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Abstract: Cancer is a deadly disease and, globally, represents the second leading cause of death in
the world. Although it is a disease where several factors can help its development, virus induced
infections have been associated with different types of neoplasms. However, in bacterial infections,
their participation is not known for certain. Among the proposed approaches to oncogenesis risks in
different infections are microRNAs (miRNAs). These are small molecules composed of RNA with a
length of 22 nucleotides capable of regulating gene expression by directing protein complexes that
suppress the untranslated region of mRNA. These miRNAs and other recently described, such as
small RNAs (sRNAs), are deregulated in the development of cancer, becoming promising biomarkers.
Thus, resulting in a study possibility, searching for new tools with diagnostic and therapeutic
approaches to multiple oncological diseases, as miRNAs and sRNAs are main players of gene
expression and host–infectious agent interaction. Moreover, sRNAs with limited complementarity
are similar to eukaryotic miRNAs in their ability to modulate the activity and stability of multiple
mRNAs. Here, we will describe the regulatory RNAs from viruses that have been associated with
cancer and how sRNAs in bacteria can be related to this disease.

Keywords: microRNA; small RNAs; oncogenesis; viruses; bacteria

1. Introduction

In addition to RNAs that encode proteins, different types of genes produce RNAs
that are not translated into proteins and are called noncoding RNAs (ncRNAs). All the
functions of ncRNAs are still unknown. However, it has been shown that many of them can
play essential functions in the regulation of transcription and translation. Moreover, they
have even been identified as playing important roles in normal physiological processes
and some human diseases [1,2].

NcRNAs have been divided according to their size. RNAs with a size of less than 200 nt
are classified as small noncoding RNAs (sncRNA), these include small interfering RNAs
(siRNA), miRNA, and RNA that interact with piwi (piRNA). NcRNAs with a size greater
than 200 nt are classified as long noncoding RNA (lncRNA) [3].
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Among the most important sncRNAs are miRNA, piRNA and siRNA [1], which are
single stranded molecules of approximately 18–22 nt and 20–24 nt in length, respectively.
Both are derived from the cut of long stemmed dsRNA loop precursors. However, sRNAs
other than miRNAs have been identified and characterized as not derived from stem loop
precursors [4].

The discovery of miRNAs caused many researchers to study them in depth, and it
has generated much information to flow. In this regard, there is currently an important
collection of information available, which, over time, has allowed researchers to understand
the relationship between miRNAs and both normal and pathological biological processes.
Unfortunately, there is a long way to go, as there are elements that are not yet fully under-
stood. MiRNAs were first described as posttranscriptional gene regulators in eukaryotic
hosts. However, virus encoded miRNAs were later discovered. It is now clear that vari-
ous families of viruses, most with DNA genomes, but some with RNA genomes, encode
miRNA [5], in Figure 1 we can see a diagram that illustrates the biogenesis of miRNAs.

Processes 2021, 9, 2234 3 of 21 
 

 

 
Figure 1. The biogenesis of miRNA. The miRNAs are synthesized through a multistep process. First, 
the RNA polymerase II (mainly) transcribes a structured primary miRNA (pri-miRNA) in the nu-
cleus. Then, the pri-miRNA is processed into the precursor of miRNAs (pre-miRNAs) by the micro-
processor complex, which is structured by the RNase III enzyme Drosha and the protein DGCR8. 
The pre-miRNAs are hairpins of ~70 nt, which are recognized and transported to the cytoplasm by 
Exportin 5. In the cytoplasm, the pre-miRNA is cleaved by the RNase III enzyme Dicer, which yields 
a mature-miRNA duplex. Finally,he mature miRNA is loaded within the AGO protein. This struc-
ture forms part of the miRISC, which induces mRNA translational repression by binding the 3’ un-
translated region of the mRNA target. miRNA: microRNA; DGCR8: DiGeorge syndrome critical 
region 8; AGO: Argonaute protein; miRISC: miRNA-induced silencing complex.  

Figure 1. The biogenesis of miRNA. The miRNAs are synthesized through a multistep process.
First, the RNA polymerase II (mainly) transcribes a structured primary miRNA (pri-miRNA) in
the nucleus. Then, the pri-miRNA is processed into the precursor of miRNAs (pre-miRNAs) by
the microprocessor complex, which is structured by the RNase III enzyme Drosha and the protein
DGCR8. The pre-miRNAs are hairpins of ~70 nt, which are recognized and transported to the
cytoplasm by Exportin 5. In the cytoplasm, the pre-miRNA is cleaved by the RNase III enzyme Dicer,
which yields a mature-miRNA duplex. Finally, he mature miRNA is loaded within the AGO protein.
This structure forms part of the miRISC, which induces mRNA translational repression by binding
the 3’ untranslated region of the mRNA target. miRNA: microRNA; DGCR8: DiGeorge syndrome
critical region 8; AGO: Argonaute protein; miRISC: miRNA-induced silencing complex.

