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Abstract

The only reason of being in the same review of cell free DNAs (cfDNA) and micro-RNAs (miRNA) , whose only common
points were being tiny, showing up in the circulation and their visibility that can be increased by amplifications, is that;
both of them quickly entered the research and clinical world as candidates of bio-markers for diagnosis and follow-up for
many diseases with considerable number of studies published since last two decades, cfDNAs can be found in the circula-
tion as a steady signature of a given diseased condition while miRNAs are found both as a steady marker of a disease, and
a transmitter of a malign behavior into the intact cells. In our review, we tried to briefly explain the biogenesis of both and
their relationship with diseases and their clinical uses. The idea that cfDNAs and miRAs can be used as a diagnostic and
follow-up criterion in transplantation is a new approach. Transplant practice has long been in search of new laboratory
methods that can allow for the early detection of rejection without any clinical symptoms. The early studies on the use of
cfDNA and miRNAs in post- transplant monitorization indicate that both are promising candidates as bio-markers.
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CELL-FREE DNA (cfDNA)

Before the discovery of the double stranded DNA mole-
cule by Francis H. C. Crick, James D. Watson, and Mau-
rice Wilkins in 1953 that was crowned by the Nobel Prize
in 1962(1), the two French scientists Mandel and Métais
showed the presence of the extracellular nucleic acids
in plasma in 1948 (2). However, following this publica-
tion, a limited number of studies on cell-free DNA (cfD-
NA) have been published, and for many years, it has not
been a topic of interest. With the exception of a few stud-
ies on some autoimmune diseases, such as systemic lu-
pus erythematosus, the issue of cfDNA began to emerge
again with cancers in the late 1980s (3, 4). It was thought
that these free nucleic acids found in the plasma of pa-
tients with cancer may be characteristic of tumor cells
and may be related to metastases, oncogenes, and
mutations (5). Technological advances have increased
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the interest in and the studies on cfDNA. Thus many in-
vestigations have been published on different types of
cancer (6). As the number of data on cfDNA that were
discovered before the identification of double-stranded
DNA hasincreased, its implementations on research and
routine use expanded from prenatal diagnosis to solid
organ transplantation (7).

Resources of cfDNAs

cell-free DNAs may be introduced into the bloodstream by
apoptosis, necrosis, autophagy, and mitotic or mitochon-
drial destruction mechanisms; by a release of newly syn-
thesized nucleic acids into the bloodstream; or by active
cellular secretions such as vesicles and exosomes (Figure 1).

Different mechanisms produce cfDNAs of different sizes.
They can be as long as 80,000 base pairs (bp) (ultra-long
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Figure 1. Sources of cell-free DNAin circulation. During apoptotic cell death, DNA surrounded by vesicles and free DNA gets into the circulation. DNA fragmented during
the necrotic cell death causes longer fragments to enter into the circulation. Cell-free DNA is rapidly released from cells with rapid replication, such as tumor cells.

cfDNA) (8) or as short as 40 base pairs (ultra-short cfDNA) (9).
There are several cfDNAs with similar properties, such as cell-
free mitochondrial DNA (mtDNA), cell-free tumor-derived DNA
(ctDNA), and fetal-derived cfDNA (7).

Most cfDNA fragments are 150-200 bp in length. Nucleosomes
can be released into the circulation as a result of DNA degrada-
tion during apoptosis. The nucleosome-derived fragments as-
sociated with DNA damage in the cell nucleus are approximate-
ly 147 bp in size (10). In apoptosis, when DNA electrophoresis
was performed, the staggered pattern of different-sized frag-
ments captured suggested that most of the cfDNA sources were
produced by the apoptosis mechanism. However, the presence
of larger cfDNAs in randomly generated by necrosis products in-
dicates that cell necrosis is also a source of cfDNA. When the fre-
quencies of each chromosome belonging to the fetus and the
father were examined in the plasma of pregnant women, cfD-
NAs greater than 1000 bp were detected (11). In patients with
cancer, cfDNAs are found in the circulation as the destruction
products of malignant cells. As an important complication in
solid organ transplantations; in rejection events donor-related

cfDNAs can be detected in the circulation as a result of allograft
damage by antibodies. The possibility of their quantitative eval-
uation could be a promising tool for non-invasive and early di-
agnosis of rejection.

