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Abstract. Through a regulated or fortuitous phenomenon,
small portions of cell nucleic acids are thrown into circulation.
Since the discovery of these circulating nucleic acids (CNAs)
in 1948, numerous studies have been published to elucidate
their clinical implications in multifarious diseases. Scientists
have now discovered disease-specific genetic aberrations, such
as mutations, microsatellite alterations, epigenetic modulations
(including aberrant methylation), as well as viral DNA/RNA
from nucleic acids in plasma and serum. CNAs have become
increasingly popular due to their potential for use as a liquid
biopsy, which is a tool for non-invasive diagnosis and moni-
toring of diseases, such as cancer, stroke, trauma, myocardial
infarction, autoimmune disorders, and pregnancy-associated
complications. While the diagnostic potential of CNAs has been
investigated extensively, there is a paucity of understanding of
their pathophysiological functions. Are these CNAs part of
the cell's regular framework of functioning? Or do they act as
molecular players in disease initiation and progression? The
aim of this review is to investigate the origins and functions of
the circulating cell-free nucleic acids in the plasma and serum
of patients with various malignancies, and propose areas of
study, which may elucidate the novel underlying mechanisms
that are functioning during cancer initiation/progression.
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1. Introduction

In March 2016, a landmark publication by Margolin et al (1)
showed the presence of a highly conserved hypermethylation
signature in circulating nucleic acids (CNAs) present in
blood across a multitude of cancer types. Such a pan-cancer
biomarker, if validated, may present as a strong diagnostic tool
in the fight against cancer. However, our knowledge of CNAs
and their resurgence as important factors in cancer pathogenesis
will determine their development as an effective diagnostic tool.

The term CNAs refers to segments of genomic, mitochon-
drial or viral DNA, RNA and microRNA (miRNA) found in
the bloodstream (2). The history of CNAs dates back to the
1940s, when Metais and Mandel reported the presence of
free nucleic acids in plasma (3). Over the past decade, the
unequivocal proof that certain CNAs are of tumor origin (4)
has initiated a surge of studies. This has led to a wealth of
information indicating the diagnostic potential of these CNAs,
particularly in cancer screening and monitoring of the efficacy
of anticancer therapeutic strategies (5).

There are various mechanisms by which these nucleic acids
are proposed to be released into circulation. These include passive
mechanisms, including apoptosis and necrosis (6) or active
mechanisms, such as spontaneous release of nucleic acids from
cells (7). While numerous studies have been conducted to deter-
mine the mechanism by which circulating DNA/RNA fragments
are released into the blood, the sources of these CNAs remain
elusive. Certain theories include circulating tumor cells (8),
stem cells (9), blood cells/lymphocytes (10), and viruses [ebstein
barr virus (EBV) and human papilloma virus (HPV)] (11,12) as
potential origins of these cell-free nucleic acids in circulation.

Information regarding the source and mechanisms of
the release of these CNAs may present an insight into their
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possible roles or functions in the body. A clear understanding
of all the potential functions and influences of CNAs would
add marked prognostic value to the assessment of CNAs, in
addition to an already established role in disease diagnosis and
monitoring.

2. Origins and mechanisms of CNA release

While the existence of cell-free nucleic acids in the bloodstream
has been shown by a number of studies, there is a lack of clarity
regarding their source(s) (13).In 1998, it was shown that plasma
or serum DNA often presents a ladder pattern when subjected
to electrophoresis (7), which is similar to that produced by
degraded DNA fragments from apoptotic cells (14-17). Since
then, numerous reports on circulating DNA have indicated
apoptosis or necrosis as the main phenomenon responsible
for cell-free CNAs (6,7,18,19). While certain nucleic acids in
plasma/serum maybe released through apoptosis or necrosis,
these are certainly not the only mechanisms responsible for
their presence in circulation. This is evident from studies in
cancer patients, showing decreased quantities of circulating
DNA following chemotherapy/radiotherapy-induced
apoptosis (20).

In addition to apoptosis and necrosis, the phenomenon
of active release of DNA from cells is expected to be a
mechanism of CNA's release into plasma (10). In 1975,
Anker et al (21) showed that living cells are capable of spon-
taneously releasing newly synthesized DNA in a preferential
manner. The study demonstrated that non-dividing cells, such
as lymphocytes, frog auricles and cultured cell lines, including
HL-60, spontaneously discharged a nucleoprotein complex
within a homeostatic system in which newly synthesized
DNA was released preferentially (21). Further evidence for
preferential release of DNA by viable cells was demonstrated
by Stroun et al (22). In their study, the proportion of Alu repeat
sequences to f3-globin gene in the serum and lymphocytes of
27 cancer patients and 22 healthy controls was compared.
The proportion of Alu gene to 5-globin gene was observed
to be significantly higher in serum DNA than in the DNA
from lymphocytes. This was observed in the control subjects
(P=0.003) and cancer patients (P<0.001) (22). This leads to
the hypothesis that active DNA release may be significantly
involved in marking the presence of extracellular nucleic acids.
Another study indicated that active release may also occur
during division of normal and malignant cells in the body (10).