In addition, sRNAs play an important role in the regulation of gene expression in
bacteria. RNAs involved in the regulation of transcription are divided into cis and trans.
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Cis-encoded RNAs are encoded by the same genomic locus as their target mRNA and
reside in the transcript they regulate (riboswitches), or are derived from the opposite strand
(antisense RNAs). In contrast, trans RNAs are encoded elsewhere in the genome and they
require the RNA chaperone Hfq to perform their function [6].

Furthermore, sRNAs are highly structured, contain multiple loops, and behave simi-
larly to miRNAs in that they can bind to mRNA targets to regulate gene expression, but
they have also been shown to be capable of modifying protein function, mimicking the
secondary structures of other nucleic acids. Another difference with miRNAs is that their
size ranges from ~50 to 450 nucleotides (nts), while miRNAs are approximately 22–25 nts
long [7], in Figure 2 we can see a diagram that illustrates the biogenesis of sRNAs.
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Figure 2. The biogenesis of sRNA from bacterial UTRs. The sRNAs could be either cis- or trans-encoded. (A) The trans-
encoded sRNAs can be found in the 3’ UTR region and are transcribed from their promoter in the upstream coding se-
quence or by internal processing of mRNA containing the sRNA. Moreover, trans-encoded sRNAs form an imperfect base-
pairing region with their target mRNA because these genes are separate from each other. Thus, there is no overlap between 
them. (B) The cis-encoded sRNAs overlap in the genes containing sRNAs but are localized on different strands. Moreover, 
these sRNAs form a perfect base-pairing region with target mRNA. CDS: coding sequence; sRNA: small RNA; UTR: un-
translated region. 
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underestimated value [8,12]. Currently, seven viruses exist that cause oncogenic processes 
in humans, such as the Epstein–Barr virus (EBV), the hepatitis B virus (HBV), the human 
T lymphotropic virus type 1 (HTLV-1), human papilloma virus (HPV), hepatitis C virus 
(HCV), human herpes virus type 8 (HHV-8 or associated with Kaposi’s Sarcoma) and the 
most recent discovered to date, the Merkel cell polyomavirus (MCPyV) [10,13,14]. Besides, 
viruses that transform cells into tumors are called oncoviruses [15]. These viruses can 
cause the alteration of the properties of cells, for example, by inducing cell transformation, 
which generally includes loss of growth control, growth independent of the anchor, ability 
to invade the extracellular matrix, loss of differentiation, and immortalization [16]. 

The mechanisms used by the viruses to induce these changes can be divided into 
direct and indirect mechanisms. The tissue damage caused by immune cells and chronic 
inflammation is involved in the transformation of the tumor formation, which is consid-
ered an indirect mechanism. Direct mechanisms include the deregulated expression of 
cellular oncogenes and tumor suppressor genes that, in turn, influences the integration of 
the viral genome into the host genome [14]. In this way, viruses implement a capable en-
vironment for their replication in the host cell through various forms, such as subsistence, 
proliferation, and transmission, promoting the risk of malignancy associated with viral 
infection [10,12]. Moreover, viruses can lead to the perpetuation of persistent infection 
with the ability of not being identified by the host’s immune system, favoring the possi-
bility of the carcinogenic process [10,14]. Among these strategies, the viruses often use the 
miRNAs to regulate their own gene expression or to influence the host’s gene expression, 

Figure 2. The biogenesis of sRNA from bacterial UTRs. The sRNAs could be either cis- or trans-
encoded. (A) The trans-encoded sRNAs can be found in the 3’ UTR region and are transcribed from
their promoter in the upstream coding sequence or by internal processing of mRNA containing the
sRNA. Moreover, trans-encoded sRNAs form an imperfect base-pairing region with their target
mRNA because these genes are separate from each other. Thus, there is no overlap between them.
(B) The cis-encoded sRNAs overlap in the genes containing sRNAs but are localized on different
strands. Moreover, these sRNAs form a perfect base-pairing region with target mRNA. CDS: coding
sequence; sRNA: small RNA; UTR: untranslated region.

It is known that cancer affects people of all ages, and, according to the World Health
Organization, it is responsible for one in every six deaths, which makes it the second
leading cause of mortality worldwide [8]. Studies have suggested that miRNAs and sRNAs
are involved in the development of all types of cancer.

In this review, we will describe regulatory RNAs from viruses and bacteria that have
been associated with cancer and how these RNAs (miRNAs in viruses and sRNAs in
bacteria) can be related to proliferative processes.