Since cfDNAs circulate through different mechanisms in health
or disease, serum concentrations, structures, and degrada-
tion times are different. Data from a cfDNA sequence analysis
showed that their half-life in plasma was generally 20-30 min-
utes. However, due to structural differences, some fragments
may remain in circulation for up to 2 hours (12-14). Fetal cfDNAs
degrade faster, approximately in 16 minutes, depending on the
gestational week (15).

Concentrations of cfDNAs

cell-free DNAs are easily obtained by DNA isolation from the
plasma fraction by the centrifugation of venous blood. Nor-
mal plasma contains cfDNA at a concentration of 10-30 ng/
mL (11). Their concentration increases with age at a rate of 0.6
ng/ml every year (7). However, plasma concentrations of cfD-
NAs may vary depending on their source and the health status.
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Their concentration is undoubtedly increased in patients with
cancer. Quantification can be compared with their own values
to provide a patient-specific follow-up. However, uncertainties,
such as the isolation method of the ¢cfDNAs and in which peri-
od of the clinical course of the disease when the sample was
taken, prevent a standard and general approach to this issue.
Today’s technological advances that include amplifying the
gene regions or various translocations associated with the dis-
ease by polymerase chain reaction facilitate the visibility of iso-
lated cfDNAs. Today, it is preferred to show the presence and
amounts of a disease specific, given cell free DNA rather than
measuring the direct amount of a mixture of cfDNA obtained
from plasma. Thus, the disease and treatment processes can be
followed by standardized methods. Methodological advances
allow us to access more detailed data on cfDNAs in mutation
analyzes of serum, early diagnosis of fetal anomalies, demon-
stration of, translocation products of tumor cells of a given
cancer in serum, and detection of early graft rejection in organ
transplantation.

cfDNA and Cancer

Most studies with cfDNAs have been performed in cancers. In
many cancers, more than 100 ng/mL of cfDNA is detected in
plasma, which is much higher than in healthy controls (16). In
lung, ovarian, uterine, and cervical cancers and lymphomas,
plasma cfDNA levels were shown to be reduced up to 90% fol-
lowing radiotherapy compared to baseline (17).

In patients with colorectal cancer, differences in the concen-
tration and fragmentation of cfDNAs in comparison to healthy
controls provide important information for developing individ-
ualized therapies (18). Similarly, comparisons between healthy
individuals and patients with colorectal cancer showed that
even only plasma concentration differences of cfDNA can be
very helpful in predicting prognosis (19). The cfDNA detection,
which benefits the treatment process management and give
concurrent information about drug resistance and metastasis,
can also be called as blood biopsy. It is obvious that, this pro-
vides great advantages compared to tissue biopsy, since it can
be easily obtained, and that sample can be used in more than
one test provides great advantage (Table 1).

Cancer studies indicate that even differences in the cfDNA con-
centration may be a significant prognostic criterion. However,
since DNA isolation methods from plasma are limited and dif-
ficult to standardize, new methods have been sought, and new
methods such as amplifying disease-specific genes and gene
translocations from cfDNAs and processing and evaluating with
high-tech devices have been initiated. This has led to the de-
velopment of more standardized approaches for cancer mon-
itoring. The methods used for the cfDNA amplification are the
amplification methods used in the analysis of point mutations
in genetics (ARMS-polymerase chain reaction [PCR], ICE COLD
PZR, droplet digital PCR), examination of single-nucleotide
polymorphisms in DNA, or new generation sequencing analy-
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Table 1. The Comparison of Blood Biopsy and Tissue Biopsy*

Feature Blood Biopsy Tissue Biopsy
interventional process require- | No Yes

ment

access to sample duringillness | Yes No

ex vivo stability of the sample | Yes (following Yes (following

isolation) process)
usability in disease monitoring | Yes No
Cost cheap expensive
Processing time Short Long
Rejection error rate Low High
Sample availability for multi- Enough Limited

ple tests

*: Reference 20

sis. Each of these analyses has different sensitivities, ranging
from 0.01% to 1%, and is used in the evaluation of treatment
resistance or the risks of metastasis and recurrence during the
treatment decision (20). In fact, based on the DNA methylation
differences in cancers, a more sensitive method was developed
based on the determination of these methylation differences
in cfDNAs. The development of new methods with increasing
sensitivity suggests that it will be possible to diagnose and fol-
low-up all cancers by liquid biopsies in the very near future (21).