Thus far, the origin of CNAs has been attributed to the
known mechanism of dying cells releasing their cell contents
and to the unknown mechanism of living cells releasing newly
synthesized DNA in a preferential manner. Through mecha-
nisms, which remain unclear, circulating tumor cells (CTCs)
have been hypothesized to also contribute to the pool of CNAs
in the bloodstream (23-25). This theory is supported by studies
involving lung (26), prostate (27) and breast carcinomas (28),
where clear correlations between CTCs and tumor-derived
CNAs (methylated DNA, miRNA and microsatellite altera-
tions) are demonstrated. However, even in the case of advanced
disease, the mass of CTCs does not account for the quantity of
tumor-derived CNAs present (5,13). This indicates that CTCs
may contribute to only a small percentage of the total CNAs
observed in plasma/serum.

Another possible origin of CNAs in plasma/serum is from
viruses, such as EBV, HPV and hepatitis B virus. The presence
of these circulating viral DNAs is observed in cases of healthy
individuals, and in cases of malignancies associated with viral
infection, such as nasopharyngeal carcinoma (11), cervical
carcinoma (12) and hepatocellular carcinoma (29).

Although a variety of unrelated conditions mark the
presence of these CNAs in the bloodstream, there may be a
correlation between their source and functions. Evidences
suggesting the role of CNAs in regular functioning (30,31) and
the pathophysiology of cancers (13) leads to the evaluation of
whether the origins and mechanisms of CNA release differ
between normal and tumor-specific microenvironments. If
this is the case, it strengthens the hypothesis that CNAs are
significantly involved in modulating the microenvironment to
either maintain normal cellular functioning or drive the cells
towards tumorigenesis/metastasis. However, if no such differ-
ence in release mechanisms actually exists, the observation
of nucleic acids circulating in the bloodstream will remain
primarily significant for diagnostic screening purposes.

3. Applications of CNAs

In recent years, there has been a considerable focus on the
requirement for a non-invasive blood-based biomarker for
cancer treatment. CNAs have become prominent due to their
potential use as surrogate indicators for disease monitoring
by early identification of disease progression and recur-
rence (32-35). In addition, CNAs have been identified as useful
for monitoring tumor burden (36), are associated with minimal
residual disease (37), tumor heterogeneity (38), detecting resis-
tance to therapy (39), and also proven to be effective in the
early diagnosis of different types of cancer (35), as schemati-
cally represented in Fig. 1.

4. Quantification of CNAs

It has now been established that higher concentrations of
free CNAs are found in the blood of patients with malignant
diseases when compared with healthy subjects (10,40,41).
Furthermore, a correlation has been established between
the concentrations of specific sequences of nucleic acids in
circulation and the disease stage (2,42). Numerous studies
have confirmed the use of measuring the quantity of CNAs
in plasma for monitoring colon (43), breast (44), lung (45),
stomach (46) and esophagus (47) cancer. While this method
of quantifying CNAs has shown promise in certain studies
for disease screening and monitoring, no direct association
between these features has been demonstrated. Although,
theoretically, the levels of cell free DNA (cfDNA) in plasma
are affected by various clinicopathological features, such as
tumor size, tumor stage or metastasis, there is currently a lack
of studies that confirm this in human cohorts. These may be
due to overlapping concentrations of cfDNA, found in healthy
individuals under physiological stress (for example during
physical exercise) (48) or in patients affected by other patho-
logical processes, such as inflammation, trauma or sepsis (49).

It has been reported that plasma levels of CNAs decreased
in cancer patients following surgical treatments and/or chemo-
radiotherapy (20,43,44,47), which was probably due to the
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Figure 1. Circulating nucleic acids. Schematic representation of the cell origins and functions. mRNA, messenger RNA; gDNA, genomic DNA; mtDNA,

mitochondrial DNA; miRNA, microRNA.

inhibitory effect of treatment on the proliferation of cancer
cells. These studies also indicated that patients who maintained
high levels of cfDNA in the plasma either did not respond to
the treatment or were at high risk of a possible relapse. This
indicates that, with further investigations and establishment of
a statistical standard, the quantification of cfDNA in plasma
will be of particular clinical value in disease monitoring.