2. Virus

Of the 14 million cancer cases diagnosed annually [9], 12–15% of them are attributed
to oncogenic virus infections [10,11], and, despite being a high value, this is considered an
underestimated value [8,12]. Currently, seven viruses exist that cause oncogenic processes
in humans, such as the Epstein–Barr virus (EBV), the hepatitis B virus (HBV), the human
T lymphotropic virus type 1 (HTLV-1), human papilloma virus (HPV), hepatitis C virus
(HCV), human herpes virus type 8 (HHV-8 or associated with Kaposi’s Sarcoma) and the
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most recent discovered to date, the Merkel cell polyomavirus (MCPyV) [10,13,14]. Besides,
viruses that transform cells into tumors are called oncoviruses [15]. These viruses can cause
the alteration of the properties of cells, for example, by inducing cell transformation, which
generally includes loss of growth control, growth independent of the anchor, ability to
invade the extracellular matrix, loss of differentiation, and immortalization [16].

The mechanisms used by the viruses to induce these changes can be divided into
direct and indirect mechanisms. The tissue damage caused by immune cells and chronic
inflammation is involved in the transformation of the tumor formation, which is consid-
ered an indirect mechanism. Direct mechanisms include the deregulated expression of
cellular oncogenes and tumor suppressor genes that, in turn, influences the integration
of the viral genome into the host genome [14]. In this way, viruses implement a capable
environment for their replication in the host cell through various forms, such as subsistence,
proliferation, and transmission, promoting the risk of malignancy associated with viral
infection [10,12]. Moreover, viruses can lead to the perpetuation of persistent infection with
the ability of not being identified by the host’s immune system, favoring the possibility of
the carcinogenic process [10,14]. Among these strategies, the viruses often use the miRNAs
to regulate their own gene expression or to influence the host’s gene expression, leading to
carcinogenic processes. Furthermore, miRNAs represent an abundant class of sncRNAs,
which participate in interference and silencing mediated by interfering RNAs (RNAi). The
RNAi pathway generates siRNAs or miRNAs from long double stranded stretches of RNA
or RNA hairpins, respectively [17].

EBV was the first virus described with a tumor effect, and its infection is an etiological
factor in various epithelial and lymphoid neoplasms [18]. EBV was the first neoplastic virus
of which the miRNAs encoded by a virus were described and is currently the most charac-
terized [19,20]. Current evidence shows that miRNAs participate in various physiological
and pathological processes, including their function as crucial players in the onset and
progression of cancer [18,21]. However, other viruses share similar host attack methods for
tumor development. In this part, beyond focusing on reviewing each miRNA produced by
oncogenic viruses, we will describe these similar mechanisms in miRNAs from oncogenic
viruses with some examples.

2.1. Immune Evasion

Viral infection is not synonymous with disease, many viral infections are subclinical
(asymptomatic, unapparent), while others give rise to a disease of varying severity that
is usually accompanied by characteristic clinical signs in the host. The determinants
of host resistance/susceptibility are often multifactorial and include not only a variety
of host factors, but also environmental [22]. In addition, when a virus enters the host,
it faces the innate immune system. This system uses multiple mechanisms to detect
invading viruses. In general, conserved microbial structures are identified. These structures
are known as pathogen associated molecular patterns (PAMP), which can be detected
by pattern recognition receptors (PRRs) of the innate immune system, resulting in the
activation of downstream signaling pathways that then elicit an effective antimicrobial
response [23]. In this way, viruses have evolved to avoid many barriers placed by the
immune response, having developed mechanisms that allow them immune evasion. These
mechanisms include infections without the expression of immunogenic proteins, replication
in cells of the immune system, or subversion of the host’s innate and adaptive immunity,
among others [22]. This may explain why immunosuppressed populations are particularly
susceptible to developing different types of cancer [24]. Through these mechanisms, the
viruses try to maintain a persistent infection, hiding from the immune system, which is
compatible with carcinogenic processes [14]. Moreover, it has been observed that viruses
that take advantage of miRNAs have important immunomodulatory functions, of both the
innate and adaptive immune responses, allowing the virus to enter a latent phase and not
be detected by the immune system, increasing the risk of cancer development [10].
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Viral miRNAs seem to have a special performance in the spread of the virus, since
they can generate multiple strategies to evade the immune system [10]. The adaptation,
regulation of the transcriptional machinery, and the use of the latent phase of its life cycle so
as not to be detected by the host’s immunity, are some mechanisms used by viruses [14,25].

This is not surprising, since miRNAs play a key role in the post-transcriptional reg-
ulation of almost all the regulatory pathways of cellular genes. In this way, it has been
found that several viruses encode miRNAs that directly downregulate the expression of
innate immune factors, including proteins involved in promoting apoptosis and recruiting
immune effector cells. However, the activity of viral miRNAs also downregulates host’s
miRNAs to enhance their replication [26]. Next, we will explain the direct mechanisms
used by the different miRNAs produced by the virus for immune evasion that help the
cancer process.

2.1.1. Epstein–Barr Virus

Epstein–Barr virus (EBV) was discovered in cultured tumor cells derived from a
Burkitt lymphoma (BL) biopsy taken from an African patient in 1964. Thus, this virus has
more than 50 years of research [27]. In 2004, the first EBV encoded miRNAs were identified,
and around 48 EBV encoded miRNAs have been discovered so far. These miRNAs have
been divided into three groups: the BART region is subdivided into subgroups 1 and 2,
and the BHRF1 group [28,29].