Although Phallen et al. (22) demonstrated that cancer-related
cfDNAs can be detected in the early stages of breast, colon, lung,
and ovarian cancers, and claimed that liquid biopsies can also
be used as early diagnostic markers, it is unlikely that very small
tumors may be detectable by DNA in the serum. (23). Thus, cfD-
NAs are not likely to be a biomarker in tumors that have not
reached a certain size. Nevertheless, it will provide the clinician
with very important information to diagnose and follow-up the
patient and for the determination of the risk of recurrence, and
will take its place in oncology practice in a very short time.

cfDNA and Prenatal Diagnosis

In addition to cancer research, the cfDNA analysis as a biomark-
er also has the advantage of being a fast and non-invasive meth-
od in prenatal diagnosis. After the detection of the fetus DNA
in the mother’s plasma (24), tests with fetal cfDNAs represent
an alternative to high-risk invasive methods. Analyses of fetal
cfDNAs isolated from maternal plasma can identify sex and
sex-dependent diseases, blood mismatch, and various chromo-
somal abnormalities (non-invasive prenatal testing [NIPT]) (25).
although all are single center studies today, many independent
studies with a high number of samples agree that cfDNA anal-
ysis of trisomy 18, 21, and 13 are a very good alternative with a
high positive predictive value and are accepted as the gold stan-
dard in these trisomies (26-28).
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cfDNA and Transplantation

Graft survival has been significantly prolonged in the recent
years, with successful surgical methods as well as the use of
new generation immunosuppressive drugs and meticulous
and careful follow-up after transplantation. A small number
of biochemical and immunological follow up markers used to
adjust drug levels and manage the treatment process are often
limited in capturing data that can be obtained by tissue biopsy.
Although there are some promising studies with biomarkers,
such as Granzyme B and perforin, the results of these studies
were not reflected into routine clinical practice (29).

Protocol biopsies are also invasive and cannot be adopted by all
centers, and new biomarkers are under way to predict the out-
come of the graft after transplantation. Among the many bio-
marker candidates, cfDNAs can be considered as a promising
candidate in transplantation practice.

In the early studies on cfDNAs in transplants, the detection
of donor-derived cell-free DNAs from the graft ([dd-cfDNA];
graft-derived cell-free DNA [GcfDNA]) in the serum of patients
with renal and heart transplantations suggested that they can
be used as an acute rejection marker (30). In the diagnosis of
acute cellular rejection, especially in heart transplantation, in-
creased percentage of plasma dd-cfDNAs may be an alternative
to endomyocardial biopsies (31). In bone marrow and hemato-
poietic stem cell transplantations, chimerism and graft versus
host disease evaluations have shown significant differences in
rates of donor and recipient cfDNA (32). In solid organ trans-
plants, before organ rejection can be recognized immunologi-
cally or by biopsy, the possibility of the detection of dd-cfDNAs,
circulating into blood stream via cell destruction, appears to
be an extremely important test that can directly affect the graft
survival by allowing the patient an early treatment opportunity
(33-35).

Following the demonstration of very small cfDNAs in the circu-
lation of lung transplant recipients were donor-specific mito-
chondrial cfDNAs, the idea that clinical approach and follow-up
criteria can be established according to the structure, size and
sources of cfDNAs arose. The determination of mitochondrial,
nuclear and genomic cfDNA fragment patterns of both recipient
and donor as well as microorganisms, the creation of single- or
double-stranded DNA libraries, and cfDNA-based monitoring of
microorganism sequences showed that cfDNAs are not only a
marker of graft rejection, but can also be used for the follow-up
of infection after transplantation (9).

