piRNA), promoter-associated
transcripts (PATs), enhancer RNA (eRNA), circular RNA (circRNA), and long non-coding RNA (IncRNA).

Changes in histone modification have also been identified in circulation in cancer pa-
tients and are another source of epigenetic biomarkers. Nonetheless, due to the complexity
of modifications, we will not cover it in our review. Information on this issue has been
comprehensively reviewed in a recent study [15].

In this review, we address the most relevant evidence (according to authors’ criteria)
on epigenetic biomarkers in LB, with special emphasis on tumors with high incidence. We
summarize the data about biomarkers currently registered on the market as well as novel
emerging candidates.

2. Types of Biological Fluids for Epigenetic Analysis

In cancer patients, ctDNA can harbor the same mutational and epigenetic traits as the
corresponding tumor [16]. A common and convenient source of LB is blood, but certain
tumors are characterized by shedding low amounts of DNA into the blood (i.e., brain,
kidney, bladder, prostate, thyroid, or head and neck cancers). In these cases, since their
tumor location allows a direct communication with other body fluids, it could be more
informative to use alternative samples for the analysis of biomarkers [17].

In head and neck cancer, saliva is an attractive non-invasive sample for screening,
diagnosis, and monitoring due to its simple collection and low cost. Salivary nucleic acids
have been used, for example, for the identification and validation of DNA methylation
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and miRNAs, demonstrating their utility in several clinical contexts (recently reviewed
by [18]). Airway-derived fluids such as bronchial aspirates/lavages and sputum samples,
have proven to be accurate tools for the early detection of tumors arising in the respiratory
system [7]. Pleural effusion is also a very informative biological sample for biomarker
assessment in lung cancer (LuCa) patients. It is well established that the EGFR mutational
status can be reliably determined in ctDNA from pleural effusions to predict response to
EGFR-tyrosine kinase inhibitors (TKIs) [19]. In contrast, the information on epigenetic
biomarkers in pleural fluid is more limited and the clinical value of such biomarkers
has to be clearly determined, but recent reports are finding possible association with
prognosis [20].

Urine is a bona-fide source of epigenetic biomarkers in the case of genitourinary
cancers. DNA hypermethylation has been described as one of the earliest and most
frequent aberrations in prostate cancer (PrCa), and the detection of methylation patterns
in urinary ctDNA has shown to be clinically meaningful [21]. In bladder cancer (BdCa),
promising results from urine-based tests that measure DNA methylation patterns have been
described [22]. The potential of miRNAs as biomarkers (individually or in combination)
has also been demonstrated for BdCa, showing high sensitivity and specificity [23].

In the case of central nervous system (CNS) tumors and due to the existence of
the blood—brain barrier, ctDNA in CSF seems to be a better source than blood [24]. A
high concordance between methylation patterns in CSF and matched tumor samples
has been reported, indicating the potential use of this biofluid for epigenetic biomarker
analysis [22,25].

3. Technologies for Epigenetic Assays in Liquid Biopsy

Several techniques have been described for the analysis of epigenetic alterations in
CTCs, free circulating nucleic acids and exosomes [7,26,27]. According to the number of
targets analyzed, these technologies can be divided into (a) single-locus or multiplexed
assays; and (b) genome-wide approaches, which are mainly based on microarrays and
next-generation sequencing (NGS).

3.1. DNA Methylation

The analyses of DNA methylation in ctDNA by single-locus or multiplexed assays
are mainly amplification-based methods such as methylation specific PCR (MSP) or dig-
ital droplet PCR (ddPCR). MSP is a classical method that encompasses Methylight and
MethylQuant assays. MSP detects a small amount of ctDNA among a considerable number
of circulating free DNA (cfDNA) [23]. In Methylight assays, the DNA methylation level
is analyzed by comparing the fluorescence of specific probes between methylated and
unmethylated molecules [28,29]. ddPCR is an ultrasensitive and quantitative method that
is useful for the discovery of clinical biomarkers in samples with a low amount of cfDNA.
This method is based on a PCR that is conducted in water-oil emulsion droplets where a
single DNA molecule can be amplified inside each droplet, thus avoiding the mask effect
of the non-target DNA [26,28]. Moreover, there are other approaches that combine tech-
niques used for ctDNA studies such as BEAming technology, epityper epigenetic analysis,
and methylation sensitive high-resolution technology (MS-HRT). BEAming technology
is a method that combines ddPCR and flow cytometry for the analysis of ctDNA [30,31].
Epityper epigenetic analysis combines specific enzymatic cleavage with mass spectrometry
(MALDI-TOF-MS) [32]. MS-HRT compares the melting profiles of sequences that present
differences in their base compositions [7,26].

Regarding genome-wide assays, the methylation analysis of ctDNA can be performed
by different techniques such as Infinium DNA methylation EPIC array (EPIC). EPIC
is considered the gold standard method for DNA methylation assays due to its cost-
effectiveness and its ability to examine more than 850,000 CpG sites [33].
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3.2. Non-Coding RNAs

The expression of ncRNAs can be evaluated in LB at targeted-specific level using
amplification-based methods such as reverse transcription quantitative PCR (RT-qPCR)
and ddPCR. Of note, the use of ddPCR represents a highly sensitive method to quantify
the expression of specific transcripts in LB [34-36]. In addition, there are other targeted
methods such as peptide nucleic acids (PNAs)-based fluorogenic biosensors [37] and the
NanoString nCounter platform that allow for the detection of ncRNA expression levels
without the need of previous amplification [38]. In particular, the NanoString nCounter
platform is able to analyze a large panel of miRNAs in several types of biological fluids
including plasma and urine [39]. Other targeted approaches have also been developed for
the detection of miRNAs in CTCs such as in situ hybridization (ISH) with locked-nucleic-
acid (LNA) probes [40] and methods based on signal amplification in microfluidic droplets
for single-cell analysis of multiple miRNAs [41].

The expression of ncRNAs can also be detected in LB at transcriptomic level with
the use of NGS (RNA-Seq) or microarrays. Although both technologies allow for the
analysis of ncRNA transcripts in LB [42,43], unlike microarrays, RNA-Seq does not require
prior knowledge of the target transcripts and shows higher sensitivity for the detection
of ncRNAs [42,43]. A summary of the types of technologies, applications, and advan-
tages/disadvantages can be found in Table S1.

4. Epigenetic Biomarkers in Lung Cancer

Lung cancer (LuCa) is currently the second most commonly diagnosed cancer and
the leading cause of cancer-related deaths worldwide among women and men. Globally,
there were an estimated 2.2 million lung cancer cases and 1.8 million deaths in 2018,
accounting for approximately a third of all cancer cases and deaths [44]. LuCa is one of the
most aggressive tumor types, with a 5-year survival rate that varies globally but remains
consistently low, not exceeding 19% [45]. There are two main types of LuCa: non-small cell
lung cancer (NSCLC, ~85% cases) and small cell lung cancer (SCLC, ~15% cases). NSCLC is
subdivided in three main histological subtypes: adenocarcinoma (LUAD) (~40% of NSCLC
cases), squamous cell carcinoma (LUSC) (~30% of NSCLC cases), and large-cell carcinoma
(~10-15% of NSCLC cases).

Despite breakthroughs in LuCa treatments in the last few decades, which have grad-
ually improved patient’s outcome, the mortality rate is still considerably behind that
observed for other prevalent types such as breast or colon cancer. A major factor is the late
diagnosis and, consequently, its late-stage presentation. In recent years, increased interest
has been directed toward the use of imaging techniques and biomarkers for screening
and early detection. In randomized trials, the use of low-dose computed tomography
(LDCT) in populations at risk has shown a significant reduction in lung cancer mortal-
ity [46]. However, there are still several questions regarding LDCT, which require further
research. Examples are clarification of cost-effectiveness in different populations; char-
acterization of detected nodules with indeterminate risk level; the small but significant
percentage of false-positive cases and the potential harms associated with unnecessary
invasive interventions (biopsies or even surgeries) of these cases; and the potential tools to
optimize risk assessment, to recommend for screening only those individuals with higher
risk, not only based on age and smoking exposure [47]. It is then possible that the use of
LB-based molecular biomarkers in screening programs might help LDCTs in identifying
NSCLC. Biological fluids that can be used as a source for biomarkers in LuCa include
blood, bronchial aspirates (BAS), bronchial lavages (BAL), sputum or pleural effusions, for
analysis of ctDNA, exosomes, and CTCs.

4.1. DNA Methylation

Among DNA methylation biomarkers in LuCa diagnosis, SHOX2 hypermethylation is
clearly the best studied epigenetic alteration. SHOX2 hypermethylation was first described
by Schmidt et al. using bronchial fluid aspirates during bronchoscopy, showing 68%
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sensitivity and 95% specificity [48]. Other studies [49-51] have later validated the diagnostic
potential of SHOX2 methylation status in plasma and pleural effusions. The EpiProLung®
assay is the only commercial test specifically designed for LuCa diagnosis. This test is
based on a PCR assay that analyzes methylation of SHOX2 and PTGER4 in blood, with a
sensitivity of 78% and specificity of 96%, and an area under the ROC curve (AUC) of 0.73.
This gene combination has also been tested in lavage fluid samples.

Other genes have been found to be differentially methylated in plasma samples when
comparing LuCa patients and healthy controls including DCLK1 (49% sensitivity and 91%
specificity) [52], SEPT9 (44% sensitivity and 92% specificity) [53], RASSF1A and RARB2
(87% sensitivity and 75% specificity) [54]. Hulbert et al. demonstrated that analyzing
the DNA methylation status of different genes such as TACI (86% sensitivity and 75%
specificity), HOXA7 (63% sensitivity and 92% specificity) and SOX17 (84% sensitivity and
88% specificity) allowed for the detection of LuCa in sputum samples with a global sensi-
tivity of 98% and specificity of 71% [55,56]. Interestingly this group has also published that
methylation analysis of CDO1, TAC1, HOXA9, and SOX17 in urine (as well as in plasma)
can be useful as an adjunct to LDCT screening [57]. Recently, our group has developed
an epigenetic model identified through epigenomic analysis by which the DNA methy-
lation status of four genes (BCAT1, CDO1, TRIM58, and ZNF177) in BAS/BAL/sputum
samples was able to discriminate between NSCLC patients (even at early stages) and
controls (82% sensitivity and 76% specificity, AUC, ~0.9) [55,58]. We have also described
that TMPRSS4 hypomethylation can be used as a diagnostic tool in early stages, with an
AUC of 0.72 (52% sensitivity and 91% specificity) for BAL and 0.73 (90% sensitivity and
65% specificity) for plasma [59].

Through genome-wide DNA methylation assays, Hsu et al. detected a multiple
epigenetic panel in tumor samples by studying the methylation status of genes CDH13,
BLU, FHIT, RASSF1A, and RARB, whose diagnostic potential was also validated in plasma
samples with a sensitivity of 73% and a specificity of 82% [60]. Similarly, Ostrow et al.
validated in plasma a group of four genes (DCC, Kifla, NISCH, RARB) that was previously
found in tumors, which discriminated between LuCa patients and tumor-free individuals,
with a sensitivity of 73% and specificity of 71% [61]. In addition, Ooki et al. described
a serum-based gene signature, previously identified in tumors from TCGA (MARCH11,
HOXA9, CDO1, UNCX, PTGDR, and AJAP1) that was able to differentiate stage | NSCLC
patients from the controls, with 72.1% sensitivity and 71.4% specificity [62].

Unlike for diagnosis, only a few studies have described the association between DNA
methylation status and outcome or response to drugs using ctDNA [63,64]. Hyperme-
thylation of SHPIP2 in plasma was associated with reduced progression-free survival
(PFS) in advanced NSCLC [65]. DNA methylation of the gene panel SOX17, BMRS1, and
DCLK1 in plasma had a negative impact on survival [52,66,67], whereas SFN methylation
in serum samples was associated with improved survival [68]. Salazar et al. described
that patients with unmethylated CHFR had an improved survival when treated with
second-line EGFR TKIs [69]. Additionally, increased plasma ctDNA methylation levels
of RASSF1A and APC within 24 h after chemotherapy administration was found to be
associated with good response to cisplatin [70]. In addition, using plasma samples, pro-
longed survival has been observed in patients with low SHOX2 promoter methylation after
chemotherapy/radiotherapy [48].

4.2. ncRNAs

ncRNAs are also becoming a valuable tool for the early detection of LuCa. miRNAs,
the most widely studied type of ncRNA, provide promising biomarkers for the diagnosis
and prognosis of LuCa [71]. For instance, miR-1285 was significantly decreased while miR-
324-3p was significantly increased in plasma of stage I LUSC patients in contrast to healthy
donors (AUC 0.85 and 0.79, respectively) [72]. Chen et al. described 10 miRNAs (miR-20a,
miR-222, miR-221, miR-320, miR-152, miR-145, miR-223, miR-199a-5p, miR-24, miR-25)
able to discriminate NSCLC patients from healthy controls, with high sensitivity (92.5%)
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and specificity (90%) rates (AUC 0.97) [73]. miR-21, the most commonly studied miRNA in
LuCa, has been found consistently upregulated in both serum and plasma samples and
may serve as a diagnostic biomarker of early-stage NSCLC. Yu et al. reported that miR-21
was suitable for diagnosis, with 69% sensitivity and 71.9% specificity [74]. A multicenter
study was performed with a total of 3102 participants to investigate the potential use of
circulating miRNAs as diagnostic biomarkers in LuCa. Results reported that a 14-miRNA
signature might be useful to discriminate patients with early-stage lung cancer (stage
I or II) from healthy individuals. Specifically, miR-374b-5p differentiated patients with
early-stage LuCa from those without cancer, with an AUC of 0.83 [75]. Some groups have
studied miRNA precursors as diagnostic biomarkers in LuCa. Powrozek et al. reported
that miRNA-944 precursors distinguished SCC from ADC with 78.6% sensitivity and
91.7% specificity (AUC = 0.77), and pri-miRNA-3662 discriminated SCC from ADC with
57.1% sensitivity and 90% specificity (AUC = 0.845). Both markers allowed to distinguish
stage I-IIIA NSCLC from healthy individuals with 75.7% sensitivity and 82.3% specificity
(AUC =0.898) [76].

Some ncRNAs have also been proposed as prognostic biomarkers for LuCa. A recent
study using a cohort of 182 patients with resected early-stage NSCLC reported that, among
84 circulating microRNAs, only miR-126-3p had an independent prognostic value in SCC
patients [77]. Moreover, Yanaihara et al. showed that high expression of precursor has-mir-
155 could be an independent poor prognosis biomarker in ADC patients [78]. Increasing
evidence shows that IncRNA can also act as biomarkers for prognosis. Xie et al. reported
in a cohort of 460 patients that low serum levels of SOX20T and ANRIL were associated
with higher overall survival (OS) rate. Multivariate analysis revealed that SOX2OT could
be an independent prognostic factor for NSCLC [79]. Yung-Hung Luo et al. studied the
correlation between clinicopathological characteristics and circRNAs using plasma from a
cohort of 231 LuCa patients (65 had stage I-1I and 166 stage III-1V) and 41 healthy donors.
They reported that higher levels of circ_0000190 were correlated with larger primary tumor
size, advanced stage, extrathoracic metastasis, and poor survival [80].

miR-21 has been identified as a key miRNA in the regulation of acquired resistance
to EGFR-TKIs in NSCLC, and high serum levels of this miRNA have been found to be
significantly increased at the time of EGFR-TKI progression when compared to those
observed before treatment [81]. Wang et al. also demonstrated that patients who were
resistant to EGFR-TKIs had higher levels of circulating miR-21, miR-27a, and miR-218
than patients who were sensitive [82]. Jinshuo Fan et al. found that NSCLC patients who
were responsive to ICIs (immune checkpoint inhibitors) had increased levels of a signature
composed of miR-27a, miR-28, miR-34a, miR-93, miR-106b, miR-138-5p, miR-181a, miR-
193a-3p, miR-200, and miR-424 compared to non-responders. Moreover, patients with
high levels of this signature showed improved PFS and OS than those where levels were
low [83]. Recently, expression of circ_0000190 has been found to be correlated with PD-L1
expression and response to immunotherapy in NSCLC [80].