EBV belongs to the herpesviruses family and it is known that herpesviruses are char-
acterized by presenting long term infections in their host. EBV has developed mechanisms
to remain undetectable by the immune system. These mechanisms involve restricted gene
expression, epigenetic control of the viral–host gene, expression control, and translation. To
achieve this, EBV uses (as well as other viruses) miRNAs to regulate its own gene expres-
sion and the inhibition of the production of its proteins and those of the host, allowing it to
go unnoticed within infected cells [5]. For example, EBV can maintain infection, preventing
the recognition of natural killer (NK) cells through miR-BART2. This miRNA reduces the
expression of the NK receptor activating ligand MICB. When a cell suffers “attacks” such
as a viral infection, the cell can induce the expression of receptors such as MICA. These
are recognized by activation receptors such as NKG2D that are present in NK cells. This
activates NK cells and kills these transformed and virus-infected cells in a direct way [30].

In addition, EBV has a family of miRNA called BARTs (miR-BART2, miR-BART4, miR-
BART5, miR-BART18, and miR-BART22). These miRNAs can exert destructive activity
by inducing cytokines capable of blocking the immune response during EBV induced
carcinogenesis. This was described in a study where it was found that the presence of
these miRNAs is associated with a significant and specific positive regulation of PD-1,
PD-L1, IL-10 and TGF-β1 [31]. The programmed cell death receptor 1 (PD-1) is one of the
crucial molecules of the immune checkpoint and is expressed mainly in mature cytotoxic
T lymphocytes in peripheral tissues and the tumor microenvironment. PD-1 signaling is
mediated by its two ligands, PD-L1 and PD-L2, which are expressed primarily by cancer
cells, leading to immune tolerance [32]. In addition, it is known that IL-10 influences cell
proliferation, angiogenesis and inflammatory response [33]. TGF-B1 has been associated
with the fact that when elevated levels of TGF-β are produced, a functional central TGF-β
machinery is maintained to promote more aggressive malignant phenotypes [34].

MiR-BART6-3p, another EBV encoded miRNA, acts in Burkitt’s lymphoma through
the interaction with mRNA of IL-6 receptors and Phosphatase and tensin homologue
deleted on chromosome 10 (PTEN). IL-6 receptor participates in processes such as the
response to host pathogens. PTEN is found inactive in glioblastomas, melanomas, en-
dometrial, prostate, colon, and bladder cancers, and in lung and breast cancer, the PTEN
expression was reduced [35,36]. In vitro functional studies, showed that the expression of
miR-BART6-3p is inversely related to the receptor subunits of PTEN and IL-6, resulting in
the evasion of the host’s immune response [35].
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On the other hand, BHRF1-3 is a miRNA that also participates in the direct immune
evasion mechanisms carried out by EBV. This miRNA participates in the modulation of the
CTL cytokine pathway through the regulation of mRNA of the CXCL11 cytokine. CXCL11
is a chemoattractant cytokine that plays a crucial role in the transendothelial and interstitial
migration of lymphocytes during inflammation induced by IFN in many cells, including
endothelial cells [37,38]. The evidence indicates that competition mechanisms exist through
the viral miRNA against the host’s miRNA, resulting in direct cellular changes in their
genes. Therefore, EVB miRNAs have an important impact, by blocking the host’s cytokine
response and evading immune surveillance.

2.1.2. Human Herpes Virus (HHV-8/KSHV)

Another oncovirus of the Herpesviridae family is human herpesvirus 8 (HHV-8), also
called Kaposi’s sarcoma associated herpesvirus (KSHV). This virus coevolved with human
populations. However, it is currently only common in sub-Saharan Africa, around the
Mediterranean Sea, parts of South America, and in some ethnic communities [39]. This
virus has been associated as the etiological agent of multiple types of cancers, the best
known being Kaposi’s sarcoma, also occurring in primary effusion lymphoma (PEL) and
in a rare lymphoproliferative disorder, multicentric Castleman’s disease (DCM) [40].

Twenty-five mature miRNAs are encoded by HHV-8. These miRNAs are expressed
during latency and many of them can be detected (some are even induced) during lytic
infection [41,42]. Although the production of these miRNAs is known, their functions are
still largely unknown. However, all these miRNA genes cluster together and are under
the control of the latent kaposin promoter (LTd). Most of the miRNA genes are intronic,
located between the kaposin sequence and the open reading frame (ORF). However, the
miRNAmiR-K10, is located within the kaposin ORF, and miR-K12 is located at the extreme
3′ of the kaposin gene [43,44].