A meta-analysis of cfDNAs biopsy including a total of 2,302
post-transplant patients (762 kidney; 246 liver; 785 heart; 245
lung; 34 kidney+heart+liver; 114 kidney+heart; 6 liver+kidney;
110 hearttlung) showed that cfDNAs were correlated with de-
tected acute rejection and that they decreased after an acute
rejection treatment, but that there was no association between
the mild rejection and acute tubular necrosis. cfDNAs were also
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shown to be positively correlated with graft damage caused by
factors other than rejection, BK virus nephropathy, pyelone-
phritis and other infections, lung infections, hepatitis B and C
infections in liver recipients (not with cholestasis), and in a few
studies, hospital stay and 1-year creatinine levels. Few studies
in the analysis group have shown that cfDNAs are also associ-
ated with chronic rejection (36). In the light of the data evaluat-
ed in the meta-analysis, it can be considered that the negative
predictive value of cfDNA is higher than the positive predictive
value. Especially in the presence of the donor-specific antibody
(DSA) positivity, which is a very important diagnostic criterion
for antibody-mediated rejections, the positive predictive values
of cfDNAs increase significantly. Therefore, the evaluation of
cfDNAs together with immunological tests may provide a great
support to the clinician (37).

Among the problems that need to be resolved so that cfDNAs
with a very short half-live would become accepted as a definite
biomarker are the standardization and facilitation of tests that
could be used as DNA isolation methods and follow-up criteria,
knowing the dynamics and kinetics of cfDNAs, distinguishing
the structure and sources, and setting the perfect timing for dif-
ferent clinical conditions. However, despite all the difficulties,
graft follow-up with cfDNAs will make a major contribution to
organ transplants in the near future.

MICRO-RNAs (miRNA)

miRNAs were first discovered in the early 1990s, when it was
recognized that the Lin-4 gene of nematode Caenorhabditis el-
egans was not translated into given protein and it was shown
that it controlls another gene by acting as a small RNA encoder
that play roles in its translation rate into protein (38). miRNAs
are often encoded in introns and between genes. A very small
part is also found in exons (39, 40). The discovery of miRNAs,
the fact that they are encoded in the introns, which we call
“genomic garbage” since we do not know their functions, has
changed our perspective on biology and genetics. Despite their
recent discovery, they evolutionarily constitute the oldest gene
control mechanism. They are single-stranded RNAs of 20-30 nu-
cleotides (often 22) in length. They prevent protein translation
by binding to the ribosome-binding sites of the messenger RNA
(41) (Figure 2).

There are more than 1900 miRNA genes in the human genome,
and 60% of our genes can be silenced with these miRNAs (42,
43).

miRNAs are involved in numerous gene regulation mechanisms,
from nematodes to humans. They play numerous roles in stem
cells, blood cells, cell development, differentiation, prolifera-
tion, fat metabolism, endocrine mechanisms, apoptosis and
cancer, and the regulation of immune system functions. miR-
NAs, which can also be detected in plasma and urine in addition
tointracellular presence, have been associated with a variety of
diseases, including cancer and organ rejection.
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Figure 2. Central Dogma: Protein synthesis first begins with the conversion
of the protein’s gene into the messenger RNA (I=transcription). Protein mes-
senger RNA (mRNA) is formed by primary transcripts and arrangements, re-
spectively. mRNA binds to ribosomes, and protein is synthesized (lI=Transla-
tion). The inhibition of protein synthesis is inhibited by closure of the gene of
interest. Closure of the gene occurs through different mechanisms, such as
methylation, histone modifications, and nucleosomal positioning.

miRNA Nomenclature and Classification

The nomenclature of over 1900 miRNAs uses consecutive num-
bers added to the miR prefix (eg miR-23, miR-155) (44). Since
they are evolutionarily conserved sequences, there is no dis-
tinction between species in naming. Pre-miRNAs are expressed
initalics (mir). The presence of a or b next to miRNAs designated
by the same number indicates that there are one or two nucle-
otide differences (miR-22a; 22b). For the same miRNAs located
in more than one place in the genome, a new consecutive num-
beris added to the miR number with a dash (such as miR-155-1;
MiR-155-2).

Not only the multiplicity of their numbers but also, the pres-
ence of a large number of small RNAs including the siRNAs
(small interfering RNAs)in the cell, make it difficult to their
nomenclature and classification. Today, although there are
many proposals, the full consensus on nomenclature has not
been achieved.