5. Cancer specific biomarkers

Characteristics of tumor DNA have been found in genetic mate-
rial extracted from the plasma of cancer patients (50). These
include decreased strand stability (Integrity Index) (51-53),
microsatellite alterations (indicating loss of heterozygosity or
microsatellite instability) (54,55), epigenetic alterations (gene
hypermethylations) (56,57) and presence of specific mutations
in oncogenes/tumor suppressor genes [including APC, WNT
signaling pathway regulator, KRAS proto-oncogene (KRAS),
GTPase, tumor protein p53, phosphatidylinositol-4,5-bisphos-
phate 3-kinase catalytic subunit aand B-Raf proto-oncogene,
serine/threonine kinase (BRAF)] (2,28,41). A recent study on
circulating cell free-DNA in colorectal cancer (CRC) showed
100% specificity and sensitivity for the BRAF V60OE mutation
and 98% specificity and 92 sensitivity for detection of KRAS
point mutations (58). The same study indicated that overall,
100% of patients with CRC expressed detectable levels of
tumor-specific cfDNA.

As mentioned above, one study showed that detec-
tion of hypermethylation of the CpG island of Zinc Finger
Protein 154 in circulating tumour DNA is a strong candidate
for a future pan-cancer biomarker (1). The study demonstrated
that this hypermethylation signature was consistent in colon,
lung, breast, stomach and endometrial tumors. The detection
of these alterations represents one of the most promising
advances in improved diagnosis and monitoring of various

cancer types. Non-invasive tests such as these, may potentially
replace tumor-section analysis, thereby expanding the scope of
personalized medicine for patients with cancer.

In addition to cfDNA, specific mRNAs have been subse-
quently reported to be present in the plasma (59) of patients with
various types of cancer, including colon (60,61), breast (62),
prostate (63), melanoma (64), lung (65) and thyroid (66). As
free RNA molecules are likely to be degraded by RNase
outside the cell, it is likely to be packaged, either through
lipid vesicles (59), or RNA-binding proteins (67), for protec-
tion. Furthermore, it has been demonstrated that miRNA
are significantly involved in control of cell proliferation, cell
differentiation and apoptosis (68); thus, their dysregulation is
known to contribute towards tumor development. Levels of
circulating miRNA, as well as various mRNAs, have been
shown to be associated with the different stages and types of
cancer (69,70).

Although the investigation of genetic and epigenetic altera-
tions of genomic DNA is predominantly adopted in cancer
research, the identification of cancer-specific alterations in
mitochondrial DNA (mtDNA) has helped to expand the search
for clinical tools (71). The alterations in mtDNA, which are
point mutations, deletions, insertions and quantitative changes,
have been detected in a wide range of tumor types, such as
breast, colon, liver, head and neck, and lung (72,73).

In addition to the circulating endogenous DNA, RNA,
miRNA and mtDNAs, exogenous viral DNA in plasma has
been demonstrated as a powerful diagnostic tool and its quan-
tification may present marked prognostic value. A study on
cervical cancer indicated 81% sensitivity (13/16) in detecting
circulating (c-)HPVDNA in patients who have progressed
beyond stage 1B (74). The same study showed correlations
between c-HPV, and response to chemotherapy and disease
progression. Notably, this study demonstrated increasing
quantities of c-HPV DNA, which was observed 6 months prior
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to a patient's relapse. This illustrates the potential of circulating
viral DNA in predicting disease recurrences.

A recent study by Bettegowda er al (35) indicated that in
patients with localized tumors, ctDNA was detectable in 73,57,
48 and 50% of patients with colorectal cancer, gastroesopha-
geal cancer, pancreatic cancer, and breast adenocarcinoma,
respectively. It was also found that ctDNA was detectable in
>75% of patients with advanced malignancies in pancreatic,
ovarian, colorectal, bladder, gastroesophageal, breast, mela-
noma, hepatocellular, and head and neck cancers. The same
study, however, indicated that while the sensitivity of detection
of disease-specific CNAs was considerably high in certain
malignancies, it was detected in <50% of primary brain, renal,
prostate, or thyroid cancers (35). This selective sensitivity in
detection of circulating tumor nucleic acids presents an insight
into the role of CNAs in establishing a malignant physiology.

6. Physiology/pathophysiology of CNAs

While the role of CNAs in diagnostics has been investigated
extensively, the reason for their presence remains uncertain.
The fact that normal blood cells (lymphocytes) and many other
types of living cells release nucleic acids into circulation (21,75)
indicates the possibility of these CNAs being involved in the
normal functioning of cells. A theory of intercommunication
between cells via release of nucleic acids acting as signaling
molecules was proposed by Gardiner er al (31). Recent
evidence from different fields indicate active trafficking of
nucleic acids between cells through carrier mechanisms on the
cell membrane (30). Nucleic acid trafficking may be involved
in intercellular signaling during development, epigenetic
remodelling, tissue regeneration and fine-tuning of the adap-
tive immune system. In addition, it may be involved in cancer
development and immune surveillance (30).