On the other hand, KSHV encoding miRNAs can participate in the evasion and mod-
ulation of the immune system by preventing apoptosis and contributing to tumorigenesis.
Therefore, they are fundamental in viral pathogenesis by presenting different functions
depending on the type of cells that are infected [40]. Moreover, KSHV evades the immune
response by modulating cytokine activity and inhibiting the innate response through a
lower inflammatory response. The above is due to attenuating type 1 interferon signal-
ing by miR-K12-1 activity. In fact, when this miRNA is overexpressed, viral survival is
favored [41,45]. In addition to attenuating type 1 interferon, miR-K12-1 and other miRNAs
negatively regulate the stress induced immune molecule MICB during infection, to prevent
NK cell induced death [30], a strategy that also uses EBV.

2.2. Promotion of Tumorigenesis

Tumorigenesis is the obtaining of malignant properties in normal cells, which mainly
include dedifferentiation, rapid proliferation, metastasis, avoidance of apoptosis and
immunosurveillance, etc. These changes confer a phenotypic cell advantage, resulting in the
clonal expansion of cells. When these cells express these phenotypes, they will eventually
undergo another advantageous alteration, once again resulting in clonal expansion [46,47].

It is known that viruses can contribute to oncogenesis through strategies such as
miRNAs that target host mRNA. Viruses can promote a hyper proliferative state, upreg-
ulating host miRNAs to stimulate the growth of infected cells, as well as being able to
sequester miRNAs hosts that act to suppress tumors [13]. Next, we will review some
miRNAs produced by viruses that help the tumorigenesis process.

2.2.1. Epstein–Barr Virus (EBV)

Several EBV encoded miRNAs can affect caspase production. These proteins are
proteolytic enzymes that play an important role in the control of cell death (apoptosis).
The caspase function has been known since proteins such as ced-3 were identified. This
protein, a homolog of caspases, participates in cell death during the development of the
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nematode Caenorhabditis elegans; so far, 18 caspases have been named in mammals [48].
Moreover, it is known that caspase 3 can be regulated through miRNAs encoded by EBV,
including miR-BART1, miR-BART2, miR-BART3, miR-BART4, miR-BART7, miR-BART8,
and miR-BART22. [18]. In HEK293T cells it was demonstrated that caspase 3 is a direct
target of the BART family miRNAs, which could affect apoptosis and, this way, promote
malignancy [49]. On the other hand, caspase 9, which plays a role in the initiation of caspase
cascades, can also be regulated by miRNAs of the BART family. Due to indirect effects,
miR-BART15-3p can affect BRUCE protein, which to bind to pro-caspase-9 and inhibit its
cleavage [50]. When this occurs, apoptosis is partially increased, inhibiting the translation
of BRUCE mRNA, the authors propose that it can provide a favorable microenvironment
for the growth of EBV associated tumors [51].

BART miRNAs can also regulate proteins that interact with each other, such as the
pro-apoptotic proteins PUMA, BIM, and BAD [52]. PUMA, also known as BCL-2 binding
component 3 (BBC3), binds to all antiapoptotic members [53], and can be suppressed
by miR-BART5. This activity has been demonstrated through both in silico and in vivo
experiments (overexpression and loss of function) [54]. Regarding BIM protein, this protein
is a target of multiple miRNAs of the BART family, and through microarrays of epithelial
cancers infected with EBV, a small decrease in BIM mRNA was noted, but this effect was
not observed when detected using RT-qPCR. Therefore, it was thought that the down-
regulation of BIM occurred mainly post-transcriptionally. In this sense, experiments were
carried out that revealed that BIM protein levels in cells were affected by several EBV
encoded miRNAs, including: miR-BART11, miR-BART3, miR-BART9, miR-BART11 and
miR-BART12, particularly, miR-BART9, miR-BART11 and miR-BART12 downregulated
strongest the expression of BIM [55]. Finally, BAD, an initiator of cell death that constitutes
a critical control point in apoptosis after cell damage, can be inhibited by miR-BART20-5p.
The above was demonstrated by carrying out experiments that found that BAD is a direct
target of miR-BART20-5p, resulting in the decrease of the expression of BAD mRNA and
protein. Thus, it has been suggested that miR-BART20-5p contributes to tumorigenesis in
gastric carcinoma that has been associated with EBV [56].

On the other hand, TOMM22 is a translocase protein that belongs to the TOMM
complex that assists in the translocation of proteins into the mitochondria, and is essential
to stabilize the integrity of the import pore, in addition, the absence of TOMM22 has been
shown to result in the specific apoptosis of hepatocytes [57]. This protein is also targeted by
EBV miRNAs and miR-BART16 [58]. In addition, the death agonist protein of the domain
that interacts with BH3 (Bid), which participates as a proapoptotic protein [59], is inhibited
by miR-BART4-5P. The inhibition was reported in silico and was verified by experiments
that showed that the transfection of ebv-miR-BART4-5p resulted in the suppression of
Bid. Thus, it was proposed that the expression ebv-miR-BART4-5p controls the level of the
proapoptotic protein Bid [60].