Terminologically, nomenclature can be accomplished by re-
ferring to the mechanism by which it functions. For example,
miRNAs that have different functions on apoptosis as pro- or
anti-apoptotic are called apoptomiR (45), and miRNAs associ-
ated with oncogenes are called oncomiR (46). However, it is in-
evitable that miRNAs, which play a role in both, are regulatory
in another cellular function, and such a classification does not
seem to be accurate and possible.
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With the idea that the expression of each may be different in
different organs, it was attempted to establish a classification
regarding organs. However, since miRNAs have many functions,
they can also exist for different functions in different organs. A
single miRNA can stop hundreds of different mRNAs (messen-
ger RNAs), and thus different cellular functions. An mRNA can
also be silenced by hundreds of different miRNAs. These func-
tional overlapping conflicts make it impossible to classify. For
example, more than 40 miRNAs have been identified for the
liver, and more than 50 miRNAs for the lung, but many miRNA
overlaps have been identified for both organs (47). Although a
very small number of miRNAs have been identified for organ
specificity, such as miR-122 being liver specific, the preferred
pathway for classifications today is creating different scenarios
using sophisticated bio-informatics approaches and taking into
account the extent of the expression of a large number of miR-
NAs, thus creating patterns specific to organs and tissues, and
identifying deviations from these patterns and finding relation-
ships with disease states (48).

Sources of circulating miRNAs

miRNAs can be found in various body fluids, such as plasma,
urine, and saliva. The ability of miRNAs to circulate suggests
that they play a role in cell-to-cell communication, and stud-
ies have proven that exosomal miRNAs in particular show both
paracrine and endocrine effects as a new way of intercellular
communication. In addition, the presence of miRNAs in plasma
and urine has led to new horizons in the diagnostic field. Hun-
dreds of studies are under way to identify markers for diagno-
sis and follow-up of many different conditions, from cancer to
atherosclerosis and transplantations. In addition, miRNAs are
also found in breast milk, and these are mostly involved in the
regulation of the immune system, affecting the development of
the immune system of the newborn (49).

miRNAs are double-stranded hairpin-shaped RNAs transcribed
with RNA polymerases Il and Ill. They need to be processed
to stop translation. They are processed with ribonuclease en-
zymes called Drosha in the nucleus and Dicer in the cytoplasm,
which produce short double-stranded RNAs. As a single chain, it
participates in the RNA-induced silencing complex (RISC) struc-
ture, including Argonaute (Ago) proteins, and inhibits mRNA
translation (Figure 3) (50).

Newly synthesized miRNAs carried by exosomes or vesicles are
actively released into the bloodstream. Itis also circulated freely
or in apoptotic bodies as passive end products of necrotic and/
or apoptotic cells (51, 52). Circulating miRNAs are much more
stable than cfDNAs. They remain stable in response to pH and
temperature changes and RNase enzyme activity. Since miR-
NAs are found in circulation as in a complex with lipid vesicles,
lipoproteins, or RNA-binding Ago proteins, they are protected
from the degradation of ribonucleases found in body fluids (53).
However, long-term storage by freezing still leads to a reduction
in their amount (54). Some of the circulating miRNAs are trans-
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Figure 3. Sources of miRNAs in circulation: Primary miRNAs (pri miRNAs) synthesized with Polymerase Il and Ill were converted to hairpin, precursor miRNAs (pre-miR-
NA) by a ribonuclease called Drosha, and they were passed to the cytoplasm via exportin gates on the nucleus membrane. In the cytoplasm, the nucleotide is cut into
nucleotide duplexes via Dicer. A chain of mature miRNA duplexes binds with Ago proteins (Ago2) to form RISC (ribonuclease-mediated silencing complex RNA mediated
Silencing Complex) structures. RISC binds to mRNA and suppresses translation into the protein of interest. The miRNAs actively secreted from the cell are either bound
by Ago proteins or in exosomes, or within the apoptotic cell if the source is an apoptotic cell. A portion of the free-released miRNA is also transported in plasma by HDL

and LDL (redrawn using references [47, 50] and [90]).

ported by high-density lipoproteins (HDLs) and low-density li-
poproteins (LDLs). HDLs mostly carry miRNAs that are related
to inflammation. This transport may be considered as the en-
docrine effect of miRNAs. Namely, these miRNAs carried by li-
poproteins and Ago proteins can silence genes in neighboring
or distant cells (55). The transport of miRNAs with lipoproteins
suggests that they have other tasks beyond the task of promot-
ing gene silencing. MiRNAs playing roles in lipid metabolism
and lipid homeostasis have been discovered (56).