The role of the immune system in cancer has become
increasingly evident over the past decade. The immune
system is widely known to interact closely with tumors over
the entire process of disease development and progression
to metastasis (76), and is now classified as a hallmark of
cancer (77). The mechanisms by which different types of
cancer evade the immune response has been attributed to
higher suppressive activity of T regulatory cells (78), defective
antigen presentation (79), immune suppressive mediators (80),
immunoediting (81) and selective deletion of tumor-specific
cytotoxic T-lymphocytes (82). It is possible that CNAs act
as modulators of the immune system. In studies regarding
fetal-derived CNAs in the bloodstream (83), it has been shown
that foreign DNA is recognized by Toll-like receptor (TLR) 9,
and RNA is recognized by TLR3 on immune cells, which
activate inflammatory processes (84,85). This CNA-TLR
signaling has been shown to be significant for the reactivation
of immunity in pregnancy during labor (83). Similar interac-
tion between CNAs and immune receptors is hypothesized to
contribute towards cancer (20).

Immune responses are tightly regulated; just as TLR stim-
ulation will activate responses it will also suppress them so
as to prevent autoimmunity (86), thus indicating the possible
role of CNAs in cancer and normal environments, respectively.
Therefore, an improved understanding of the role of CNAs in
modulating immune responses may provide insights for the

development of novel therapeutic strategies, which may facili-
tate with overcoming the problem of immune resistance and
prevent/hinder cancer progression.

In addition to the role of circulating miRNAs in gene
silencing, recent studies have shown their contribution
in promoting gene expression via epigenetic modulation.
Place et al (87) have shown that miR-373 induced expression
of E-cadherin and cold-shock domain-containing protein C2
genes with complementary sequences in their promoter
regions. Furthermore, one study by Margolin et al (1) demon-
strated that there exists differentially methylated DNA/miRNA
in circulation. It may be possible that the release of CNAs
from the dying human cancer cells is involved in modulating
epigenetic mechanisms.

As it is known that cell free nucleic acids may affect the
ability of a cell to evade cell death, whether cell free nucleic
acids aid in the process of metastasis remains to be elucidated.
A study conducted in mice showed that these CNAs, when
injected intravenously, integrate into normal cells of vital
organs and greatly alter the normal apoptotic pathways (88).
This indicates that stretches of nucleic acids may change the
expression levels of certain genes in otherwise healthy cells,
thereby promoting invasion and metastasis (20). This may
lead to mutations and subsequent malignant transformation in
these cells, a theory termed as genometastasis (9,88,89). The
mechanism of cancer dissemination in the context of CNAs
is not fully understood. If the role of CNAs in metastasis is
validated, monitoring their levels may lead to a predictive test
for metastasis and micrometastasis. Understanding the role
of CNAs in metastasis may elucidate potential ‘druggable’
signaling pathways, which would lead to a specific treatment
strategy for preventing metastasis (Fig. 1).

7. Conclusion

Thus far, the utility of CNAs has been evaluated in various
diagnostic assays. Simple quantification of CNAs in the blood
has been identified as a useful tool in determining patient
prognoses. Differential methylation patterns in specific genes
have the potential to turn into pan-cancer biomarkers and may
serve as an effective screening tool. CNAs, right from their
origin, appear to exert orchestrated activity in the pathophysi-
ology of cancer. Conclusive proof of the influence of CNAs
in immune escape mechanisms, epigenetic modulations or
even as a mediator of metastasis cannot be ascertained from
existing studies.

There is an ambiguity in the current understanding on CNAs
regarding their possible roles in establishing a disease-specific
microenvironment or their role in maintaining the regular
framework of functioning. As a result of evaluating the current
literature on possible functions of CNAs, we hypothesize that
CNAs have an established system for modulating the micro-
environment for regular cell functioning and signaling that,
when altered, may lead to a particular disease pathophysiology.

Further research is required to fully understand the role
of CNAs in the initiation and progression of different types
of cancer. Research in this direction, however, poses its
own set of challenges. Mutant CNAs of tumour origin are
present in miniscule quantities as compared to the wild-type
copies, particularly in early stage tumours, making detection



a challenge. This is being addressed by novel technological
advancements with high sensitivity, such as droplet digital
polymerase chain reaction, Beads Emulsions Amplification
and Magnetics (BEAMING) and cancer personalized
profiling by deep sequencing. However, the high cost associ-
ated with these technologies hinders their utility in affordable
and continued patient care. This presents a requirement for
the development of low-cost alternatives, which will facilitate
cancer diagnostics and screening.
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