Another protein that participates in apoptosis is TAX1BP1. In addition to participating
in apoptosis, it serves as an adapter molecule, recruits ligases, cooperates in signaling as
well as induces IFN [61], and it has been shown that TAX1BP1 mRNA is direct target of
miR-BART15-3p, which binds to the 3’-UTR region of TAX1BP1 mRNA [62].

The transforming growth factor β (TGF-β) and Wnt pathways are involved in the
induction of tumorigenesis, and are regulated by EBV miRNAs. TGF-β1, TGF-β2 and
TGF-β3 participate in several aspects of tumor development through two transmembrane
serine-threonine kinase receptors (TGFβR1 and TGFβR2) and its signaling can promote or
inhibit tumorigenesis [63]. Wnt is a family of signaling proteins that serve as key mediators
during embryonic development. The Wnt pathway has been associated with cancer since it
was discovered that the activation of Wnt1 resulted in mammary hyperplasia and tumors.
Currently, it is known to be associated with colon rectal cancer in humans [64]. Both
pathways were related to EBV miRNAs. For example, in a study, nasopharyngeal cancer
samples were analyzed through microarrays, using bioinformatics tools such as: gene
ontology (GO) and the pathway analysis of the Kyoto Encyclopedia of Genes and Genomes
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(KEGG), it was found that several EBV miRNAs are upregulated (miR-BART3 and miR-
BART5) and their target genes p53, TGF-β, and the Wnt signaling pathway to modulate
apoptosis [65].

We conclude that EBV miRNAs can modulate tumor cell proliferation through var-
ious mechanisms, including silencing tumor suppressor genes and, thus, regulating cell
apoptosis, establishing a means of tumor promotion and leading to carcinogenesis.

2.2.2. Human Herpes Virus (HHV-8/KSHV)

KSHV miRNAs have reached great importance due to the influence that they have
on tumorigenesis. Once KSHV infects the individual, the cell cycles of the host cells are
deregulated by the genes encoded by KSHV [66,67]. For example, KSHV induces the
progression of the host’s cell cycle and its growth, promoting the transformation of infected
cells. The transformation of affected cells and their oncogenesis carries an important ability
to prevent apoptosis. For example, a joint activity seen between miRNAs miR-K12-1,
miR-K12-3 and miR-K12-4-3p is to suppress caspase 3 by joining to its 3’UTR and, thus,
reducing apoptosis in infected cells, altering their functions without killing them [68].

The weak inducer of apoptosis similar to tumor necrosis factor (TWEAK) is another
factor involved in apoptosis and is regulated by KSHV miRNAs. Previously, TWEAK was
identified as a member of the tumor necrosis factor (TNF) superfamily and as capable of
inducing cell death in certain cancer cell lines. Studies have demonstrated that the receptor
of TWEAK (TWEAKR) is directly regulated by miR-K10a, resulting in being effective in
protecting cells from TWEAK-induced apoptosis [69]. It had been reported that miR-K10a
could also target the Bcl-2-associated transcription factor 1 (BCLAF1). This protein was
initially identified to interact with the Bcl-2 family and has been shown to play a key role in
apoptosis [70]. In 2009, BCLAF1 was identified as a target of KSHV miR-K12-5, miR-K -9,
and miR-K -10b, using a series of microarrays [71].

Among the previous miRNAs, miR-K1 plays an important role in tumorigenesis.
miR-K1 targets the cell cyclin-dependent kinase inhibitor (p21), resulting in affecting
p53 activity. Furthermore, p21 is involved as a vital regulator of cellular functions, including
activity as a tumor suppressor, although it has also been given an important role in tumor
development through p53-dependent and independent pathways. Thus, p21 is implicated
in the response to many cancer treatments [72,73]. Finally, in a bioinformatics analysis
it was found that Rbl2 is a target of miR-K12-4-5p. Rbl2 belongs to the Rb family, which
participates in the cell cycle, as well as vigilance in cell differentiation [74]. Summary of
miRNAs function reviewed in this work are indicated in Table 1.

Table 1. Summary of miRNAs encoded by viruses and the molecules they affect.

miRNAs BART Target Gene Function Target Gene References

EVB-miR-BART2 BIM

BIM plays a role in tumor cell biology,
regulating the tumorigenesis through

activities such as tumor suppressor, tumor
metastasis and tumor cell survival

(Nachmani, Stern-Ginossar, Sarid y
Mandelboim, 2009)

EBV-miR-BART-2, 4,
5, 18 y 22

PD-1, PD-L1,IL-10
and TGF-β1

The PD-1/PD-L1 pathway is an inducer of
immune suppression against cancer.
IL-10 is a cytokine with an important

regulatory role in the immune response,
which influences cell proliferation,

angiogenesis, and inflammatory response.
TGF-B1 is a protein from the family of

growth factors, it has a very important role
in the regulation of proliferation and

differentiation of various cell types, as well
as in the immune response

(Pandya et al., 2015)
(X. Wang et al., 2020)

(Medina-Ortega, López-Valencia,
Mosquera-Monje, Mora-Obando, &

Dueñas-Cuéllar, 2017)
(Velapasamy, Dawson, Young,

Paterson y Yap, 2018)
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Table 1. Cont.

miRNAs BART Target Gene Function Target Gene References

EBV-miR-BART6-3p IL-6 and PTEN

IL-6 is part of the “inflammatory cascade”,
which consists of the periodic activation of
different pathways of the immune response

in an orderly manner.
PTEN is a known tumor suppressor.