Obtaining circulating miRNAs

Circulating miRNAs are separated from plasma or serum from 10
milliliters of venous blood via plasma, serum RNA, or exosomal
RNA isolation methods (57). The simplest method of analysis is
the amplification of miRNAs to be examined by quantitative, re-
al-time polymerase chain reaction (Q-rtPCR) after transcription
of the obtained RNAs to complementary DNA (cDNA), and evalua-

tion of their copy numbers. For further evaluations, high through-
put sequence analysis is performed after amplification, and ex-
aminations and groupings are performed using bioinformatic
approaches by taking into account existing miRNA libraries.

miRNA and Cardiovascular Diseases

miRNAs have been shown to play an important role in the de-
velopment of the cardiovascular system. In mouse studies per-
formed by silencing DGCRS, Dicer, or Ago2 genes, which are
involved in the miRNA formation and complexing with Drosha,
it was shown that the embryo died in the early stages of gesta-
tion with multiple vascular and cardiac development defects.
However, studies that examined the miRNA blocking showed no
lethal effect at this level. MiRNAs confirmed thgeir role in car-
diac development were miR-1, miR-133, miR-15, miR-208, and
miR-17-92. miR-126 is responsible for the endothelial cell devel-
opment (58, 59).
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In human studies, individuals with cardio-metabolic disease,
which is the precursor of cardiovascular and metabolic diseas-
es, in genomewide analysis studies performed to identify risk,
were found to present with multiple single nucleotide polymor-
phisms associated with disease, and interestingly, these poly-
morphisms were found mostly in noncoding regions (60). Some
of the regions where polymorphisms were found are associated
with miRNAs. There are many studies showing that miRNAs car-
ried in HDLs in individuals with coronary artery diseases who
have unstable angina or myocardial infection have a different
profile than healthy individuals (61, 62).

Although the data do not yet allow the development of a hy-
pothesis for the mechanism, it at least shows that miRNAs are
rapidly evolving into being a biomarker for monitoring coronary
artery disease.

miRNA and Cancer

The initial association of miRNAs with cancer has been de-
scribed in chronic lymphocytic leukemia (CLL). miR15 and 16 in
this region were also shown to disappear in CLLs with the 13q14
deletion (63). The deletion of miR15 and 16 increases the expres-
sion of bcl-2, an anti-apoptotic protein, which explains the long
survival of CLL B lymphocytes. Following this initial study of the
miRNA-cancer relationship, a study of the hypothesis that miR-
NAs in the region of the cell cycle regulatory p53 gene with tumor
suppression potential may have changed in cancers demonstrat-
ed the relationship between the miR-34 family members and the
p53 protein. Among the members of the miR-34 family, miR-34-a
is most commonly transported in the brain, miR-34b is most
commonly carried in the lungs, and miR34c is usually transport-
ed in equal amounts in the cells and tissues in which miR-34b
is present. Expressions of miR-34bc have been shown to be sig-
nificantly reduced in non-small cell lung cancers with P53 muta-
tions. Subsequently, using anti-sense oligonucleotides, the p53
protein produced by mutations in the p53 gene, which is known
to be the most affected in cancers, was the first to show that as
predicted, it was a transcription inhibitor protein (bound to DNA)
and suppressed transcription of miRNAs (64). The Mir-34 family
is a direct regulator of bcl-2, which is an anti-apoptotic (64). In
other words, p53 gene mutations are predictors of the survival of
tumor cells via miRNAs. Hundreds of studies have been conduct-
ed with different miRNAs in different types of cancers after these
early studies that show not only differences in expression rates
but also causality between miRNA and cancer and bring a new
perspective to cancer formation. After the identification of the
relationship of mi-RNAs with members of the Bcl-2 family, their
roles in the immune system and their effects on the immune sys-
tem and tumor cell apoptosis have been described in detail (65).
Tumor suppressor miRNAs, such as miR-7, miR-124, miR-137,
miR-146b, miR-15b, miR-128, and miR-326 have been shown to
act in different organs, systems, and diseases (66).