5. Epigenetic Biomarkers in Genitourinary Cancers

The most prevalent tumors of the genitourinary (GU) tract are prostate cancer (PrCa),
bladder cancer (BdCa), and renal cell carcinoma (RCC) [84]. PrCa is the second most
commonly diagnosed cancer and the sixth leading cause of cancer death among men
worldwide [85]. PrCa diagnosis has not evolved significantly since the 1980s, when blood
levels of prostate-specific antigen (PSA) were first introduced as a follow-up marker for
recurrent tumors, and, subsequently, for early detection in combination with digital rectal
examination (DRE) [77,86]. PSA for PrCa screening has low positive predictive value
(~30%), potentially driving to over-diagnosis and over-treatment. This highlights the need
of more accurate biomarkers that are alternative or complementary to PSA for screening
and diagnosis [87]. In the case of BdCa, there was an estimated number of 550,000 cases
and 200,000 deaths (2.1% of all cancer deaths) in 2018 [88]. The 5-year survival rates (~77%)
have remained mostly unchanged since the 90s [89]. Although less frequent, RCC accounts
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for ~2% of all diagnosed cancers, but its incidence has more than doubled over the past fifty
years, being the tenth most common neoplasm in men [84,90]. RCC diagnosis is mostly an
accidental finding and represents 1.8% of all cancer deaths worldwide [90]. The therapeutic
options for RCC have increased tremendously in recent years, but biomarkers of response
to these drugs are still lacking.

5.1. DNA Methylation

A common trait of GU tumors is the possibility of using urine as a biological fluid for
the analysis of CTCs and ctDNA [7]. Commercial epigenetic-based kits for the detection of
PrCa and Bdca in both urine and blood samples are currently available [7]. Unfortunately,
epigenetic markers in liquid biopsies from RCC patients are underdeveloped, as this is
one of the tumor types with less ctDNA shedding into biological fluids [91-93]. Among
DNA methylation biomarkers in GU cancers, GSTPI hypermethylation is by far the most
frequently described epigenetic alteration, especially in PrCa patients [94]. Many authors
have described its utility for PrCa detection [95,96] showing much higher specificity (~90%)
than PSA (~30%), although sensitivity was similar for both PSA levels and GSTP1 methyla-
tion [87,95]. Matched assessment of ctDNA GSTP1 in urine and plasma samples revealed
that urinary analysis outperforms plasma for diagnostic purposes [96,97]. It is worth
mentioning that the DNA methylation analysis of multi-gene panels in serum including
GSTP1, RASSF1A, and RARB have increased the diagnostic coverage of GSTP1 alone [98]
for PrCa. Similar strategies have also been used for BdCa detection (with 100% sensitivity)
in a multi-gene panel that assessed CDKN2A, ARF, MGMT, and GSTP1 [86]. In the case
of RCC, methylation analysis of serum ¢fDNA using GSTP1 alone or in combination with
either APC, p14ARF, p16, RARB, RASSF1, TIMP3, or PTGS2 has been shown to provide a
high accuracy of detection (AUC ranging from 0.73 to 0.75; 95% IC 0.50-0.84) [99]. Inde-
pendently, Hoque et al. measured GSTP1 together with CDH1, APC, MGMT, RASSF1A,
p16, RARB2, and ARF methylation for RCC detection using urine and plasma samples,
showing that at least one gene was hypermethylated in 88% and 67% of the patient’s urine
sediments and plasma, respectively. [100].

Other gene panels that do not include GSTP1 are also under study for PrCa and BdCa
detection. Analysis of MCAM, ERalpha, and ERbeta showed 75% sensitivity and 70% speci-
ficity for early PrCa detection [101]. Similarly, ST6GALNAC3, ZNF660, CCDC181, and
HAPLN3 detected PrCa patients with up to 100% specificity and 67% sensitivity [102]. With
respect to BdCa, methylation status of several genes are reliable alone or in combination
using ctDNA in serum: CDH13 [103], PCDH10 [104], and PCDH17 [105]. Additionally,
dual combinations such as PCDH17 and POU4F2 (93.96% sensitivity, 90% specificity) [106]
or NID2 and TWIST1 (90% sensitivity and 93% specificity) [107] have been proven to be
accurate for the detection of BdCa patients using urine samples [108]. Several commercial
tests that include epigenetic and non-epigenetic biomarkers are now available for the diag-
nosis of BdCa using urine or blood (AssureMDx®, Bladder CARE®, Bladder EPICHECK®).
In RCC, a panel of genes that act as Wnt antagonists can serve as biomarkers for diag-
nosis, staging, and prognosis using serum ctDNA [109]. Notably, Vitale Nuzzo P et al.
used cell-free methylated DNA immunoprecipitation and high-throughput sequencing
(cfMeDIP-seq) as a highly sensitive assay capable of detecting and discriminating early-
stage RCC from other tumor types and healthy controls in plasma (AUC 0.9) and urine
(AUC 0.86) [110]. Taking into account the different studies related to diagnosis in PrCa,
BdCa, and RCC, hypermethylation of RASSF1A, APC, RARB2, and ARF [111,112] seem to
be the most consolidated biomarkers to use in plasma, serum, and/or urine.

The potential of DNA methylation analysis in LB related to progression and therapy
response is an area of intense study. Sunami et al. reported that methylation of GSTP1,
RASSF1A, and RARB2 associated with PrCa’s Gleason score and serum PSA; in addition,
GSTP1 and RARB2 were associated with the disease’s advanced stage [98]. Likewise, it has
recently been shown that hypermethylation of APC, GSTP1, and RARB?2 in urine sediments
correlated with shorter RFS and higher PrCa grade [113]. Additionally, in the case of
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urine, dual assessment of GSTP1 and APC discriminates between low-risk and aggressive
PrCa [114]. Interestingly, Zhao et al. showed that monitoring GSTP1, APC, CRIP3, and
HOXD8 methylation was useful for noninvasive prediction of PrCa aggressive disease in
patients on active surveillance [115]. Indeed, the same group of authors developed a PrCa
urinary epigenetic assay (ProCUrE®) with diagnostic and prognostic purposes based on
the optimized measurement of GSTP1 and HOXD3 gene methylation [116]. In the case of
BdCa, PCDH10 and PCDH17 hypermethylation were independent predictors of cancer
survival and correlated with higher stage and grade [104,105], as described for NID2 and
TWIST1, which were able to discriminate between different patient’s BdCa grades [108].
Finally, a multigene panel useful for BdCa recurrence surveillance has been developed,
which included EOMES, HOXA9, POU4F2, TWIST1, VIM, and ZNF154 [117]. A number of
registered clinical trials (in some cases using commercial tests) for screening or recurrence
purposes have been initiated in the case of PrCa and BdCa (https:/ /www.clinicaltrials.gov /
(accessed on 30 December 2020)) (Table S2).

5.2. ncRNAs

In terms of ncRNA, several studies have shown their possible role as biomarkers
in LB. Yu et al. recently designed a 4-IncRNA panel of urinary biomarkers (UCA1-201,
HOTAIR, HYMA1, and MALAT1) for the diagnosis of non-muscle invasive bladder cancer
(NMIBC) [118]. This signature confirmed the presence of tumor in a validation cohort
of 140 NMIBC patients. A different study identified a 7-miRNA panel providing high
diagnostic accuracy in BdCa using urine samples (miR-7-5p, miR-22-3p, miR-29a-3p, miR-
126-5p, miR-200a-3p, miR-375, and miR-423-5p) [119]. Urquidi et al. described a sensitivity
of 87% and a specificity of 100% using a different 25-miRNA urine signature [120]. An
interesting approach integrated the expression of the mRNA HYAL1 together with two
miRNAs (miR-96 and miR-210) and one IncRNA (UCA1) in an urine diagnostic panel
that achieved a sensitivity of 100% and a specificity of 89.5% [121]. Interestingly, the
IncRNA UCAL1 increases cisplatin resistance in BdCa [122]. In the case of PrCa, ncRNA
profiling could be a powerful tool to complement PSA screening. A recent study found
a robust diagnostic model in serum using two different miRNAs (miR-17-3p and miR-
1185-2-3p) with an associated 90% sensitivity and 90% specificity [123]. Serum detection of
PSA in combination with miR-103a-3p and let-7a-5p detected PrCa cases better than PSA
alone [124]. Serum miR-106b, miR-141-3p, miR-21, and miR-375 have also been combined
in a panel with AUC of 0.86 [125].

6. Epigenetic Biomarkers in Breast Cancer

Breast cancer (BrCa) is the most common neoplasm diagnosed in females worldwide,
with an incidence of 11.7% of all women cancer cases [44]. Screening based on imaging
is key for the early detection and better prognosis of this disease, with mammograms
being the most frequent technique recommended. However, the breast cancer nodules do
not always exhibit pathognomonic characteristics, which can prevent the radiologist from
performing a biopsy, or in other cases, generate false positives. Other limitations of this
technique include the possible cumulative radiation exposure and over-diagnosis [126-128].
For these reasons among others, the search for potential non-invasive biomarkers in BrCa
is needed.

6.1. DNA Methylation

Multiple studies have explored epigenetic alterations in ctDNA from BrCa patients
that could serve for diagnosis, prognosis, classification of BrCa subtypes, and prediction
of response to therapies. One of the most frequently studied markers has been the hy-
permethylation of RASSF1A [129-133], which discriminates between healthy individuals
and BrCa patients and acts as a poor prognosis indicator [134]. Moreover, this aberration
predicts the response to tamoxifen or neoadjuvant chemotherapy [135]. Other methy-
lated targets found in plasma from BrCa patients with a diagnostic value encompass
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SOX17, CST6, APC, DAK-K, MASPIN, HIC-1, HIN-1, RARB, RARbeta2, GSTP1, BRCAI,
and KIF1A [32,129-132,136-139]. Among these targets, the hypermethylation of RASSF1A4,
BRCA1, RARB, and RARB2, in estrogen receptor+ (ER+) and progesterone receptor (PR+)
breast tumors and plasmas, were validated as indicators of poor prognosis in at least two
independent studies [140]. Furthermore, Fujita et al. showed that the simultaneous detec-
tion of RASSF1A, RARB, and GSTP1 methylation (93% specificity) was strongly correlated
with poor outcome [141]. SOX17 methylation is another independent prognostic factor
(HR: 4.737; 95% CI: 2.088-10.747) and its methylation status in ctDNA from plasma samples
was found to correlate (70.9% concordance) with that observed in CTCs from matched BrCa
patients [142,143]. PITX2 hypermethylation in plasma has also been reported as another
indicator of poor OS (HR: 3.4; 95% CI: 1.2-9.8) [144]. Interestingly, PITX2 hypermethylation
also predicted the response to anthracycline-based therapy [145].

In relation to ER status, Martinez-Galan et al. demonstrated methylation of ER and
ESR1 promoters in plasma from ER- patients [146]. In contrast, PTPRO methylation was
found as a prognostic factor (HR: 3.66; 95% CI: 1.371-9.784) in ER+ positive BrCa patients
but not in ER— [141]. Some gene panels have been designed to simultaneously analyze
several gene methylation patterns in BrCa serum/plasma. For instance, Visvanathan et al.
developed a panel of 10 genes including RASSF1A, whose methylation index predicted
worse PFS (HR: 1.79; CI 95%: 1.23-2.60, and OS (HR: 1.75; 95% CI: 1.21-2.54) in metastatic
BrCa patients [147]. Although evaluation of the methylation status in these genes is promis-
ing, there is currently only one commercial kit available specifically for BrCa, which tests for
PITX2 methylation in paraffin samples (Therascreen®, Qiagen, Frankfurt, Germany) [134].

6.2. ncRNAs

The potential value of ncRNAs as BrCa biomarkers in serum or plasma (either in
exosomes or as cfRNA) has also been reported. Exosomal miR-21 has been widely shown
to be a diagnostic biomarker, with sensitivity and specificity in pooled studies of ~75% and
~85%, respectively, and an AUC of 0.93 [148]. There are hundreds of studies proposing
miRNAs as diagnostic and prognostic biomarkers in BrCa, but they need validation. We
summarize here some recent relevant publications. In BrCa plasma samples, combination
of four miRNAs (miR-1246, miR-206, miR-24, miR-373) distinguished BrCa from healthy
individuals with 98% sensitivity, 96% specificity, and accuracy of 97% [149]. A panel
composed of exosomal miR-142-5p, miR-320a, and miR-4433b-5p isolated from a BrCa pa-
tient’s serum differentiated patients from their control counterparts with 93.33% sensitivity,
68.75% specificity, and AUC of 0.83 [135]. Furthermore, the combination of miR-142-5p
and miR-320a discriminated luminal A subtype from healthy donors with 100% sensitivity,
93.80% specificity, and AUC of 0.94. Interestingly, decreased expression of miR-142-5p and
miR-150-5p were significantly associated with more advanced tumor grades (grade III),
while the decreased expression of miR-142-5p and miR-320a was associated with a larger
tumor size [135]. Additionally, circulating miR-30b-5b has been recently reported to act as
a BrCa prognostic factor [150].

Serum miRNA profiles may be useful for the diagnosis of axillary lymph node metas-
tasis before surgery in a less-invasive manner than sentinel lymph node biopsy. A model
that includes a combination of two miRNAs (miR-629-3p and miR-4710) and three clinico-
pathological factors (T stage, lymphovascular invasion, and ultrasound findings) showed
an optimal diagnostic potential, with 88% sensitivity, 69% specificity, and accuracy of
0.86 [151].

There are also data that correlate ncRNA levels in serum to treatment response. For
example, a set of exosomal miRNAs (miR-185, miR-4283, miR-5008 and miR-3613, miR-
1302, miR-4715, and miR-3144) that target pathways of immune maturation predicted poor
neoadjuvant chemotherapy response prior to surgery [152]. Similarly, IncH19 levels in
the plasma of BrCa patients have also been reported to predict response to neoadjuvant
chemotherapy [153].
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7. Epigenetic Biomarkers in Colorectal Cancer

Colorectal cancer (CRC) is the third most common cancer worldwide. This tumor
represents approximately 10% of all diagnosed cancer cases, with approximately 1.8 million
new cases estimated in 2018. It is important to note that CRC is responsible for approxi-
mately 9% of all cancer deaths, being the second leading cause of cancer mortality [154]. In
CRC, screening strategies have been shown to be effective to detect early CRC and precan-
cerous lesions, and to reduce its morbidity and mortality. Among the detection strategies,
the fecal immunochemical test (FIT) represents a non-invasive and cost-effective assay for
detecting the presence of fecal hemoglobin. This is currently the most commonly used
method for CRC screening, with an overall sensitivity and specificity for detection of 79%
and 94%, respectively. However, the ability of this assay to detect advanced precancerous
lesions is limited, showing 24% sensitivity and 95% specificity [155]. After a positive result
for FIT, colonoscopy is the gold standard diagnostic technique for CRC detection. However,
it is an invasive method that needs bowel preparation and sedation, presenting certain risk
of complications for the patients [156]. In this context, the use of epigenetic biomarkers
such as DNA methylation in stool samples might provide a non-invasive and the most
cost-effective approach in population-based screening for both CRC and precancerous
lesions [157]. Thus, for example, the simultaneous methylation analysis of SEPT9 and
SDC2 (ColoDefense® test) in stool samples was able to obtain a sensitivity of 66.7% for
advanced adenoma (AA) and 92.3% for CRC, with a specificity of 93.2% [158].

7.1. DNA Methylation

Among the most frequently studied epigenetic biomarkers in ctDNA for CRC, the
methylation of SEPTIN9 (SEPTY) stands out for screening and early detection [144,159,160].
The EpiproColon® test was the first commercially available FDA-approved test for the
detection of SEPT9 methylation in plasma by real-time PCR [161,162]. In addition to
blood samples, methylation of this gene has also been analyzed in stool, showing a 35.9%
improvement in detecting pre-tumoral stages (AA) and 7.9% in identifying early CRC
tumors, in comparison with the plasma test [163]. The use of ColoDefense® in blood
enabled the detection of AA and CRC, with an overall sensitivity of 88.9% and a specificity
of 92.8% [164]. Similarly, other studies have proposed the analysis of the methylation of
several genes in plasma as circulating epigenetic biomarkers able to discriminate between
healthy controls and patients with AA or CRC [165,166]. In addition, approaches based
on methylation microarrays [33] and NGS [167] have been used to identify epigenetic
biomarkers in ctDNA for cancer detection.