(Ambrosio, et al., 2014).

EVB-miR-BART 1, 2,
3, 4, 7, 8 y 22 Caspase 3

Proteins with proteolytic enzymatic activity
widely known for their role in the control

of cell death.
(M. Wang, et al., 2019).

KSHV-miR-K12-1 Interferon Type 1

IFN-1 helps regulate the activities of the
immune system, such as antiviral,

antiproliferative, pro-apoptotic and
immunoregulatory effects.

(Nachmani, et al., 2009).

3. Bacteria

Although the role of bacteria in the development of neoplasms has not been eluci-
dated, it is known that there is a link between bacterial species and cancer. Bacteria can
influence the immune response to stimulate tumor cells. In addition to the induction of
inflammation, bacteria can participate in cancer development [75], affecting important
cellular pathways such as the maintenance of proliferative signaling, avoiding growth
suppressants, resisting cell death, allowing replicative immortality, etc. [76]. Of all reported
bacteria, the two bacteria most commonly associated with cancer are Helicobacter pylori and
Fusobacterium nucleatum [77].

3.1. Small RNAs Encoded by Bacteria

Despite the thousands of miRNAs that have been reported in eukaryotes and viruses,
until 2013 it was considered that they did not exist in the bacterial kingdom [78,79].
In Streptococcus mutans, Escherichia coli and mycobacteria miRNAs have been identified
through modern sequencing techniques [80–82], however, their importance or function in
fundamental processes of bacteria has not been ubiquitously recognized.

Other ncRNAs have been shown to carry out a similar function in bacteria. These are
small RNAs that act by base-pairing with target mRNAs with which they share limited or
extended complementarity, or by modulating the activity of proteins. In some cases, they
can mimic other nucleic acids. Mechanisms insights into how RNAs bind to mRNAs and
proteins, how they compete with each other, and how they interact with ribonucleases are
active areas of discovery [83]. For this reason, in this second part small RNAs present in
bacteria associated to cancer will be reviewed and the possibility of their participation in
the promotion of tumorigenic process discussed.

3.2. Mechanisms of Action of Bacterial Small RNAs

Small RNAs are short RNA species that can regulate the expression of proteins in
cis or trans forms. In bacteria, the possible action mechanisms of sRNA are: the stabiliza-
tion/destabilization of the mRNA, the conduction of the target mRNAs to degradation,
or direct binding to regulatory proteins. As a result, bacteria can adapt to changes in
environmental conditions when it enters the host or passes into a free state, and this is
achieved by interacting with host genes and reducing the immune system of the guest [84].

3.2.1. Stabilization/Destabilization of mRNA

Small RNAs can carry positive and negative actions in bacteria, which are rarely
seen in eukaryotes. In this way, these small RNAs can act as activators of mRNA [85].
Several small bacterial RNAs regulate gene expression at the post-transcriptional level.
These small RNAs bind to an Hfq protein and subsequently bind to target RNA through
RNA base-pairing interactions, to regulate the expression. Hfq is a very abundant and
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highly conserved protein that has been implicated in a series of RNA mediated events. It
is believed to contribute to structural changes in some RNAs and modify the stability of
others. [86].

3.2.2. Degradation of Regulatory Proteins

Small RNAs that can bind to Hfq are small RNAs that are functionally analogous to
eukaryotic miRNAs. These RNAs are generally transcribed under specific physiological
conditions, act by pairing with target mRNAs and regulate their translation. They are
known to achieve this through the help of Hfq, which facilitates the pairing and stabilization
of RNAs, the result being the rapid degradation of the target mRNAs [87].

3.3. Bacteria Associated to Human Cancers

Increasing numbers of bacteria have been associated with human cancers and studies
of the human microbiome have diluted several complex interactions between prokaryotes
and their hosts [76]. Thus far, the two bacteria most commonly associated with cancer are
H. pylori and Fusobacterium nucleatum [77], and H. pylori is the only bacteria with clear
epidemiological data supporting a causal link with carcinogenesis [76]. Understanding the
carcinogenic mechanisms that microorganisms trigger will help provide useful clues for the
management, control, and, ultimately, prevention of cancers associated with pathogens [88].