Today, miRNA profiles that can be used in the diagnosis and fol-
low-up of esophageal, gastric, pancreatic, colorectal, and hepa-
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tocellular cancers have been defined and started to be used in
clinical practice (67).

Similar studies have also been performed in breast cancer, and
the very high density of miR-21 and miR-1246 in exosomes com-
pared to healthy controls proved that miRNAs can be used in
the diagnosis of breast cancer (68).

Especially in the central nervous system malignancies, where
biopsy is almost impossible to perform, studies on the fol-
low-up of cancer with liquid biopsy will be the most useful area
for miRNAs in terms of providing a better follow-up of these
cancers and producing new treatment approaches (69).

mi-RNAs also affect angiogenesis, which is the most important
indicator of cancer. Numerous miRs have been identified that
increase or inhibit angiogenesis. Identification of the miRNA
profiles that determine tumor angiogenesis in the tumor specif-
ic area brings the hope that miRNAs can be used for inhibition
of angiogenesis, and treatment methods can be developed to
stop cancer metastases (70).

miRNA and Infections

In viral infections, it has been shown that viruses encode their
own miRNAs (v-miRNA) and direct them to targets in the host to
escape antiviral mechanisms and to regulate these mechanisms
(69). Identification of these v-miRNAs and their targets appears
to be important in regulating the antiviral immune response.
The association of v-miRNAs with replication has been shown in
viral infections, such as EBV and HIV (71, 72). The association of
many miRNAs with hepatitis B virus (HBV) and liver damage has
also been reported (73). In addition, these viral miRNAs, which
can be transported in the circulation by exosomes, are of diag-
nostic importance.

miRNA and Transplantation

miRNAs have been shown to be associated with many im-
munological factors that play a role in acute or chronic rejec-
tion mechanisms (50). Among these factors, the transforming
growth factor-beta (TGF-B) is particularly important as a nega-
tive regulator of many inflammatory processes. However, it also
causes fibrosis. In this sense, the behavior of TGF-f3 in organ
rejection can be defined as “the determinant of the process.”
MiRNAs that negatively regulate the TGF-f gene transcription
are miRNA-548d, miRNA-203, and miRNA-146a. The absence
or possibly suppression of the TGF-f release in inflammation
and rejection processes with mi-RNAs may cause the balance
to shift in the direction of the positive regulators of inflamma-
tion and lead to rapid rejection response and graft loss. How-
ever, the blockade of mi-RNAs that inhibit the TGF-B increase
also leads to an uncontrolled release of TGF- and increased
fibrosis with FGF and complete loss of function. Indeed, TGF-3
was shown to be associated with certain miRNAs in kidney and
liver transplants (74, 75). In animal experiments, it was suggest-
ed that miRNAs can be biomarkers for organ rejection, and the
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roles of different miRNAs in different organ transplants were de-
termined (50, 76).

Let-7c, which plays a role in the development of TH1 cells and
serves as the regulator of stem cells with the TGF-Beta signal,
was reported as a common miRNA precursor in three different
types of organ transplants (kidney, liver, and lung) (50).

Another mi-RNA involved in organ transplantation is MiR-182-
5p. Activated by IL-2 and STATS5, it inhibits FOXO1, which plays a
role in many basic cellular functions such as cell survival, apop-
tosis, and proliferation. FOXOL1 is a critical factor that acts upon
T cells, B cells, and neutrophils and the immune homeostasis
(77). In its absence, regulatory T cells cannot develop. The in-
hibition of FOXO1 by miRNA leads to a change in the balance
toward inflammation and thus to the rejection side in organ
transplantations as it eliminates the suppression of regulatory
cells. Since the inhibition of FOXO1 by miRNA will eliminate the
suppression created by regulatory cells, it leads to a change in
the balance toward inflammation and thus to the rejection side
in organ transplantations.