Regarding prognosis, hypermethylation of the P16 promoter in ctDNA has been asso-
ciated with poor OS [168]. Additionally, hypermethylation of HPP1 and HLTF indicates a
poor prognosis and high mortality [169], and hypermethylation of RARB and RASSF1A was
associated with the aggressiveness of the disease [170] in patients with CRC. Methylation
of ctDNA can also be used to monitor tumor burden and evaluate the therapeutic response
of patients [171,172], correlating better than classical biomarkers such as carcinoembry-
onic antigen (CEA) and carbohydrate antigen (CA)-19-9. For example, the analysis of
the methylation status of the 2-gene panel BCAT1/IKZF1 in plasma showed higher sen-
sitivity for detecting CRC recurrence than CEA, with an odds ratio of 14.4 (95% CI: 5-39)
and 6.9 (95% CI: 2-22), respectively [173]. Similarly, the plasma methylation of SEPT9,
DCC, BOLL, and SRFP2 showed stronger correlation with tumor burden than CEA and
CA-19-9[172].

7.2. ncRNAs

Circulating levels of ncRNAs have also shown utility as biomarkers in the manage-
ment of CRC. Circulating miR-21 levels in blood and saliva allow for the detection of
CRC [174,175]. In addition, miRNA signatures evaluated in fluids can be useful for discrim-
inating between healthy controls, patients with adenomas, and patients with CRC with
high sensitivity and specificity. In particular, the plasma levels of miR-601 and miR-760
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showed an AUC of 0.68 with 72.1% sensitivity and 62.1% specificity, which can discrim-
inate between AA and healthy donors. In addition, this panel of miRNAs was able to
differentiate CRC from the control samples with an AUC of 0.79, a sensitivity of 83.3%,
and a specificity of 69.1% [176]. Another study has recently identified a signature of six
miRNAs (miRNA19a, miRNA19b, miRNA15b, miRNA29a, miRNA335, and miRNA18a)
with an AUC of 0.92, a sensitivity of 85%, and a specificity of 90% that is able to detect
CRC and AA in comparison to healthy individuals [157]. Regarding prognosis, high levels
of circulating miR-210 and miR-141 are associated with shorter survival [165,177], while
high levels of miR-23b are associated with longer survival [178]. Besides, levels of different
miRNAs in blood may be useful for the early detection of recurrence [179] and evaluation
of therapy response in CRC patients [180]. High plasma levels of the IncRNA HOTAIR have
shown utility for the detection of CRC and association with a worse prognosis and higher
mortality [181]. Of note, other studies have analyzed different combinations of circulating
IncRNAs as diagnostic biomarkers, which were useful for the detection of adenomas and
CRC [166,182,183].

8. Epigenetic Biomarkers in Other Tumor Types and Multi-Cancer Tests

In addition to common tumor types, epigenetic alterations may also be detected in LB
from other less frequent malignancies, showing clinical utility as tumor biomarkers. In cuta-
neous melanoma, where the use of circulating epigenetic biomarkers has been proposed as
a non-invasive tool for tumor detection, promoter hypermethylation of RASSF1A has been
described in plasma samples as a diagnostic indicator, with the ability of discriminating
between melanoma patients and healthy individuals, showing a good diagnostic accuracy
with an AUC of 0.90 [184]. Besides, the detection of hypermethylated RASSF1A in serum
before treatment was able to predict the prognosis and clinical response to drugs in ad-
vanced melanoma patients [185]. In a recent pilot study using NGS and machine learning,
Bustos et al. were able to identify a circulating miRNA signature (miR-4649-3p, miR-615-3p,
and miR-1234-3p) associated with the response to ICIs in advanced melanoma patients,
suggesting that circulating miRNAs could enable real-time monitoring of patients receiv-
ing this type of treatment [167]. The plasmatic levels of other ncRNAs such as IncRNAs
(IGF2AS, anti-Pegl1, MEG3, Zeb2NAT) were also found to be associated with prognosis
and therapy response in BRAF-mutant advanced melanoma patients treated with the
BRAF inhibitor vemurafenib [186]. Similar to melanoma, the blood-based analysis of DNA
methylation and ncRNAs has shown utility as circulating epigenetic biomarkers for other
tumors including pancreatic cancer [187], ovarian and endometrial carcinomas [188,189],
and brain tumors [190], among others.

In brain tumors such as glioblastoma, promoter hypermethylation of several genes
(MGMT, p16INK4a, TIMP-3, and THBS1) has been detected at high frequencies in serum
and CSE. In glioblastoma, hypermethylation of MGMT is associated with response to
temozolamide [191]. The methylation status of MGMT and THBS1 in CSF was also able
to independently predict PFS of glioblastoma patients [22]. Similar to methylation, the
circulating microRNA profiling of CSF has also been proposed as a good approach for the
non-invasive detection (miR-30e, miR-140, let-7b, mR-10a, and miR-21-3p) and prognosis
(miR-10b and miR-196b) of glioblastoma patients [192]. In other tumor types such as oral
cancer, the analysis of epigenetic biomarkers in saliva has been explored. In this sense, the
promoter hypermethylation of different types of genes (e.g., RASSF1A, p16 INK4a, TIMP3,
and PCQAP/MED15) and the expression levels of miRNAs in saliva have been detected in
association with oral tumors [18,193]. Thus, the study of epigenetic biomarkers in saliva
has been proposed as an easily accessible LB sample for oral cancer detection.

The recent application of NGS has allowed for the development of sensitive epigenetic
assays for the detection of both common and less-frequent tumors. Thus, using NGS
and machine learning, Liu et al., in a very large clinical trial including individuals with
(n = 2482) and without cancer (n = 4207), recently developed a classifier based on the
methylation of cfDNA, assessing >100,000 methylation sites in plasma for the sensitive
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detection of more than 50 tumor types [169]. This multi-cancer approach was useful across
all stages of the disease, and also for the identification of the tissue of origin with high
accuracy, which could be relevant for the treatment and follow-up of the patients. The assay
is going to be commercialized by the Biotech Company GRAIL. PanSeer® is an NGS-based
assay that is able to detect cancer in asymptomatic individuals, years before standard
diagnosis [194].

Table 1 shows a list of the top methylated genes and ncRNAs identified in LB from
cancer patients, with an emerging role as biomarkers. This list has been established based
on the number of studies and robustness of the genes/ncRNAs published and/or inclusion
in commercial tests.

Table 1. Top methylated genes/signatures and ncRNAs identified in liquid biopsies from cancer patients, with an emerging

role as biomarkers. BAL: bronchoalveolar lavage; BAS: bronchoalveolar aspirate; CSF: cerebrospinal fluid.

Epigenetic Alteration Gene Name(s)/Epigenetic Kit Type of Liquid Biopsy Intended Use Reference
LUNG CANCER
_SHOX2/PTGER4 (EpiProLung)® Blood Diagnosis L66]
DNA methylation -Gene sets including RASFF1A and other genes BAL/sputum Diagnosis [54-57,62]
-BCAT1/CDO1/TRIM58/ZNF177 BAS/BAL/sputum Diagnosis [58]
NeRNAs -miR21 Blood Diagnosis [74]
-Several miRNA signatures Blood Diagnosis [72,73]
GENITOURINARY CANCERS
-Gene sets including GSTP1, RASFF1A, APC, ARF Urine, blood Diagnosis [94,96]
. and RARB2
DNA methylation  _geveral gene sets (AssureMDx®, Bladder CARE®, Urine, blood Diagnosis [103,108]
Bladder EPICHECK®)
-GSTP1 and HOXD3 (ProCUTE, Prostate cancer) Urine Diagnosis [116]
ncRNAs -Several miRNA and IncRNA signatures Blood Diagnosis [118-120]
BREAST CANCER
' -Gene sets including GSTP1, RASFF1A, BRCA1 and Blood Diagnosis [129-133,136-139]
DNA methylation RARB2 Blood P is/ [144.145]
_PITX? 00 rognosis/response ;
RNA -miR21 Blood Diagnosis [148]
nc s R . .
Several miRNA signatures Blood Diagnosis [149,151]
COLORECTAL CANCER
-SEPT9 (EpiProColon®) Stool, blood, Diagnosis [161,162]
-SEPT9 and SDC2 (ColoDefense®) Stool, blood Diagnosis [158]
DNA methylation ; ;
-p16, RASFF1A, RARB2 Blood Diagnosis, [168-171]
prognosis
-BCAT1 and IKZF1 Blood Diagnosis [172]
-miR21 Blood, saliva Diagnosis [174,175]
ncRNAs
-Several miRNA signatures Blood Diagnosis [176,177]
OTHER CANCER TYPES AND MULTI-CANCER BIOMARKERS
-RASFF1A (melanoma) Blood Diagnosis [184]
. Response to
-MGMT (glioblastoma) CSF therapy [191]
DNA methylati - -
methylation “RASFF1A, p16, TIMP3 (oral cancer) Blood, saliva Diagnosis, [193]
prognosis
-DNA methylation signature PanSeer® Blood Diagnosis [194]
-DNA methylation signature GRAIL® Blood Diagnosis [169]
ncRNAs -Several miRNA signatures Blood Diagnosis [186-189]
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9. Epigenetic Biomarkers in Cancer: Translation to the Clinic

The use of non-invasive epigenetic biomarkers is considered as a promising option in
oncology. However, these biomarkers (with few exceptions) have not successfully reached
clinical practice yet. Progress in the path to translation will be made provided clinical value
is added to the current management of patients. These are some of the difficulties to take
into consideration for clinical translation [195]:

(1) Clinical value and confirmatory results: confirmed clinical evidence in prospective
trials is critical for medical professionals and regulatory agencies.

(2) Performance and affordability: it is essential to develop a commercial product with
demonstrated good performance, affordable price, and is easy to use.

(3) Pre-analytical issues: preservation of the sample, storage time, and temperature, etc.,
have to be extensively studied.

(4) Technical barriers: when using some of the epigenetic techniques, there may be a
technical barrier, particularly for advanced procedures such as mass spectrometry or
next generation sequencing (NGS).

(5) Training: formation on new epigenetic platforms and interpretation of the results is
needed, especially for the “omic” epigenetic technologies.

(6) Global regulation: establishing a global harmonization of regulation would facilitate
translating an epigenetic assay into the clinic.

Overall, the continuous technological development and commercialization activity of
epigenetic kits would lead to an innovative and competitive environment that will result
in significant benefits for the clinical practice in the near future.

10. Conclusions and Future Perspectives

Evaluation of epigenetic biomarkers in LB is an emerging field in oncology that may
help in cancer screening, diagnosis, identification of tumor subtypes as well as in the
prediction of response to therapy and outcome. LB offers the opportunity of evaluating
tumor markers using non-invasive methods and may represent better tumor heterogeneity
and evolution. While the evaluation of actionable mutations in LB has a demonstrated
clinical value, the use of epigenetic alterations (with few exceptions) has not reached
clinical practice yet. Among the different fields where epigenetic changes may play a
role as biomarkers, we envision that screening and diagnosis are the areas closer to the
clinic. Current screening tests such as mammography, analysis of occult blood in feces and
colonoscopy are routinely performed to detect BrCa and CRC, respectively. Nonetheless,
over-diagnosis and false positives are of concern. In the case of PrCa, blood levels of PSA
lack diagnostic accuracy and for LuCa, LDCT is not a common practice yet. Therefore, epi-
genetic biomarkers in LB could be of great value in screening and diagnosis for these cancer
types. Moreover, the development of platforms that analyze thousands of methylation
alterations in blood has been shown to be highly valuable in screening for multiple cancers.

Some epigenetic commercial tests have been developed and are currently being evalu-
ated in clinical trials. These tests are designed for individual cancer types or as multi-cancer
diagnostic tools; some others include both DNA methylation and mutational assays in
the same kit. With constant information being provided by “omic” techniques for both
DNA methylation and ncRNAs, new potential sources of epigenetic markers will be intro-
duced and tested. However, the path to clinical translation is long and costly and thus the
identified epigenetic biomarkers need to offer an added value over the established clinical
practice and to attract investment for their development.

The discovery of new gene/signature candidates can also face several issues. For
example, in the case of blood, studies show the need to use large amounts of plasma or
serum to evaluate DNA methylation (1-4 mL) in comparison with protein-based techniques
that can use much lower amounts (10-100 pL). This limitation could be solved with the in-
troduction of new ultrasensitive techniques. The discovery of novel aberrantly methylated
genes using “omic” platforms may also need specialized technicians and bioinformaticians
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to analyze the data correctly. In addition, these technologies are expensive and could be
outsourced at reference hospitals.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cancers13123016/s1, Table S1: Technologies for epigenetic assays in liquid biopsy, Table S2:
Clinical trials using epigenetic biomarkers in PrCa, BdCa and RCC.

Author Contributions: Conceptualization: A.C., J.S., EJ.-L., A.D.-L., L.M.; Writing: original draft
preparation, C.P.-B.,, AR-C,S.T,S.C-F,EE, DS, ER,K.V,E]J.-L, AD.-L, ]S, A.C, review and
editing, A.C.,].S., EJ.-L., A.D.-L., L.M. All authors have read and agreed to the published version of
the manuscript.

Funding: A.C. and L.M. were funded by FIMA (Foundation for Applied Medical Research), ISCIII-
Fondo de Investigacion Sanitaria-Fondo Europeo de Desarrollo Regional “Una manera de hacer
Europa” (P119/00230, to AC; PI19/00098 to LMM), CIBERONC CB16/12/00443, AECC, and Ramén
Areces Foundations (all to L.M.). ]J.S. was funded by FIS grant (PI19/00572) from the FEDER,
FSE, Carlos III Health Institute (ISCIII) and INNVA1/2020/71 de la Linea 1 de Valorizacion y
Transferencia a las empresas, de la Agencia Valenciana de la Innovacion. E.J-L. was supported by
the Spanish Health Institute Carlos III (ISCII, Fondo de Investigacién Sanitaria: CB16/12/00350
and PI18/00266). S.T. was supported by the Generalitat Valenciana and Fondo Social Europeo,
fellowship ACIF/2018/275. A.D-L. was funded by a contract Juan Rodés from Spanish Health
Institute Carlos III (ISCIII) (JR17/00016) and by a research grant (P118/00307) co-funded by ISCIII and
the European Regional Development Fund (FEDER). A.R-C. was supported by the Roche-CHUS Joint
Unit (IN853B2018/03) funded by GAIN, Conselleria de Economia, Emprego e Industria”. Fellowship
support: E.R. “FPU, Spanish Ministry of Education”; D.S., “Juan de la Cierva-Incorporacion, Spanish
Ministry of Science and Innovation”.

Institutional Review Board Statement: Non-applicable.
Informed Consent Statement: Non-applicable.
Data Availability Statement: Non-applicable.

Conflicts of Interest: Authors declare no conflict of interests.

References

1.

10.

11.

Alvarez, H.; Opalinska, J.; Zhou, L.; Sohal, D.; Fazzari, M.].; Yu, Y.; Montagna, C.; Montgomery, E.A.; Canto, M.; Dunbar, K.B.;
et al. Widespread hypomethylation occurs early and synergizes with gene amplification during esophageal carcinogenesis. PLoS
Genet. 2011, 7, €1001356. [CrossRef]

Sharma, G.; Dua, P; Agarwal, S.M. A Comprehensive review of dysregulated MiRNAs involved in cervical cancer. Curr. Genom.
2014, 15, 310-323. [CrossRef] [PubMed]

Ross, J.P.; Rand, K.N.; Molloy, P.L. Hypomethylation of repeated DNA sequences in cancer. Epigenomics 2010, 2, 245-269.
[CrossRef]

Karimzadeh, M.R.; Pourdavoud, P.; Ehtesham, N.; Qadbeigi, M.; Asl, M.M.; Alani, B.; Mosallaei, M.; Pakzad, B. Regulation of
DNA methylation machinery by Epi-MiRNAs in human cancer: Emerging new targets in cancer therapy. Cancer Gene Ther. 2020.
[CrossRef] [PubMed]

Mutirangura, A. Is global hypomethylation a nidus for molecular pathogenesis of age-related noncommunicable diseases?
Epigenomics 2019, 11, 577-579. [CrossRef] [PubMed]

Amelio, I; Bertolo, R.; Bove, P.; Buonomo, O.C.; Candi, E.; Chiocchi, M.; Cipriani, C.; Di Daniele, N.; Ganini, C.; Juhl, H.; et al.
Liquid biopsies and cancer omics. Cell Death Discov. 2020, 6, 131. [CrossRef] [PubMed]

Locke, W.J.; Guanzon, D.; Ma, C.; Liew, Y.J.; Duesing, K.R.; Fung, K.Y.C.; Ross, ].P. DNA methylation cancer biomarkers:
Translation to the clinic. Front. Genet. 2019. [CrossRef]

Baylin, S.B.; Jones, P.A. Epigenetic determinants of cancer. Cold Spring Harb. Perspect. Biol. 2016, 8. [CrossRef]

Doyle, LM.; Wang, M.Z. Overview of extracellular vesicles, their origin, composition, purpose, and methods for exosome
isolation and analysis. Cells 2019, 8, 727. [CrossRef]

Yuan, T.; Huang, X.; Woodcock, M.; Du, M.; Dittmar, R.; Wang, Y.; Tsai, S.; Kohli, M.; Boardman, L.; Patel, T.; et al. Plasma
extracellular RNA profiles in healthy and cancer patients. Sci. Rep. 2016. [CrossRef]

Ayupe, A.C,; Reis, E.M. Evaluating the stability of MRNAs and noncoding RNAs. In Enhancer RNAs; Methods in Molecular
Biology Book Series; Humana Press: Clifton, NJ, USA, 2017; Volume 1468, pp. 139-153. [CrossRef]

136



Cancers 2021, 13, 3016

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Tani, H.; Mizutani, R.; Salam, K.A.; Tano, K.; Jjiri, K.; Wakamatsu, A.; Isogai, T.; Suzuki, Y.; Akimitsu, N. Genome-Wide
Determination of RNA Stability reveals hundreds of short-lived noncoding transcripts in mammals. Genome Res. 2012, 22,
947-956. [CrossRef]

McDonald, ].S.; Milosevic, D.; Reddi, H.V.; Grebe, S K.; Algeciras-Schimnich, A. Analysis of circulating MicroRNA: Preanalytical
and analytical challenges. Clin. Chem. 2011, 57, 833-840. [CrossRef]

Li, I; Nabet, B.Y. Exosomes in the tumor microenvironment as mediators of cancer therapy resistance. Mol. Cancer 2019, 18, 32.
[CrossRef]

McAnena, P; Brown, ].A.L.; Kerin, M.]. Circulating nucleosomes and nucleosome modifications as biomarkers in cancer. Cancers
2017, 9, 5. [CrossRef]

Bettegowda, C.; Sausen, M.; Leary, R].; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, RM,; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]
Ponti, G.; Manfredini, M.; Tomasi, A. Non-blood sources of cell-free DNA for cancer molecular profiling in clinical pathology and
oncology. Crit. Rev. Oncol. Hematol. 2019, 141, 36-42. [CrossRef]

Rapado-Gonzalez, oF Lopez-Lopez, R.; Lopez-Cedrun, J.L.; Triana-Martinez, G.; Muinelo-Romay, L.; Sudrez-Cunqueiro, M.M.
Cell-free MicroRNAs as potential oral cancer biomarkers: From diagnosis to therapy. Cells 2019, 8, 1653. [CrossRef]

Kimura, H.; Fujiwara, Y.; Sone, T.; Kunitoh, H.; Tamura, T.; Kasahara, K.; Nishio, K. High sensitivity detection of epidermal
growth factor receptor mutations in the pleural effusion of non-small cell lung cancer patients. Cancer Sci. 2006, 97, 642—-648.
[CrossRef]

O'Reilly, E.; Tuzova, A.V.; Walsh, A.L.; Russell, N.M.; O’Brien, O.; Kelly, S.; Dhomhnallain, O.N.; DeBarra, L.; Dale, C.M.; Brugman,
R.; et al. EpiCaPture: A Urine DNA methylation test for early detection of aggressive prostate cancer. [CO Precis. Oncol. 2019, 3.
[CrossRef]

Van Kessel, K.E.M.; Beukers, W.; Lurkin, I.; Ziel-van der Made, A.; van der Keur, K.A.; Boormans, J.L.; Dyrskjet, L.; Marquez,
M.; Orntoft, T.E; Real, FEX; et al. Validation of a DNA methylation-mutation urine assay to select patients with hematuria for
cystoscopy. J. Urol. 2017, 197 Pt 1, 590-595. [CrossRef]

Liu, B.-L.; Cheng, ] .-X.; Zhang, W.; Zhang, X.; Wang, R.; Lin, H.; Huo, J.-L.; Cheng, H. Quantitative detection of multiple gene
promoter hypermethylation in tumor tissue, serum, and cerebrospinal fluid predicts prognosis of malignant gliomas. Neuro
Oncol. 2010, 12, 540-548. [CrossRef] [PubMed]

Shivapurkar, N.; Gazdar, A.F. DNA methylation based biomarkers in non-invasive cancer screening. Curr. Mol. Med. 2010, 10,
123-132. [CrossRef] [PubMed]

Alix-Panabieres, C.; Pantel, K. Clinical applications of circulating tumor cells and circulating tumor DNA as liquid biopsy. Cancer
Discov. 2016, 6, 479-491. [CrossRef] [PubMed]

Wang, Z.; Jiang, W.; Wang, Y.; Guo, Y.; Cong, Z.; DU, F; Song, B. mgmt promoter methylation in serum and cerebrospinal fluid as
a tumor-specific biomarker of glioma. Biomed. Rep. 2015, 3, 543-548. [CrossRef] [PubMed]

Pajares, M.].; Palanca-Ballester, C.; Urtasun, R.; Alemany-Cosme, E.; Lahoz, A.; Sandoval, J. Methods for analysis of specific DNA
methylation status. Methods 2021, 187, 3-12. [CrossRef] [PubMed]

Bao-Caamano, A.; Rodriguez-Casanova, A.; Diaz-Lagares, A. Epigenetics of circulating tumor cells in breast cancer. Adv. Exp.
Med. Biol. 2020, 1220, 117-134. [CrossRef]

Han, X.; Wang, J.; Sun, Y. Circulating tumor DNA as biomarkers for cancer detection. Genom. Proteom. Bioinform. 2017, 15, 59-72.
[CrossRef]

Eads, C.A.; Danenberg, K.D.; Kawakami, K.; Saltz, L.B.; Blake, C.; Shibata, D.; Danenberg, P.V.; Laird, PW. MethyLight: A
high-throughput assay to measure DNA methylation. Nucleic Acids Res. 2000, 28, E32. [CrossRef]

Wan, ].C.M.; Massie, C.; Garcia-Corbacho, J.; Mouliere, E; Brenton, ].D.; Caldas, C.; Pacey, S.; Baird, R.; Rosenfeld, N. Liquid
biopsies come of age: Towards implementation of circulating tumour DNA. Nat. Rev. Cancer 2017, 17, 223-238. [CrossRef]

Li, M.; Chen, W.-D.; Papadopoulos, N.; Goodman, S.N.; Bjerregaard, N.C.; Laurberg, S.; Levin, B.; Juhl, H.; Arber, N.; Moinova, H.;
et al. Sensitive digital quantification of DNA methylation in clinical samples. Nat. Biotechnol. 2009, 27, 858-863. [CrossRef]
[PubMed]

Radpour, R.; Barekati, Z.; Kohler, C.; Lv, Q.; Biirki, N.; Diesch, C.; Bitzer, J.; Zheng, H.; Schmid, S.; Zhong, X.Y. Hypermethylation
of tumor suppressor genes involved in critical regulatory pathways for developing a blood-based test in breast cancer. PLoS ONE
2011, 6, e16080. [CrossRef]

Gallardo-Gémez, M.; Moran, S.; Pdez de la Cadena, M.; Martinez-Zorzano, V.S.; Rodriguez-Berrocal, E]J.; Rodriguez-Girondo, M.;
Esteller, M.; Cubiella, J.; Bujanda, L.; Castells, A.; et al. A new approach to epigenome-wide discovery of non-invasive
methylation biomarkers for colorectal cancer screening in circulating cell-free DNA using pooled samples. Clin. Epigenet. 2018,
10, 53. [CrossRef]

Solé, C.; Tramonti, D.; Schramm, M.; Goicoechea, I.; Armesto, M.; Hernandez, L.I.; Manterola, L.; Fernandez-Mercado, M.;
Mujika, K.; Tuneu, A.; et al. The circulating transcriptome as a source of biomarkers for melanoma. Cancers 2019, 11, 70. [CrossRef]
Cojocneanu, R.; Braicu, C.; Raduly, L.; Jurj, A.; Zanoaga, O.; Magdo, L.; Irimie, A.; Muresan, M.-S.; Ionescu, C.; Grigorescu, M.;
et al. Plasma and tissue specific MiRNA expression pattern and functional analysis associated to colorectal cancer patients.
Cancers 2020, 12, 843. [CrossRef]

137



Cancers 2021, 13, 3016

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Gasparello, J.; Papi, C.; Allegretti, M.; Giordani, E.; Carboni, F.; Zazza, S.; Pescarmona, E.; Romania, P.; Giacomini, P.; Scapoli, C.;
et al. A Distinctive MicroRNA (MiRNA) signature in the blood of colorectal cancer (CRC) patients at surgery. Cancers 2020, 12,
2410. [CrossRef]

Metcalf, G.A.D.; Shibakawa, A.; Patel, H.; Sita-Lumsden, A.; Zivi, A.; Rama, N.; Bevan, C.L.; Ladame, S. Amplification-free
detection of circulating microrna biomarkers from body fluids based on fluorogenic oligonucleotide-templated reaction between
engineered peptide-nucleic acid probes: Application to prostate cancer diagnosis. Anal. Chem. 2016, 88, 8091-8098. [CrossRef]
Shukla, N.; Yan, L.K.; Patel, T. Multiplexed Detection and Quantitation of Extracellular Vesicle RNA Expression Using NanoString.
Methods Mol. Biol. 2018, 1740, 177-185. [CrossRef]

Armstrong, D.A.; Green, B.B.; Seigne, ].D.; Schned, A.R.; Marsit, C.J. MicroRNA molecular profiling from matched tumor and
bio-fluids in bladder cancer. Mol. Cancer 2015, 14, 194. [CrossRef]

Ortega, EG.; Lorente, ].A.; Garcia Puche, J.L.; Ruiz, M.P,; Sanchez-Martin, R.M.; de Miguel-Pérez, D.; Diaz-Mochon, ].J.; Serrano,
M.J. MiRNA in situ hybridization in circulating tumor cells—MishCTC. Sci. Rep. 2015, 5, 9207. [CrossRef]

Li, L; Lu, M,; Fan, Y;; Shui, L.; Xie, S.; Sheng, R; Si, H.; Li, Q.; Wang, Y.; Tang, B. High-throughput and ultra-sensitive single-cell
profiling of multiple MicroRNAs and identification of human cancer. Chem. Commun. 2019, 55, 10404-10407. [CrossRef] [PubMed]
Hurd, PJ.; Nelson, C.J. Advantages of next-generation sequencing versus the microarray in epigenetic research. Brief. Funct.
Genom. Proteom. 2009, 8, 174-183. [CrossRef] [PubMed]

Wang, Y.-M.; Trinh, M.P,; Zheng, Y.; Guo, K; Jimenez, L.A.; Zhong, W. Analysis of circulating non-coding RNAs in a non-invasive
and cost-effective manner. Trends Anal. Chem. TRAC 2019, 117, 242-262. [CrossRef] [PubMed]

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021. [CrossRef]

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7-34. [CrossRef]

Krist, A.-H.; Davidson, K.W.; Mangione, C.M.; Barry, M.].; Cabana, M.; Caughey, A.B.; Davis, E.M.; Donahue, K.E.; Doubeni, C.A.;
Kubik, M.; et al. Screening for lung cancer: US preventive services task force recommendation statement. JAMA 2021, 325,
962-970. [CrossRef]

Seijo, L.M.; Peled, N.; Ajona, D.; Boeri, M.; Field, ] K.; Sozzi, G.; Pio, R.; Zulueta, ].J.; Spira, A.; Massion, P.P; et al. Biomarkers in
lung cancer screening: Achievements, promises, and challenges. J. Thorac. Oncol. 2019, 14, 343-357. [CrossRef]

Schmidt, B.; Beyer, ].; Dietrich, D.; Bork, I.; Liebenberg, V.; Fleischhacker, M. Quantification of cell-free MSHOX2 plasma DNA for
therapy monitoring in advanced stage non-small cell (NSCLC) and small-cell lung cancer (SCLC) patients. PLoS ONE 2015, 10,
€0118195. [CrossRef]

Kneip, C.; Schmidt, B.; Seegebarth, A.; Weickmann, S.; Fleischhacker, M.; Liebenberg, V.; Field, ] K.; Dietrich, D. SHOX2 DNA
methylation is a biomarker for the diagnosis of lung cancer in plasma. J. Thorac. Oncol. 2011, 6, 1632-1638. [CrossRef]

Konecny, M.; Markus, J.; Waczulikova, I.; Dolesova, L.; Kozlova, R.; Repiska, V.; Novosadova, H.; Majer, I. The Value of SHOX2
methylation test in peripheral blood samples used for the differential diagnosis of lung cancer and other lung disorders. Neoplasma
2016, 63, 246-253. [CrossRef]

Ilse, P.; Biesterfeld, S.; Pomjanski, N.; Fink, C.; Schramm, M. SHOX2 DNA methylation is a tumour marker in pleural effusions.
Cancer Genom. Proteom. 2013, 10, 217-223.