In many human and animal studies, miRNA-122 has been de-
fined as a liver-specific miRNA. More than 70% of mi-RNAs in
the liver are miR-122. miR-122 is associated with acute rejection
following liver damage and liver transplantation in correlation
with miR-148a and miR-194 (76). It has also been found that
serum levels of these miRNAs show a significant increase that
correlates with aminotransferases in rejection-induced liver
damage (78). In recent years, many independent studies have
shown that miR-122 is a noninvasive biomarker for a wide range
of liver diseases, such as liver viral diseases, hepatocellular can-
cer, liver damage, and cirrhosis. Studies indicate that miR-22b,
miR-15b, miR-99a, and miR-192, in addition to miR-122, are also
biomarkers for the liver (47).

Unlike the liver, miR208, the heart-specific miRNA, is not the
most common miRNA in the heart. Despite of that, its involve-
ment in circulation in cardiac injury has led to its recognition as
a biomarker in cardiac damage (79)

MiRNAs also play an important role in renal physiological pro-
cesses. Blood filtration takes place in the Bowman capsule.
When the ultrafiltrate is excreted as urine from the glomerulus
to the bladder, different reabsorption and secretions occur in
each flow path. Fine control of these processes and healthy
operation of the nephron unit are achieved by mi-RNAs in the
ultrafiltrate (80). Major mi-RNAs in the kidney are miR 215, miR
146a, and miR 886. miR 192, miR 194, miR 21, miR 200a, miR
204, and let-7a -g are also found in the kidneys. Most mi-RNAs
are activated under hypertonic conditions and control osmolar-
ity balance over the Na* and K* levels. miR 192 controls the gene
of Na*/K*-ATPase (31 subunit in renal epithelial cells (81). Mi-
RNA expression patterns are different in fetal and adult kidneys
(82). In addition to miRNAs found in the kidney, the aberrant
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miRNA expression may also be present in different pathologies
of the kidney, such as kidney cancers, acute kidney damage,
end-stage kidney disease, diabetic nephropathy, or polycystic
kidney (83-85). It has been shown that the level of miR-146 in-
creases in serum and urine in acute renal injury following renal
transplantation. This increase is correlated with the severity of
ischemia-reperfusion injury. miR146a is considered to be a re-
jection risk factor (86). Mutations in miR-146a double the risk of
rejection. MiR-10b is another kidney-specific miRNA (85). It reg-
ulates the Bcl2L11 expression. A decrease or absence of miR-10
b causes a decrease in Bcl-2 and plays a role in renal rejection
by causing the pro-apototic/anti-apoptotic balance to shift to
the direction of apoptosis (87).

Additionally, the amounts of miR-16, miR200-c, miR-21, and
miR-423 are increased in urine in acute kidney injury.

miRNAs and New Therapeutic Approaches

As miRNAs are rapidly becoming biomarkers for disease diagno-
sis and follow-up, they have been found to have paracrine and
endocrine effects by being transported physiologically in exo-
somes. The use of this mechanism as a therapeutic approach
has emerged as a brilliant idea. Cellular therapies may be ad-
ministered by introducing mi-RNAs into exosomes, for example,
which inhibit proliferation. Therefore, cancer progression and
growth can be stopped. miR21 and miR34 are the first validat-
ed miRNAs in RNA-based therapies and have been included in
phase studies to be used in the treatment of breast cancer (88).
Phase 2 studies for HCV are also carried out with mir-122. Pre-
liminary results show that it is quite successful, especially in
cases that do not respond to other antivirals (89).

CONCLUSION

When compared to invasive methods such as biopsy, it seems
very likely that obtaining reliable data on the health of organs
transplanted, with cfDNAs or miRNAs, which can be easily ob-
tained from body fluids such as serum, plasma, or urine, will be
highly possible. The establishment of multiple gene expression
panels in patients who underwent transplantation, detection of
mRNAs that are the target of miRNAs, instant monitoring, and un-
derstanding the mechanisms of rejection are extremely import-
ant for developing a treatment strategy. Determining the mech-
anisms, adjusting the doses of immunosuppressive drugs after
transplantation, and being able to determine the risks of cancer
and/or infection with a single panel will increase the chance of
early intervention, prolong graft survival, and make a significant
contribution to transplantation success in the near future.
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