Powrdézek, T.; Krawcezyk, P.; Nico$, M.; Kuznar-Kaminska, B.; Batura-Gabryel, H.; Milanowski, J]. Methylation of the DCLK1
promoter region in circulating free DNA and its prognostic value in lung cancer patients. Clin. Transl. Oncol. 2016, 18, 398—404.
[CrossRef]

Powroézek, T.; Krawczyk, P.; Kucharczyk, T.; Milanowski, J. Septin 9 promoter region methylation in free circulating DNA-potential
role in noninvasive diagnosis of lung cancer: Preliminary report. Med. Oncol. 2014, 31, 917. [CrossRef]

Ponomaryova, A.A.; Rykova, E.Y.; Cherdyntseva, N.V.; Skvortsova, T.E.; Dobrodeev, A.Y.; Zav'yalov, A.A.; Bryzgalov, L.O.;
Tuzikov, S.A.; Vlassov, V.V.; Laktionov, P.P. Potentialities of aberrantly methylated circulating DNA for diagnostics and post-
treatment follow-up of lung cancer patients. Lung Cancer 2013, 81, 397—403. [CrossRef]

Hulbert, A.; Jusue-Torres, I; Stark, A.; Chen, C.; Rodgers, K.; Lee, B.; Griffin, C.; Yang, A.; Huang, P.; Wrangle, |; et al. Early
detection of lung cancer using DNA promoter hypermethylation in plasma and sputum. Clin. Cancer Res. 2017, 23, 1998-2005.
[CrossRef]

Liu, D.; Peng, H.; Sun, Q.; Zhao, Z.; Yu, X;; Ge, S.; Wang, H.; Fang, H.; Gao, Q.; Liu, J.; et al. The indirect efficacy comparison of
DNA methylation in sputum for early screening and auxiliary detection of lung cancer: A meta-analysis. Int. J. Environ. Res.
Public Health 2017, 14, 679. [CrossRef]

Liu, B.; Ricarte Filho, J.; Mallisetty, A.; Villani, C.; Kottorou, A.; Rodgers, K.; Chen, C,; Ito, T.; Holmes, K.; Gastala, N.; et al.
Detection of promoter DNA methylation in urine and plasma aids the detection of non-small cell lung cancer. Clin. Cancer Res.
2020, 26, 4339-4348. [CrossRef]

Diaz-Lagares, A.; Mendez-Gonzalez, J.; Hervas, D.; Saigi, M.; Pajares, M.].; Garcia, D.; Crujerias, A.B.; Pio, R.; Montuenga, L.M.;
Zulueta, ].; et al. A novel epigenetic signature for early diagnosis in lung cancer. Clin. Cancer Res. 2016, 22, 3361-3371. [CrossRef]
Exposito, F; Villalba, M.; Redrado, M.; de Aberasturi, A.L.; Cirauqui, C.; Redin, E.; Guruceaga, E.; de Andrea, C.; Vicent, S.;
Ajona, D.; et al. Targeting of TMPRSS4 sensitizes lung cancer cells to chemotherapy by impairing the proliferation machinery.
Cancer Lett. 2019, 453, 21-33. [CrossRef]

138



Cancers 2021, 13, 3016

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Hsu, H.-S.; Chen, T.-P; Hung, C.-H.; Wen, C.-K,; Lin, R.-K,; Lee, H.-C.; Wang, Y.-C. Characterization of a multiple epigenetic
marker panel for lung cancer detection and risk assessment in plasma. Cancer 2007, 110, 2019-2026. [CrossRef]

Ostrow, K.L.; Hoque, M.O.; Loyo, M.; Brait, M.; Greenberg, A.; Siegfried, ] M.; Grandis, J.R.; Gaither Davis, A.; Bigbee, W.L.; Rom,
W.; et al. Molecular analysis of plasma DNA for the early detection of lung cancer by quantitative methylation-specific PCR. Clin.
Cancer Res. 2010, 16, 3463-3472. [CrossRef]

Ooki, A.; Maleki, Z.; Tsay, ].-C.J.; Goparaju, C.; Brait, M.; Turaga, N.; Nam, H.-S.; Rom, W.N.; Pass, H.I,; Sidransky, D.; et al. A
Panel of novel detection and prognostic methylated dna markers in primary non-small cell lung cancer and serum DNA. Clin.
Cancer Res. 2017, 23, 7141-7152. [CrossRef]

Constancio, V.; Nunes, S.P.; Henrique, R.; Jerénimo, C. DNA methylation-based testing in liquid biopsies as detection and
prognostic biomarkers for the four major cancer types. Cells 2020, 9, 624. [CrossRef]

Lissa, D.; Robles, A.I. Methylation analyses in liquid biopsy. Transl. Lung Cancer Res. 2016, 5, 492-504. [CrossRef]
Vinayanuwattikun, C.; Sriuranpong, V.; Tanasanvimon, S.; Chantranuwat, P.; Mutirangura, A. Epithelial-Specific Methylation
marker: A potential plasma biomarker in advanced non-small cell lung cancer. J. Thorac. Oncol. 2011, 6, 1818-1825. [CrossRef]
Balgkouranidou, I.; Chimonidou, M.; Milaki, G.; Tsarouxa, E.G.; Kakolyris, S.; Welch, D.R.; Georgoulias, V.; Lianidou, E.S. Breast
cancer metastasis suppressor-1 promoter methylation in cell-free DNA provides prognostic information in non-small cell lung
cancer. Br. J. Cancer 2014, 110, 2054-2062. [CrossRef]

Balgkouranidou, I.; Chimonidou, M.; Milaki, G.; Tsaroucha, E.; Kakolyris, S.; Georgoulias, V.; Lianidou, E. SOX17 promoter
methylation in plasma circulating tumor DNA of patients with non-small cell lung cancer. Clin. Chem. Lab. Med. 2016, 54,
1385-1393. [CrossRef]

Ramirez, J.L.; Rosell, R.; Taron, M.; Sanchez-Ronco, M.; Alberola, V.; de Las Pefias, R.; Sanchez, ] M.; Moran, T.; Camps, C.; Massuti,
B.; et al. 14-3-3sigma methylation in pretreatment serum circulating DNA of cisplatin-plus-gemcitabine-treated advanced non-
small-cell lung cancer patients predicts survival: The Spanish lung cancer group. J. Clin. Oncol. 2005, 23, 9105-9112. [CrossRef]
[PubMed]

Salazar, F.; Molina, M.A.; Sanchez-Ronco, M.; Moran, T.; Ramirez, J.L.; Sanchez, ].M.; Stahel, R.; Garrido, P.; Cobo, M.; Isla, D.;
et al. First-line therapy and methylation status of CHFR in serum influence outcome to chemotherapy versus EGFR tyrosine
kinase inhibitors as second-line therapy in stage IV non-small-cell lung cancer patients. Lung Cancer 2011, 72, 84-91. [CrossRef]
[PubMed]

Wang, H.; Zhang, B.; Chen, D.; Xia, W.; Zhang, ].; Wang, F.; Xu, ].; Zhang, Y.; Zhang, M.; Zhang, L.; et al. Real-time monitoring
efficiency and toxicity of chemotherapy in patients with advanced lung cancer. Clin. Epigenet. 2015, 7, 119. [CrossRef] [PubMed]
Shen, J.; Wang, S.; Zhang, Y.-].; Kappil, M.A.; Chen Wu, H.; Kibriya, M.G.; Wang, Q.; Jasmine, F; Ahsan, H.; Lee, P.-H.; et al.
Genome-wide aberrant DNA methylation of MicroRNA host genes in hepatocellular carcinoma. Epigenetics 2012, 7, 1230-1237.
[CrossRef]

Gao, X.; Wang, Y.; Zhao, H.; Wei, E; Zhang, X.; Su, Y.; Wang, C.; Li, H.; Ren, X. Plasma MiR-324-3p and MiR-1285 as Diagnostic
and prognostic biomarkers for early stage lung squamous cell carcinoma. Oncotarget 2016, 7, 59664-59675. [CrossRef]

Chen, X.; Hu, Z.; Wang, W.; Ba, Y.; Ma, L.; Zhang, C.; Wang, C.; Ren, Z.; Zhao, Y.; Wu, S.; et al. Identification of ten serum
MicroRNAs from a genome-wide serum MicroRNA expression profile as novel noninvasive biomarkers for nonsmall cell lung
cancer diagnosis. Int. J. Cancer 2012, 130, 1620-1628. [CrossRef]

Yu, H.; Guan, Z,; Cuk, K.; Zhang, Y.; Brenner, H. Circulating MicroRNA biomarkers for lung cancer detection in east Asian
populations. Cancers 2019, 11, 415. [CrossRef]

Fehlmann, T.; Kahraman, M.; Ludwig, N.; Backes, C.; Galata, V.; Keller, V.; Geffers, L.; Mercaldo, N.; Hornung, D.; Weis, T.; et al.
Evaluating the use of circulating MicroRNA profiles for lung cancer detection in symptomatic patients. JAMA Oncol. 2020, 6,
714-723. [CrossRef]

Powroézek, T.; Kuznar-Kaminiska, B.; Dziedzic, M.; Mlak, R.; Batura-Gabryel, H.; Sagan, D.; Krawczyk, P.; Milanowski, J.;
Matecka-Massalska, T. The diagnostic role of plasma circulating precursors of MiRNA-944 and MiRNA-3662 for non-small cell
lung cancer detection. Pathol. Res. Pract. 2017, 213, 1384-1387. [CrossRef]

Ulivi, P.;; Petracci, E.; Marisi, G.; Baglivo, S.; Chiari, R.; Billi, M.; Canale, M.; Pasini, L.; Racanicchi, S.; Vagheggini, A.; et al.
Prognostic role of circulating MiRNAs in early-stage non-small cell lung cancer. J. Clin. Med. 2019, 8, 131. [CrossRef]

Yanaihara, N.; Caplen, N.; Bowman, E.; Seike, M.; Kumamoto, K.; Yi, M.; Stephens, R.M.; Okamoto, A.; Yokota, J.; Tanaka, T.; et al.
Unique MicroRNA molecular profiles in lung cancer diagnosis and prognosis. Cancer Cell 2006, 9, 189-198. [CrossRef]

Xie, Y,; Zhang, Y.; Du, L.; Jiang, X,; Yan, S.; Duan, W,; Li, J.; Zhan, Y.; Wang, L.; Zhang, S.; et al. Circulating long noncoding
RNA act as potential novel biomarkers for diagnosis and prognosis of non-small cell lung cancer. Mol. Oncol. 2018, 12, 648-658.
[CrossRef]

Luo, Y.-H.; Yang, Y.-P.,; Chien, C.-S.; Yarmishyn, A.A.; Ishola, A.A.; Chien, Y.; Chen, Y.-M.; Huang, T.-W.; Lee, K.-Y,; Huang, W.-C,;
et al. Plasma level of circular RNA Hsa_circ_0000190 correlates with tumor progression and poor treatment response in advanced
lung cancers. Cancers 2020, 12, 1740. [CrossRef]

Li, B; Ren, S; Li, X.; Wang, Y.; Garfield, D.; Zhou, S.; Chen, X.; Su, C.; Chen, M.; Kuang, P; et al. MiR-21 Overexpression is
associated with acquired resistance of EGFR-TKI in non-small cell lung cancer. Lung Cancer 2014, 83, 146-153. [CrossRef]

139



Cancers 2021, 13, 3016

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Wang, S.; Su, X.; Bai, H.; Zhao, J.; Duan, J.; An, T.; Zhuo, M.; Wang, Z.; Wu, M.; Li, Z_; et al. Identification of plasma MicroRNA
profiles for primary resistance to EGFR-TKISs in advanced non-small cell lung cancer (NSCLC) patients with EGFR activating
mutation. J. Hematol. Oncol. 2015, 8, 127. [CrossRef]

Fan, J; Yin, Z.; Xu, J.; Wu, F; Huang, Q.; Yang, L.; Jin, Y,; Yang, G. Circulating MicroRNAs predict the response to Anti-PD-1
therapy in non-small cell lung cancer. Genomics 2020, 112, 2063-2071. [CrossRef]

International Agency for Research on Cancer (IARC). WH.O. GLOBOCAN. 2020. Available online: https://gco.iarc.fr/today/
home (accessed on 15 June 2021).

Culp, M.B.B.; Soerjomataram, I.; Efstathiou, ]J.A.; Bray, F.; Jemal, A. Recent global patterns in prostate cancer incidence and
mortality rates. Eur. Urol. 2020, 38-52. [CrossRef]

Hoque, M.O.; Begum, S.; Topaloglu, O.; Chatterjee, A.; Rosenbaum, E.; Van Criekinge, W.; Westra, W.H.; Schoenberg, M.;
Zahurak, M.; Goodman, S.N.; et al. Quantitation of promoter methylation of multiple genes in urine DNA and bladder cancer
detection. J. Natl. Cancer Inst. 2006, 98, 996-1004. [CrossRef]

Porzycki, P.; Ciszkowicz, E. Modern biomarkers in prostate cancer diagnosis. Cent. Eur. J. Urol. 2020, 300-306. [CrossRef]
Saginala, K.; Barsouk, A.; Aluru, J.S.; Rawla, P; Padala, S.A.; Barsouk, A. Epidemiology of bladder cancer. Med. Sci. 2020, 8, 15.
[CrossRef]

Berdik, C.; Ashour, M. Unlocking Bladder Cancer. Nature 2017, S34-S35. [CrossRef] [PubMed]

Padala, S.A.; Barsouk, A.; Thandra, K.C.; Saginala, K.; Mohammed, A.; Vakiti, A.; Rawla, P.; Barsouk, A. Epidemiology of renal
cell carcinoma. World J. Oncol. 2020, 11, 79-87. [CrossRef] [PubMed]

Wu, P; Cao, Z.; Wu, S. New progress of epigenetic biomarkers in urological cancer. Dis. Markers 2016. [CrossRef] [PubMed]
Lasseigne, B.N.; Brooks, ].D. The Role of DNA Methylation in renal cell carcinoma. Mol. Diagn. Ther. 2018, 431-442. [CrossRef]
Zill, O.A.; Banks, K.C; Fairclough, S.R.; Mortimer, S.A.; Vowles, ].V.; Mokhtari, R.; Gandara, D.R.; Mack, P.C.; Odegaard, J.I;
Nagy, R.].; et al. The landscape of actionable genomic alterations in cell-free circulating tumor DNA from 21,807 advanced cancer
patients. Clin. Cancer Res. 2018, 24, 3528-3538. [CrossRef]

Gurioli, G.; Martignano, F.; Salvi, S.; Costantini, M.; Gunelli, R.; Casadio, V. GSTP1 methylation in cancer: A liquid biopsy
biomarker? Clin. Chem. Lab. Med. 2018, 705-717. [CrossRef]

Wu, T,; Giovannucci, E.; Welge, J.; Mallick, P; Tang, W.Y.; Ho, S.M. Measurement of GSTP1 promoter methylation in body fluids
may complement PSA screening: A meta-analysis. Br. ]. Cancer 2011, 105, 65-73. [CrossRef]

Payne, S.R.; Serth, ].; Schostak, M.; Kamradyt, J.; Strauss, A.; Thelen, P.; Model, E; Day, ] K.; Liebenberg, V.; Morotti, A.; et al. DNA
methylation biomarkers of prostate cancer: Confirmation of candidates and evidence urine is the most sensitive body fluid for
non-invasive detection. Prostate 2009, 69, 1257-1269. [CrossRef]

Goessl, C.; Miiller, M.; Heicappell, R.; Krause, H.; Miller, K. DNA-Based detection of prostate cancer in blood, urine, and ejaculates.
Ann. N. Y. Acad. Sci. 2001, 945, 51-58. [CrossRef]

Sunami, E.; Shinozaki, M.; Higano, C.S.; Wollman, R.; Dorff, T.B.; Tucker, S.J.; Martinez, S.R; Singer, ER.; Hoon, D.S.B. Multimarker
circulating DNA assay for assessing blood of prostate cancer patients. Clin. Chem. 2009, 55, 559-567. [CrossRef]

Hauser, S.; Tobias, Z.; Fechner, G.; Lummen, G.; Muller, S.C.; Ellinger, J. Serum DNA hypermethylation in patients with kidney
cancer: Results of a prospective study. Anticancer Res. 2013, 33, 4651-4656.

Hoque, M.O.; Begum, S.; Topaloglu, O.; Jeronimo, C.; Mambo, E.; Westra, W.H.; Califano, J.A.; Sidransky, D. Quantitative
detection of promoter hypermethylation of multiple genes in the tumor, urine, and serum DNA of patients with renal cancer.
Cancer Res. 2004, 64, 5511-5517. [CrossRef]

Brait, M.; Banerjee, M.; Maldonado, L.; Ooki, A.; Loyo, M.; Guida, E.; Izumchenko, E.; Mangold, L.; Humphreys, E.; Rosenbaum, E.;
et al. Promoter methylation of MCAM, ERa and ERf in serum of early stage prostate cancer patients. Oncotarget 2017, 8,
15431-15440. [CrossRef]

Haldrup, C.; Pedersen, A.L.; @gaard, N.; Strand, S.H.; Hayer, S.; Borre, M.; Orntoft, T.E; Serensen, K.D. Biomarker potential
of STEGALNAC3 and ZNF660 promoter hypermethylation in prostate cancer tissue and liquid biopsies. Mol. Oncol. 2018, 12,
545-560. [CrossRef]

Lin, Y.L.; Sun, G.; Liu, X.Q.; Li, W.P; Ma, J.G. Clinical significance of CDH13 promoter methylation in serum samples from
patients with bladder transitional cell carcinoma. J. Int. Med. Res. 2011, 39, 179-186. [CrossRef] [PubMed]

Lin, Y.L.; Li, Z.G.; He, ZK,; Guan, T.Y.; Ma, ].Q. Clinical and prognostic significance of protocadherin-10 (PCDH10) promoter
methylation in bladder cancer. J. Int. Med. Res. 2012, 40, 2117-2123. [CrossRef] [PubMed]

Luo, Z.G,; Li, Z.G.; Gui, S.L.; Chi, B.J.; Ma, ].G. Protocadherin-17 promoter methylation in serum-derived dna is associated with
poor prognosis of bladder cancer. J. Int. Med. Res. 2014, 42, 35-41. [CrossRef] [PubMed]

Wang, Y;; Yu, Y; Ye, R.;; Zhang, D.; Li, Q.; An, D; Fang, L.; Lin, Y.; Hou, Y.; Xu, A_; et al. An epigenetic biomarker combination
of PCDH17 and POU4F2 detects bladder cancer accurately by methylation analyses of urine sediment DNA in Han Chinese.
Oncotarget 2016, 7, 2754-2764. [CrossRef]

Fantony, J.J.; Longo, T.A.; Gopalakrishna, A.; Owusu, R.; Lance, R.S.; Foo, W.C.; Inman, B.A.; Abern, M.R. Urinary NID2 and
TWIST1 methylation to augment conventional urine cytology for the detection of bladder cancer. Cancer Biomark. 2017, 18,
381-387. [CrossRef]

140



Cancers 2021, 13, 3016

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Hermanns, T.; Savio, A.].; Olkhov-Mitsel, E.; Mari, A.; Wettstein, M.S.; Saba, K.; Bhindi, B.; Kuk, C.; Poyet, C.; Wild, PJ.; et al.
A Noninvasive urine-based methylation biomarker panel to detect bladder cancer and discriminate cancer grade. Urol. Oncol.
Semin. Orig. Investig. 2020, 38, 603.e1-603.e7. [CrossRef]

Urakami, S.; Shiina, H.; Enokida, H.; Hirata, H.; Kawamoto, K.; Kawakami, T.; Kikuno, N.; Tanaka, Y.; Majid, S.; Nakagawa, M.;
et al. Wnt antagonist family genes as biomarkers for diagnosis, staging, and prognosis of renal cell carcinoma using tumor and
serum DNA. Clin. Cancer Res. 2006, 12, 6989-6997. [CrossRef]

Nuzzo, P.V.; Berchuck, J.E.; Korthauer, K.; Spisak, S.; Nassar, A.H.; Abou Alaiwi, S.; Chakravarthy, A.; Shen, S.Y.; Bakouny, Z.;
Boccardo, E; et al. Detection of renal cell carcinoma using plasma and urine cell-free DNA methylomes. Nat. Med. 2020, 26,
1041-1043. [CrossRef]

Vener, T.; Derecho, C.; Baden, J.; Wang, H.; Rajpurohit, Y.; Skelton, J.; Mehrotra, ].; Varde, S.; Chowdary, D.; Stallings, W.; et al.
Development of a multiplexed urine assay for prostate cancer diagnosis. Clin. Chem. 2008, 54, 874-882. [CrossRef]

Kawamoto, K.; Enokida, H.; Gotanda, T.; Kubo, H.; Nishiyama, K.; Kawahara, M.; Nakagawa, M. P16INK4a and P14ARF
methylation as a potential biomarker for human bladder cancer. Biochem. Biophys. Res. Commun. 2006, 339, 790-796. [CrossRef]

Moreira-Barbosa, C.; Barros-Silva, D.; Costa-Pinheiro, P.; Torres-Ferreira, J.; Constancio, V.; Freitas, R.; Oliveira, J.; Antunes, L.;
Henrique, R.; Jerénimo, C. Comparing diagnostic and prognostic performance of two-gene promoter methylation panels in tissue
biopsies and urines of prostate cancer patients. Clin. Epigenet. 2018, 10. [CrossRef]

Jatkoe, T.A.; Karnes, R.J.; Freedland, S.J.; Wang, Y.; Le, A.; Baden, ]J. A urine-based methylation signature for risk stratification
within low-risk prostate cancer. Br. . Cancer 2015, 112, 802-808. [CrossRef]

Zhao, F,; Olkhov-Mitsel, E.; van der Kwast, T.; Sykes, J.; Zdravic, D.; Venkateswaran, V.; Zlotta, A.R.; Loblaw, A.; Fleshner, N.E.;
Klotz, L.; et al. Urinary DNA methylation biomarkers for noninvasive prediction of aggressive disease in patients with prostate
cancer on active surveillance. J. Urol. 2017, 197, 335-341. [CrossRef]

Zhao, E; Olkhov-Mitsel, E.; Kamdar, S.; Jeyapala, R.; Garcia, J.; Hurst, R.; Hanna, M.Y.; Mills, R.; Tuzova, A.V.; O'Reilly, E; et al. A
urine-based DNA methylation assay, ProCUTE, to identify clinically significant prostate cancer 11 medical and health sciences
1112 oncology and carcinogenesis. Clin. Epigenet. 2018, 10. [CrossRef]

Reinert, T.; Borre, M.; Christiansen, A.; Hermann, G.G.; Orntoft, T.F.; Dyrskjet, L. Diagnosis of bladder cancer recurrence based on
urinary levels of EOMES, HOXA9, POU4F2, TWIST1, VIM, and ZNF154 hypermethylation. PLoS ONE 2012, 7, e46297. [CrossRef]
Yu, X.; Wang, R;; Han, C.; Wang, Z.; Jin, X. A panel of urinary long non-coding RNAs differentiate bladder cancer from urocystitis.
J. Cancer 2020, 11, 781-787. [CrossRef]

Du, L; Jiang, X.; Duan, W.; Wang, R.; Wang, L.; Zheng, G.; Yan, K.; Wang, L.; Li, J.; Zhang, X.; et al. Cell-Free MicroRNA
expression signatures in urine serve as novel noninvasive biomarkers for diagnosis and recurrence prediction of bladder cancer.
Oncotarget 2017, 8, 40832-40842. [CrossRef]

Urquidi, V.; Netherton, M.; Gomes-Giacoia, E.; Serie, D.J.; Eckel-Passow, J.; Rosser, C.J.; Goodison, S. A MicroRNA biomarker
panel for the non-invasive detection of bladder cancer. Oncotarget 2016, 7, 86290-86299. [CrossRef]

Eissa, S.; Matboli, M.; Essawy, N.O.E.; Kotb, Y.M. Integrative functional genetic-epigenetic approach for selecting genes as urine
biomarkers for bladder cancer diagnosis. Tumour Biol. 2015, 36, 9545-9552. [CrossRef]

Fan, Y; Shen, B.; Tan, M.; Mu, X,; Qin, Y.; Zhang, F; Liu, Y. Long Non-Coding RNA UCAT1 increases chemoresistance of bladder
cancer cells by regulating wnt signaling. FEBS ]. 2014, 281, 1750-1758. [CrossRef]

Urabe, F; Matsuzaki, J.; Yamamoto, Y.; Kimura, T.; Hara, T.; Ichikawa, M.; Takizawa, S.; Aoki, Y.; Niida, S.; Sakamoto, H.;
et al. Large-scale circulating MicroRNA profiling for the liquid biopsy of prostate cancer. Clin. Cancer Res. 2019, 25, 3016-3025.
[CrossRef] [PubMed]

Mello-Grand, M.; Gregnanin, I.; Sacchetto, L.; Ostano, P; Zitella, A.; Bottoni, G.; Oderda, M.; Marra, G.; Munegato, S.; Pardini, B.;
et al. Circulating MicroRNAs combined with PSA for accurate and non-invasive prostate cancer detection. Carcinogenesis 2019,
40, 246-253. [CrossRef] [PubMed]

Porzycki, P.; Ciszkowicz, E.; Semik, M.; Tyrka, M. Combination of three MiRNA (MiR-141, MiR-21, and MiR-375) as potential
diagnostic tool for prostate cancer recognition. Int. Urol. Nephrol. 2018, 50, 1619-1626. [CrossRef] [PubMed]

Bayo, J.; Castafio, M.A.; Rivera, F.; Navarro, F. Analysis of blood markers for early breast cancer diagnosis. Clin. Transl. Oncol.
2018, 20, 467-475. [CrossRef]

Melnikow, J.; Fenton, ].J.; Whitlock, E.P.; Miglioretti, D.L.; Weyrich, M.S.; Thompson, ].H.; Shah, K. Supplemental screening for
breast cancer in women with dense breasts: A systematic review for the U.S. preventive services task force. Ann. Intern. Med.
2016, 164, 268-278. [CrossRef]

Miller, A.B.; Wall, C.; Baines, C.J.; Sun, P,; To, T.; Narod, S.A. Twenty five year follow-up for breast cancer incidence and mortality
of the canadian national breast screening study: Randomised screening trial. BM] 2014, 348, g366. [CrossRef]

Dulaimi, E.; Hillinck, J.; Ibanez de Caceres, I.; Al-Saleem, T.; Cairns, P. Tumor suppressor gene promoter hypermethylation in
serum of breast cancer patients. Clin. Cancer Res. 2004, 10 18 Pt 1, 6189-6193. [CrossRef]

Hoque, M.O,; Feng, Q.; Toure, P.; Dem, A.; Critchlow, C.W.; Hawes, S.E.; Wood, T.; Jeronimo, C.; Rosenbaum, E.; Stern, J.; et al.
Detection of aberrant methylation of four genes in plasma DNA for the detection of breast cancer. ]. Clin. Oncol. 2006, 24,
4262-4269. [CrossRef]

141



Cancers 2021, 13, 3016

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Skvortsova, T.E.; Rykova, E.Y.; Tamkovich, S.N.; Bryzgunova, O.E.; Starikov, A.V.; Kuznetsova, N.P.; Vlassov, V.V.; Laktionov,
P.P. Cell-Free and cell-bound circulating DNA in breast tumours: DNA quantification and analysis of tumour-related gene
methylation. Br. ]. Cancer 2006, 94, 1492-1495. [CrossRef]

Yamamoto, N.; Nakayama, T.; Kajita, M.; Miyake, T.; Iwamoto, T.; Kim, S.J.; Sakai, A.; Ishihara, H.; Tamaki, Y.; Noguchi, S.
Detection of aberrant promoter methylation of GSTP1, RASSF1A, and RARB2 in serum DNA of patients with breast cancer by a
newly established one-step methylation-specific PCR assay. Breast Cancer Res. Treat. 2012, 132, 165-173. [CrossRef]

Han, Z.-H.; Xu, C.-S.; Han, H.; Wang, C.; Lin, S.-G. Value of the level of methylation of RASSF1A and WIF-1 in tissue and serum
in neoadjuvant chemotherapeutic assessment for advanced breast cancer. Oncol. Lett. 2017, 14, 4499-4504. [CrossRef]
Taryma-Lesniak, O.; Sokolowska, K.E.; Wojdacz, T.K. Current status of development of methylation biomarkers for in vitro
diagnostic IVD applications. Clin. Epigenet. 2020, 12, 100. [CrossRef]

Ozawa, PM.M.; Vieira, E.; Lemos, D.S.; Souza, I.L.M.; Zanata, S.M.; Pankievicz, V.C.; Tuleski, T.R.; Souza, E.M.; Wowk, PF.; de
Andrade Urban, C,; et al. Identification of MiRNAs enriched in extracellular vesicles derived from serum samples of breast cancer
patients. Biomolecules 2020, 10, 150. [CrossRef]

Schwarzenbach, H.; Pantel, K. Circulating DNA as biomarker in breast cancer. Breast Cancer Res. 2015, 17, 136. [CrossRef]
Chimonidou, M.; Kallergi, G.; Georgoulias, V.; Welch, D.R.; Lianidou, E.S. Breast cancer metastasis suppressor-1 promoter
methylation in primary breast tumors and corresponding circulating tumor cells. Mol. Cancer Res. 2013, 11, 1248-1257. [CrossRef]
Chimonidou, M.; Tzitzira, A.; Strati, A.; Sotiropoulou, G.; Sfikas, C.; Malamos, N.; Georgoulias, V.; Lianidou, E. CST6 promoter
methylation in circulating cell-free DNA of breast cancer patients. Clin. Biochem. 2013, 46, 235-240. [CrossRef]

Sharma, G.; Mirza, S.; Parshad, R.; Srivastava, A.; Gupta, S.D.; Pandya, P.; Ralhan, R. Clinical significance of maspin promoter
methylation and loss of its protein expression in invasive ductal breast carcinoma: Correlation with VEGF-A and MTA1 expression.
Tumour Biol. 2011, 32, 23-32. [CrossRef]

De Ruijter, T.C.; van der Heide, F.; Smits, K.M.; Aarts, M.].; van Engeland, M.; Heijnen, V.C.G. Prognostic DNA methylation
markers for hormone receptor breast cancer: A systematic review. Breast Cancer Res. BCR 2020, 22, 13. [CrossRef]

Huang, Y.-T.; Li, E-F; Ke, C.; Li, Z; Li, Z.-T.; Zou, X.-E; Zheng, X.-X.; Chen, Y.-P.; Zhang, H. PTPRO promoter methylation is
predictive of poorer outcome for HER2-positive breast cancer: Indication for personalized therapy. J. Transl. Med. 2013, 11, 245.
[CrossRef]

Chimonidou, M.; Strati, A.; Malamos, N.; Georgoulias, V.; Lianidou, E.S. sox17 promoter methylation in circulating tumor cells
and matched cell-free DNA isolated from plasma of patients with breast cancer. Clin. Chem. 2013, 59, 270-279. [CrossRef]

Fu, D.; Ren, C.; Tan, H.; Wei, ].; Zhu, Y.; He, C.; Shao, W.; Zhang, J. Sox17 promoter methylation in plasma DNA is associated with
poor survival and can be used as a prognostic factor in breast cancer. Medicine 2015, 94, e637. [CrossRef] [PubMed]

Church, TR.; Wandell, M.; Lofton-Day, C.; Mongin, S.J.; Burger, M.; Payne, S.R.; Castafios-Vélez, E.; Blumenstein, B.A.; Rosch, T.;
Osborn, N.; et al. Prospective evaluation of methylated SEPT9 in plasma for detection of asymptomatic colorectal cancer. Gut
2014, 63, 317-325. [CrossRef] [PubMed]

Absmaier, M.; Napieralski, R.; Schuster, T.; Aubele, M.; Walch, A.; Magdolen, V.; Dorn, J.; Gross, E.; Harbeck, N.; Noske, A.;
et al. PITX2 DNA-methylation predicts response to anthracycline-based adjuvant chemotherapy in triple-negative breast cancer
patients. Int. J. Oncol. 2018, 52, 755-767. [CrossRef] [PubMed]

Martinez-Galan, J.; Torres-Torres, B.; Ntnez, M.L; Lopez-Penalver, J.; Del Moral, R.; Ruiz De Almodévar, ].M.; Menjon, S.; Concha,
A.; Chamorro, C.; Rios, S.; et al. ESR1 gene promoter region methylation in free circulating DNA and its correlation with estrogen
receptor protein expression in tumor tissue in breast cancer patients. BMC Cancer 2014, 14, 59. [CrossRef]

Visvanathan, K.; Fackler, M.S.; Zhang, Z.; Lopez-Bujanda, Z.A.; Jeter, S.C.; Sokoll, LJ.; Garrett-Mayer, E.; Cope, L.M,;
Umbricht, C.B.; Euhus, D.M.; et al. Monitoring of serum dna methylation as an early independent marker of response and
survival in metastatic breast cancer: TBCRC 005 prospective biomarker study. J. Clin. Oncol. 2017, 35, 751-758. [CrossRef]

Shi, J. Considering exosomal MiR-21 as a biomarker for cancer. J. Clin. Med. 2016, 5, 42. [CrossRef]

Jang, J.Y.; Kim, Y.S.; Kang, K.N.; Kim, K.H.; Park, Y.J.; Kim, C.W. Multiple MicroRNAs as biomarkers for early breast cancer
diagnosis. Mol. Clin. Oncol. 2021, 14, 31. [CrossRef]

Estevao-Pereira, H.; Lobo, J.; Salta, S.; Amorim, M.; Lopes, P.; Cantante, M.; Reis, B.; Antunes, L.; Castro, E; Palma de Sousa, S.;
et al. Overexpression of circulating MiR-30b-5p identifies advanced breast cancer. J. Transl. Med. 2019, 17, 435. [CrossRef]
Shiino, S.; Matsuzaki, J.; Shimomura, A.; Kawauchi, J.; Takizawa, S.; Sakamoto, H.; Aoki, Y.; Yoshida, M.; Tamura, K.; Kato, K.;
et al. Serum MiRNA-based prediction of axillary lymph node metastasis in breast cancer. Clin. Cancer Res. 2019, 25, 1817-1827.
[CrossRef]

Salvador-Coloma, C.; Santaballa, A.; Sanmartin, E.; Calvo, D.; Garcia, A.; Hervas, D.; Cordén, L.; Quintas, G.; Ripoll, E;
Panadero, J.; et al. Immunosuppressive profiles in liquid biopsy at diagnosis predict response to neoadjuvant chemotherapy in
triple-negative breast cancer. Eur. J. Cancer 2020, 139, 119-134. [CrossRef]

Ozgiir, E.; Ferhatoglu, E; Sen, E; Saip, P.; Gezer, U. Circulating LncRNA H19 may be a useful marker of response to neoadjuvant
chemotherapy in breast cancer. Cancer Biomark. Sect. Dis. Markers 2020, 27, 11-17. [CrossRef]

Bray, F.; Ferlay, ].; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394-424. [CrossRef]

Song, L.-L.; Li, Y.-M. Current noninvasive tests for colorectal cancer screening: An overview of colorectal cancer screening tests.
World J. Gastrointest. Oncol. 2016, 8, 793-800. [CrossRef]

142



Cancers 2021, 13, 3016

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Nee, J.; Chippendale, R.Z.; Feuerstein, ].D. Screening for colon cancer in older adults: Risks, benefits, and when to stop. Mayo
Clin. Proc. 2020, 95, 184-196. [CrossRef]

Herreros-Villanueva, M.; Duran-Sanchon, S.; Martin, A.C.; Pérez-Palacios, R.; Vila-Navarro, E.; Marcuello, M.; Diaz-Centeno, M.;
Cubiella, J.; Diez, M.S.; Bujanda, L.; et al. Plasma MicroRNA signature validation for early detection of colorectal cancer. Clin.
Transl. Gastroenterol. 2019, 10, e00003. [CrossRef]

Zhao, G.; Liu, X;; Liu, Y.; Li, H.; Ma, Y.; Li, S.; Zhu, Y.; Miao, |.; Xiong, S.; Fei, S.; et al. Aberrant DNA methylation of SEPT9 and
SDC2 in stool specimens as an integrated biomarker for colorectal cancer early detection. Front. Genet. 2020, 11, 643. [CrossRef]
Lofton-Day, C.; Model, F;; Devos, T.; Tetzner, R.; Distler, J.; Schuster, M.; Song, X.; Lesche, R.; Liebenberg, V.; Ebert, M.; et al. DNA
methylation biomarkers for blood-based colorectal cancer screening. Clin. Chem. 2008, 54, 414-423. [CrossRef]

Wang, Y.; Chen, P.-M.; Liu, R.-B. Advance in plasma SEPT9 gene methylation assay for colorectal cancer early detection. World J.
Gastrointest. Oncol. 2018, 10, 15-22. [CrossRef]

Pickhardt, PJ. Emerging stool-based and blood-based non-invasive DNA tests for colorectal cancer screening: The importance of
cancer prevention in addition to cancer detection. Abdom. Radiol. 2016, 41, 1441-1444. [CrossRef]

Issa, I.A.; Noureddine, M. Colorectal cancer screening: An updated review of the available options. World |. Gastroenterol. 2017,
23, 5086-5096. [CrossRef]

Liu, Y;; Zhao, G.; Miao, J.; Li, H.; Ma, Y,; Liu, X,; Li, S.; Zhu, Y.; Xiong, S.; Zheng, M.; et al. Performance comparison between
plasma and stool methylated SEPT9 tests for detecting colorectal cancer. Front. Genet. 2020, 11, 324. [CrossRef] [PubMed]

Zhao, G; Li, H,; Yang, Z.; Wang, Z.; Xu, M.; Xiong, S.; Li, S.; Wu, X,; Liu, X.; Wang, Z.; et al. Multiplex methylated DNA testing in
plasma with high sensitivity and specificity for colorectal cancer screening. Cancer Med. 2019, 8, 5619-5628. [CrossRef] [PubMed]
Wang, W.; Qu, A.; Liu, W,; Liu, Y.; Zheng, G.; Du, L.; Zhang, X.; Yang, Y.; Wang, C.; Chen, X. Circulating MiR-210 as a diagnostic
and prognostic biomarker for colorectal cancer. Eur. J. Cancer Care 2017, 26. [CrossRef] [PubMed]

Shi, ].; Li, X.; Zhang, F; Zhang, C.; Guan, Q.; Cao, X.; Zhu, W.; Zhang, X.; Cheng, Y.; Ou, K,; et al. Circulating LncRNAs associated
with occurrence of colorectal cancer progression. Am. J. Cancer Res. 2015, 5, 2258-2265.

Bustos, M.A.; Gross, R.; Rahimzadeh, N.; Cole, H.; Tran, L.T.; Tran, K.D.; Takeshima, L.; Stern, S.L.; O’'Day, S.; Hoon, D.S.B. A pilot
study comparing the efficacy of lactate dehydrogenase levels versus circulating cell-free MicroRNAs in monitoring responses to
checkpoint inhibitor immunotherapy in metastatic melanoma patients. Cancers 2020, 12, 3361. [CrossRef]

Xing, X.-B.; Cai, W.-B.; Luo, L.; Liu, L.-S.; Shi, H.-J.; Chen, M.-H. The prognostic value of P16 hypermethylation in cancer: A
meta-analysis. PLoS ONE 2013, 8, e66587. [CrossRef]

Liu, M.C,; Oxnard, G.R; Klein, E.A.; Swanton, C.; Seiden, M.V. Sensitive and specific multi-cancer detection and localization
using methylation signatures in cell-free DNA. Ann. Oncol. 2020, 31, 745-759. [CrossRef]

Rasmussen, S.L.; Krarup, H.B.; Sunesen, K.G.; Johansen, M.B.; Stender, M.T.; Pedersen, L.S.; Madsen, P.H.; Thorlacius-Ussing, O.
The prognostic efficacy of Cell-Free DNA hypermethylation in colorectal cancer. Oncotarget 2018, 9, 7010-7022. [CrossRef]
Barault, L.; Amatu, A.; Siravegna, G.; Ponzetti, A.; Moran, S.; Cassingena, A.; Mussolin, B.; Falcomata, C.; Binder, A.M.; Cristiano,
C.; et al. Discovery of methylated circulating DNA biomarkers for comprehensive non-invasive monitoring of treatment response
in metastatic colorectal cancer. Gut 2018, 67, 1995-2005. [CrossRef]

Bhangu, J.S.; Beer, A.; Mittlbock, M.; Tamandl, D.; Pulverer, W.; Schonthaler, S.; Taghizadeh, H.; Stremitzer, S.; Kaczirek, K.;
Gruenberger, T.; et al. Circulating free methylated tumor DNA markers for sensitive assessment of tumor burden and early
response monitoring in patients receiving systemic chemotherapy for colorectal cancer liver metastasis. Ann. Surg. 2018, 268,
894-902. [CrossRef]

Young, G.P; Pedersen, SK.; Mansfield, S.; Murray, D.H.; Baker, R.T.; Rabbitt, P; Byrne, S.; Bambacas, L.; Hollington, P.;
Symonds, E.L. A cross-sectional study comparing a blood test for methylated BCAT1 and IKZF1 tumor-derived DNA with CEA
for detection of recurrent colorectal cancer. Cancer Med. 2016, 5, 2763-2772. [CrossRef]

Peng, Q.; Zhang, X.; Min, M.; Zou, L.; Shen, P; Zhu, Y. The clinical role of MicroRNA-21 as a promising biomarker in the diagnosis
and prognosis of colorectal cancer: A systematic review and meta-analysis. Oncotarget 2017, 8, 44893-44909. [CrossRef]
Sazanov, A.A.; Kiselyova, E.V.; Zakharenko, A.A.; Romanov, M.N.; Zaraysky, M.I. Plasma and saliva MiR-21 expression in
colorectal cancer patients. J. Appl. Genet. 2017, 58, 231-237. [CrossRef]

Wang, Q.; Huang, Z.; Ni, S.; Xiao, X.; Xu, Q.; Wang, L.; Huang, D.; Tan, C.; Sheng, W.; Du, X. Plasma MiR-601 and MiR-760 are
novel biomarkers for the early detection of colorectal cancer. PLoS ONE 2012, 7, e44398. [CrossRef]

Cheng, H.; Zhang, L.; Cogdell, D.E.; Zheng, H.; Schetter, A.J.; Nykter, M.; Harris, C.C.; Chen, K.; Hamilton, S.R.; Zhang, W.
Circulating plasma MiR-141 is a novel biomarker for metastatic colon cancer and predicts poor prognosis. PLoS ONE 2011, 6,
e17745. [CrossRef]

Kou, C.-H.; Zhou, T.; Han, X.-L.; Zhuang, H.-J.; Qian, H.-X. Downregulation of Mir-23b in plasma is associated with poor
prognosis in patients with colorectal cancer. Oncol. Lett. 2016, 12, 4838-4844. [CrossRef]

Yuan, Z.; Baker, K.; Redman, M.W.; Wang, L.; Adams, S.V.; Yu, M.; Dickinson, B.; Makar, K.; Ulrich, N.; Bohm, J.; et al. Dynamic
plasma MicroRNAs Are biomarkers for prognosis and early detection of recurrence in colorectal cancer. Br. |. Cancer 2017, 117,
1202-1210. [CrossRef]

Hansen, T.F; Carlsen, A.L.; Heegaard, N.H.H.; Serensen, EB.; Jakobsen, A. Changes in circulating MicroRNA-126 during
treatment with chemotherapy and bevacizumab predicts treatment response in patients with metastatic colorectal cancer. Br. J.
Cancer 2015, 112, 624-629. [CrossRef]

143



Cancers 2021, 13, 3016

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Svoboda, M.; Slyskova, J.; Schneiderova, M.; Makovicky, P; Bielik, L.; Levy, M.; Lipska, L.; Hemmelova, B.; Kala, Z.; Protivankova,
M.; et al. HOTAIR long non-coding RNA is a negative prognostic factor not only in primary tumors, but also in the blood of
colorectal cancer patients. Carcinogenesis 2014, 35, 1510-1515. [CrossRef]

Liu, H.; Ye, D.; Chen, A.; Tan, D.; Zhang, W.; Jiang, W.; Wang, M.; Zhang, X. A pilot study of new promising non-coding RNA
diagnostic biomarkers for early-stage colorectal cancers. Clin. Chem. Lab. Med. 2019, 57, 1073-1083. [CrossRef]

Xu, W.; Zhou, G.; Wang, H.; Liu, Y; Chen, B.; Chen, W.,; Lin, C.; Wu, S.; Gong, A.; Xu, M. Circulating LncRNA SNHG11 as a novel
biomarker for early diagnosis and prognosis of colorectal cancer. Int. J. Cancer 2020, 146, 2901-2912. [CrossRef]

Salvianti, F.,; Orlando, C.; Massi, D.; De Giorgi, V.; Grazzini, M.; Pazzagli, M.; Pinzani, P. Tumor-related methylated cell-free DNA
and circulating tumor cells in melanoma. Front. Mol. Biosci. 2015, 2, 76. [CrossRef]

Mori, T.; O’'Day, S.J.; Umetani, N.; Martinez, S.R.; Kitago, M.; Koyanagi, K.; Kuo, C.; Takeshima, T.-L.; Milford, R.; Wang, H.-J.;
et al. Predictive utility of circulating methylated DNA in serum of melanoma patients receiving biochemotherapy. J. Clin. Oncol.
2005, 23, 9351-9358. [CrossRef]

Kolenda, T.; Rutkowski, P.; Michalak, M.; Kozak, K.; Guglas, K.; Ry, M.; Galus, L.; Wozniak, S.; Lugowska, I.; Gos, A.; et al.
Plasma LncRNA expression profile as a prognostic tool in BRAF-mutant metastatic melanoma patients treated with BRAF
inhibitor. Oncotarget 2019, 10, 3879-3893. [CrossRef]

Manoochehri, M.; Wu, Y.; Giese, N.A.; Strobel, O.; Kutschmann, S.; Haller, E;; Hoheisel, J.D.; Moskalev, E.A.; Hackert, T.; Bauer,
A.S. SST gene hypermethylation acts as a pan-cancer marker for pancreatic ductal adenocarcinoma and multiple other tumors:
Toward its use for blood-based diagnosis. Mol. Oncol. 2020, 14, 1252-1267. [CrossRef]

Giannopoulou, L.; Kasimir-Bauer, S.; Lianidou, E.S. Liquid biopsy in ovarian cancer: Recent advances on circulating tumor cells
and circulating tumor DNA. Clin. Chem. Lab. Med. 2018, 56, 186-197. [CrossRef]

Wang, L.; Chen, Y.-].; Xu, K.; Xu, H.; Shen, X.-Z.; Tu, R.-Q. Circulating MicroRNAs as a fingerprint for endometrial endometrioid
adenocarcinoma. PLoS ONE 2014, 9, e110767. [CrossRef]

Nassiri, F.; Chakravarthy, A.; Feng, S.; Shen, S.Y.; Nejad, R.; Zuccato, J.A.; Voisin, M.R; Patil, V.; Horbinski, C.; Aldape, K.; et al.
Detection and discrimination of intracranial tumors using plasma cell-free DNA methylomes. Nat. Med. 2020, 26, 1044-1047.
[CrossRef]

Hegi, M.E.; Diserens, A.-C.; Gorlia, T.; Hamou, M.-F; de Tribolet, N.; Weller, M.; Kros, ].M.; Hainfellner, J.A.; Mason, W.;
Mariani, L.; et al. MGMT gene silencing and benefit from temozolomide in glioblastoma. N. Engl. |. Med. 2005, 352, 997-1003.
[CrossRef]

Kopkova, A.; Sana, J.; Machackova, T.; Vecera, M.; Radova, L.; Trachtova, K.; Vybihal, V.; Smrcka, M.; Kazda, T.; Slaby, O.; et al.
Cerebrospinal fluid MicroRNA signatures as diagnostic biomarkers in brain tumors. Cancers 2019, 11, 1546. [CrossRef]

Lim, Y.; Wan, Y.; Vagenas, D.; Ovchinnikov, D.A.; Perry, C.EL.; Davis, M.].; Punyadeera, C. Salivary DNA Methylation panel to
diagnose HPV-positive and HPV-negative head and neck cancers. BMC Cancer 2016, 16, 749. [CrossRef] [PubMed]

Chen, X.; Gole, J.; Gore, A.; He, Q.; Lu, M; Min, J.; Yuan, Z.; Yang, X.; Jiang, Y.; Zhang, T.; et al. Non-invasive early detection of
cancer four years before conventional diagnosis using a blood test. Nat. Commun. 2020, 11, 3475. [CrossRef] [PubMed]
Garcia-Giménez, J.L.; Seco-Cervera, M.; Tollefsbol, T.O.; Roma-Mateo, C.; Peir6-Chova, L.; Lapunzina, P; Pallard6, E V. Epigenetic
biomarkers: Current strategies and future challenges for their use in the clinical laboratory. Crit. Rev. Clin. Lab. Sci. 2017, 54,
529-550. [CrossRef] [PubMed]

144



cancers

Commentary

Rheumatoid Factor: A Novel Determiner in Cancer History

Alessio Ugolini 12 and Marianna Nuti 1*

Citation: Ugolini, A.; Nuti, M.
Rheumatoid Factor: A Novel
Determiner in Cancer History.
Cancers 2021, 13, 591. https://
doi.org/10.3390/ cancers13040591

Academic Editor: Fabrizio Bianchi
Received: 17 December 2020
Accepted: 1 February 2021
Published: 3 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Experimental Medicine, “Sapienza” University of Rome, Viale Regina Elena 324,
00161 Rome, Italy; alessio.ugolini@moffitt.org

2 Department of Immunology, H. Lee Moffitt Cancer Center, Tampa, FL 33612, USA

*  Correspondence: marianna.nuti@uniromal.it

Simple Summary: Rheumatoid factors are autoantibodies that characterize different autoimmune
diseases, in particular rheumatoid arthritis, but that can also be found in the sera of the general
healthy population. They have been mainly studied in the context of autoimmune diseases, but some
evidence have suggested an association between their presence and the predisposition to develop
cancer as well as a facilitation of cancer growth and progression in oncologic patients. In this review,
for the first time we thus analyze and discuss the possible roles that these autoantibodies can assume
in tumor history, from determiners of a heightened susceptibility of developing cancer to drivers of a
reduced response to immunotherapies.

Abstract: The possible interplay between autoimmunity and cancer is a topic that still needs to be
deeply explored. Rheumatoid factors are autoantibodies that are able to bind the constant regions
(Fc) of immunoglobulins class G (IgGs). In physiological conditions, their production is a transient
event aimed at contributing to the elimination of pathogens as well as limiting a redundant immune
response by facilitating the clearance of antibodies and immune complexes. Their production can
become persistent in case of different chronic infections or diseases, being for instance a fundamental
marker for the diagnosis and prognosis of rheumatoid arthritis. Their presence is also associated
with aging. Some studies highlighted how elevated levels of rheumatoid factors (RFs) in the blood of
patients are correlated with an increased cancer risk, tumor recurrence, and load and with a reduced
response to anti-tumor immunotherapies. In line with their physiological roles, RFs showed in
different works the ability to impair in vitro anti-cancer immune responses and effector functions,
suggesting their potential immunosuppressive activity in the context of tumor immunity. Thus, the
aim of this review is to investigate the emerging role of RFs as determiners of cancer faith.

Keywords: rheumatoid factor; autoimmunity; autoantibodies; cancer; biomarker; predictive biomarker;
prognostic biomarker; cancer progression; cancer development; immunotherapy; cancer susceptibility;
tumor recurrence; tumor load

1. Introduction

The link between autoimmunity and cancer is considered a hot topic since the relation-
ship existing between these two conditions is still to be clarified. Rheumatoid factors (RFs)
are autoantibodies with different isotypes and affinities, which bind the constant regions
(Fc) of immunoglobulins class G (IgG). RFs were initially discovered in sera of patients
with rheumatoid arthritis (RA), and they are still considered a fundamental marker for the
diagnosis and prediction of the prognosis of these patients [1,2]. Later, it was highlighted
that RFs are not crucial for the development of the arthritis and, above all, that they are not
specific only for RA [3].

In fact, high levels of RFs can be found in the sera of patients with other diseases (both
autoimmune and non-autoimmune) in the same way as in healthy subjects [4].
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2. Rheumatoid Factors Isotypes and Affinities

RFs mainly belong to the immunoglobulins of class M (IgM), class G (IgG), and class
A (IgA) isotypes; rarely, also class E (IgE) and class D (IgD) RFs can be detected. While
physiological RFs are mainly of the IgM isotype, are polyreactive, have low affinity, and
show a reduced usage of the V gene (encoding for the variable region of the antibody),
pathological RFs can belong to IgM, IgA, IgG, IgD, and IgE classes and show a high affinity
and a wide usage of the V gene, thus indicating that pathological RFs are the result of an
immune response against a specific antigen [5-9].

RFs can bind to the Fc of all four subclasses of IgG. In different studies mapping
the RFs’ binding sites, it resulted that the affinity for the IgG1 subclass was the highest,
whereas the affinity for the IgG3 subclass was the most variable among the different sera
samples that were tested [10,11].

3. Physiological Rheumatoid Factor Production and Its Presence in Different
Clinical Conditions

In peripheral blood of healthy subjects, researchers found a B-cells repertoire that was
able to secrete RFs (RF* B-cells) [12-14]. This population seems to be anergic in subjects
that are RF-seronegative, while it requires a specific activation pattern to start synthetizing
RFs [15].

Whereas in pathological conditions, such as RA, the chronic presence of RFs in patient
sera is due to the production carried out by terminally differentiated plasma cells in the
absence of a specific stimulus [16,17], in physiological conditions, the RFs production is
a transient event that results from an initiating stimulus capable of activating the B-cells
repertoire [15]. This initiating stimulus can be represented by an infection (bacterial, viral,
or parasitic) or by an active immunization [18-23]. The activation of this repertoire of RF*
B-cells is due to their interaction with T-helper cells, which react against a foreign antigen
during a secondary immune response [24,25]. In fact, it was proven that activated T-cells
are strong inducers of RF* B-cells and, therefore, of physiological RFs production [12-15].
This is coherent with the RFs physiological role: on one side, they seem essential in fighting
pathogens by contributing to the formation and clearance of immune complexes (thanks to
IgM and IgG RFs capability at forming bigger immune complexes that can both bind the
complement and be phagocytosed) and because RF* B-cells can act as antigen-presenting
cells (APCs); on the other side, RFs are also important in limiting a redundant immune
response against pathogens by destroying the antibodies produced in excess [26-29].

3.1. RFs in Patients with Non-Autoimmune Conditions

As outlined above, RFs production is essential in protecting the host against infections
in an inflammatory milieu. This is why high levels of RFs can be detected in patients with
different types of infections and chronic diseases. Conversely to the RFs found in RA, those
detected during infections are not damaging and are usually transient [4]. They are also,
as physiological RFs, polyreactive and low-affinity IgMs that show a reduced usage of
V gene [6,7,9]. If the infection evolves in a chronic disease, also the RFs circulating levels
can become persistent. RFs can indeed be found in the sera of 40-50% of patients with HCV
infection, reaching even 76% in some studies [30]. This is probably due to a continuous
stimulation and activation of an immune response triggered by the presence of the virus
in HCV patients. Since HCV infection nowadays has reached a high prevalence in a large
number of countries, it has become the first cause of high RFs levels in sera [30,31].

3.2. RFs in the General Healthy Population

High levels of RFs can be detected in the general healthy population, with a worldwide
variability in prevalence: for example, RFs positivity in sera show the highest prevalence in
North American Indian tribes (up to 30%), while in young Caucasians it is up to 4% [32-37].
As physiological RFs, those detected in the healthy population are not damaging, are
usually transient, and are polyreactive and low-affinity IgM, showing a reduced usage of
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the V gene [4,6,7,9]. The transient production of these physiological RFs can be the result
of any kind of infection [18-23,38]. Polyreactive IgM RFs can be persistently found in 18%
of presumably healthy aging subjects, suggesting that their chronic production could be an
age-related immune deregulation phenomenon [39-41], whereas in other individuals, the
reason of their presence can still not be identified [4].

3.3. RFs in Rheumatoid Arthritis and Other Autoimmune Diseases

In the sera of RA patients, IgM is the most frequent RFs isotype detected, which is
followed by IgG and IgA and, very rarely, also IgE and IgD. Most (70-90%) RA patients
are RF-positive; three isotypes of RFs, IgM, IgG, and IgA, are detected in up to 52% of
patients with RA [4,5,8,42—45]. RFs can also be found in the sera of patients with other
autoimmune systemic syndromes, such as Sjogren’s syndrome (SS), mixed cryoglobuline-
mia, systemic lupus erythematosus (SLE), mixed connective tissue disease, polymyositis,
and dermatomyositis. They can be detected also in 10% of patients with Waldenstrom'’s
macroglobulinemia (a rare plasma cell cancer). Patients with SS (up to 60%) and type
II and type III of mixed cryoglobulinemia (often HCV-related) show the highest RFs
titers [26,43,46—49].

4. Rheumatoid Factor and Cancer History

During the years, the presence of circulating RFs was almost exclusively correlated
with the diagnosis and prognosis of RA and other autoimmune diseases. The role of RFs in
cancer was poorly investigated.

The presence of RFs can be detected in the blood of 10-20% of cancer patients [50],
reaching 26% in non-small lung cancer (NSCLC) patients [51]. The higher prevalence of
RF positivity in cancer patients compared to the general healthy population can be surely
explained by the older age of subjects affected by cancer, since RFs production is associated
with aging; however, it could also suggest a possible association between RF positivity
and cancer. In this scenario, its production could be the result of a regulatory-skewing
B-cells activation.

This association was investigated for the first time in the Reykjavik area (Iceland)
where, starting from 1967, a general health survey was conducted [52,53]. Then, the women
that were tested positive for RF were divided in groups based on RF titers and followed up
until 1974: of the four women who died during this observation period, three belonged to
the group with the highest RF titers; all of these three women had been diagnosed with
cancer (two mammalian cancer and one lung cancer). Thus, it was suggested that high
blood concentrations of RFs in healthy subjects might be associated with an increased risk
of developing cancer [52,53].

After this study, other publications showed how the presence of high RF titers in
patient sera were associated with an increased cancer risk, tumor recurrence, and tumor
load if compared with patients that were RF-negative [54-60].

In particular, in a longitudinal study conducted in 2016 including 2331 patients with
early RA, Ajeganova et al. [54] studied the presence of RFs, anticitrullinated protein
antibodies (ACPA), and anticarbamylated protein (anti-CarP) antibodies in relation to all
causes of mortality. Interestingly, they found that the presence of RF, differently from
the other autoantibodies, was associated with an increased number of neoplasm-related
deaths [54].

In a cohort study made in 2017 and involving 295,837 RA-free participants, Ahn et al.
clearly showed how cancer mortality risk was significantly greater in healthy adults that
were positive for RF when compared with those that were RF-negative; moreover, they also
demonstrated that cancer mortality risk was even higher in subjects with RF titers greater
than 100 IU/mL than in those with RF-negativity, suggesting a dose-dependent effect [55].

Finally, a retrospective study conducted in our laboratory brought clear evidence of
how the IgM-RF positivity is a strong predictive factor for the development of NSCLC
patients’ early progression in response to the treatment with anti-PD-1 immune checkpoint
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inhibitors (ICIs) [51,61]. IgM-RF also correlates with a negative prognosis in terms of both
overall survival (OS) and progression-free survival (PFS) in metastatic NSCLC patients in
treatment with an anti-PD-1 ICI, with the worst outcome shown by patients with titers
greater than 50 IU/mL [51,61].

Taken together, all these studies strongly suggest a facilitation of cancer growth and
progression in patients that are positive for RFs. The mechanism lying behind this phe-
nomenon still remains unknown, but some in vitro experiments highlighted an association
between the presence of RFs and an altered anti-tumor immunity.

Indeed, it was pointed out that RF preparations are able to impair the tumor-specific
in vitro cytotoxicity of cancer patients’ lymphoid cells [62,63]; IgM preparations lacking
of RF anti-IgG activity, used as control, did not block the cytotoxicity, indicating that
the impairing effect was the result of the specific RFs activity. The pre-incubation of
lymphoid effector cells with the RF preparations inhibited their cytotoxic action, whereas
pre-incubation of the tumor target cells with RF preparations before cytotoxic lymphocytes
were added had no effect, thus indicating that the observed phenomenon was mediated by
a direct effect on lymphoid effector cells [62].

Another important evidence supporting the suppressive activity of RFs on lymphoid
effector cells directed against tumor cells came out when it was shown that RF can have a
blocking effect in antibody-dependent cell-mediated cytotoxicity (ADCC) [64,65], which is
an important mechanism underlying the killing of tumor cells exerted by lymphoid cells.

In addition, Giuliano et al. [66] demonstrated that RFs are able to affect the melanoma
patients” humoral immune response directed against membrane antigens of melanoma
cells in vitro. They indeed showed that the presence of RF in Indirect Membrane Im-
munofluorescence (IMI) assays increases the IgM reactivity detection, while in the Immune
Adherence (IA) assays, its presence reduces the detection of anti-membrane antibodies,
thus suggesting that the presence of RF prevents the binding of anti-tumor antibodies to
their target antigens on cancer cells [66].

Interestingly, in 2013, Jones at al. [67] found that RF can inhibit Rituximab effector
function. Rituximab is an IgG1 monoclonal antibody directed against the receptor CD20,
expressed by B-cells, which uses the complement-dependent cytotoxicity (CDC) and other
mechanisms to eliminate pathogenic B-cells [68]. It is used in the treatment of some B-
cell neoplasms, RA, and other autoimmune diseases [69,70]. In this study, Jones et al.
demonstrated that RF inhibits Rituximab-mediated CDC. Since RF does not block the
interaction between Rituximab and B-cells, it seems plausible that RF impairs this effector
function through the recognition and the binding of Rituximab Fc, which mediates the
CDC. Supporting this, they demonstrated that RF can also inhibit the trogocytosis, which
is an FcyR-dependent effect [67].

In accordance with these observations, in a recent work, we showed that IgM-RF is
not able to prevent the engagement between the drug Nivolumab (an IgG4 monoclonal
antibody) and its target receptor PD-1 on T-cells [51]. Instead, IgM-RF is able to bind prefer-
entially naive and central memory CD4* and CD8" T-cells, leading to an impaired in vitro
migration of these T-cell subsets in response to the CCL19 cytokine [51,61]. Moreover,
RF-positive NSCLC patients showed a significant reduction of the CD137* T-cells, which
identify the tumor-specific effector T-cell population [71]. This suggests that the dysfunc-
tional recirculation of naive and central memory T-cells due to the presence of IgM-RF
can lead to an impaired expansion of the tumor-directed effector T-cell population, con-
sequently resulting in the failure of the anti-PD-1 treatments that relies on tumor-specific
effector T-cells in order to be effective [51] (Figure 1).
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Figure 1. Schematic representation of the suggested effect of immunoglobulin class M (IgM)-rheumatoid factor (RF) in
limiting naive and central memory T-cells recirculation in non-small lung cancer (NSCLC) patients, leading to an impaired
CD137* tumor-directed T-cells expansion and a consequent failure of immune-based immunotherapies.

5. Conclusions

Altogether, these findings suggest that high titers of RF in patients’ sera could inhibit
the anti-tumor immunity in different ways (Figure 2).
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Figure 2. Schematic representation of the different in vitro immune-suppressive activities of RFs in
the context of anti-tumor responses with their effects on cancer patients.
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In fact, RFs physiological role of limiting a redundant immune response against
pathogens seems coherent with their potential immunosuppressive activity within anti-
tumor immune responses. On one side, in healthy conditions, it was pointed out how
RFs are able to facilitate the clearance of immune complexes and antibodies. Similarly, in
cancer, their ability to bind antibodies results in interfering with the anti-tumor effect of
both endogenous and therapeutic antibodies. Indeed, it has been demonstrated that RFs
can hamper the interaction between tumor-directed antibodies and antigens on cancer cells’
surface as well as impair antibodies-mediated anti-tumor effector functions, such as CDC
and ADCC. On the other side, the physiological effect exerted by RFs on effector T-cells has
not been clarified yet. However, from different works presented in this review, it emerged
that in the context of anti-cancer immune responses, the presence of RFs is able to impair
lymphocytes-mediated anti-tumor cytotoxicity and the recirculation of naive and central
memory T-cells, leading to a reduced expansion and effectiveness of tumor-specific effector
T-cells. Therefore, in the light of these results, it is reliable to assume that RFs’ presence in
the blood of cancer patients could facilitate cancer growth and progression.

However, although some evidence of the pro-tumor role of RFs was provided in vitro,
in vivo data are still lacking.

Thus, the altered anti-tumor immunity due to the presence of RFs may lead both to
an increased risk of developing cancer in RF-positive subjects and to a failure of immune-
based anti-tumor therapies, in terms of a higher amount of early progressions and a
reduced overall survival and progression-free survival rate following immunotherapies.
Different studies have indeed demonstrated the association between RF positivity and
the predisposition to develop cancer, the increased tumor recurrence and tumor load, the
worse prognosis, and eventually t