3.3.1. Helicobacter Pylori

Long term infection of the stomach with Helicobacter pylori can cause gastric cancer.
However, the mechanisms by which bacteria adapt to the stomach environment are poorly
understood [89]. It is known that Helicobacter pylori secrete virulence factors, which
damage the cell barrier. However, in addition to virulence factors, it has been suggested
that ncRNA can regulate the stability of proteins and mRNA, which ultimately leads to
growth and bacterial reproduction and use to virulence [90].

sRNA RepG (Regulator of Polymeric G-Repeats)

The regulator of polymeric G-repeats (RepG) is an intergenic sRNA of 87 nt, and is
highly conserved in Helicobacter pylori strains [91]. In silico analysis, it was predicted that
its secondary structure involves two stem loops. It was reported that a U/C-rich region in
one of the stem loops is responsible for regulating the expression of Helicobacter pylori
chemotaxis receptor tlpB [91]. The molecular mechanism of RepG regulation involves
the interaction between the U/C rich region of the RepG sRNA and a repeat of guanines
(G-repeat) in the tlpB 5’ UTR, resulting in decreased protein and mRNA expression of
tlpB [91]. The TlpB receptor senses urea gradient from the gastric epithelium and allows
attracting Helicobacter pylori to contribute to initial colonization [92]. Additionally, it
was reported that this chemoreceptor permits Helicobacter pylori accumulation at gastric
damage sites using 3D cell cultures of gastric epithelial cells [93]. In addition, TlpB can
sense repellents such as acid pH and autoinducer 2 (AI-2) [93]. Thus, chemoreceptors, as
TlpB, detect signals in a changing gastric environment and permit the making of decisions
of navigation by Helicobacter pylori. TlpB expression regulation by RepG could deeply
affect the behavior of Helicobacter pylori.

Interestingly, the variations in the length of the G-repeat modulated the levels of
repression of TlpB by RepG. Thus, repeats of variable length and regulation of RepG may
generate phenotypic variation in Helicobacter pylori, allowing adaption of this pathogen to
changing conditions [91]. It was suggested that tlpB is not necessary for the establishment
of infection. However, it is also important for the persistence of Helicobacter pylori in the
stomach [92], and long term infection has been associated with the development of gastric
cancer. Thus, expression modulated by RepG could be important in the adaptation and
chronic infection of Helicobacter pylori and, indirectly, could be involved in the promotion
of tumorigenesis. However, this has not yet been determined.
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sRNA CncR1 (Cag-Non-Coding RNA1)

Studies have suggested that the conserved sRNA cag-non-coding RNA1 (CncR1)
encoded in the cag pathogenicity island, could regulate the expression of several genes of
Helicobacter pylori involved in metabolism, chemotaxis, motility, signaling, translation,
transcription, and DNA processing [94]. Moreover, CnCR1 decreases the mRNA expres-
sion of flagellar genes (flaB, flgE, fliK and flgB genes), resulting in the decreased motility
of Helicobacter pylori in vitro. On the other hand, CncR1 promoted the production of
the transcripts sabA (Sialic acid-binding Adhesin) and HP1392 (fibronectin/fibrinogen
binding protein), which induced more adhesion of Helicobacter pylori to human gastric
adenocarcinoma cell in vitro [95]. Mechanistically, base pairing between CncR1 and dif-
ferent regions of the fliK transcript generates the reduced expression of this flagellar [95].
However, the molecular mechanisms involved in the expression modulation of the others
genes were not determined. The interplay between bacterial motility and adhesion to host
cells modulated by CncR1 could allow the successful establishment of Helicobacter pylori
infection, dissemination, and persistence, which has been reported to favor tumorigenesis.

sRNA NikS (Nickel Regulated sRNA)

Nickel regulated sRNA (NikS), also called HPnc4160, is a trans-acting transcript of
approximately 110 nt. NikS can inhibit the expression of multiple important factors in-
volved in virulence and colonization of Helicobacter pylori, such as CagA, VacA, OMPs
HofC, and the conserved hypothetical protein HPG27_1238/HP1286 with a YceI domain.
The suggested molecular mechanism involves the base-pairing among NikS and the trans-
lation initiation regions of the target transcripts, resulting in the inhibition of translation
initiation [96].

In addition, high nickel concentration can repress NikS expression by binding the
nickel responsive transcriptional regulator NikR to NikS promoter [96]. Interestingly, NikS
expression is regulated by a promoter containing length variable thymine (T) stretch [96].
This stretch represents a hyper mutable simple sequence repeat (SSR). Diverse strains
and isolates of Helicobacter pylori from patients showed variations in the T-stretch length
and these variations in length affected the expression levels of NikS, moreover, NikS
can modulate the expression of various major virulence and colonization factors. NikS
expression regulated by this SSR could promote the increase of phenotypic variability
in Helicobacter pylori population, allowing the selection of members better equipped
to colonize and adapt to changing conditions [96,97]. Thus, variable expression of NikS
could allow chronic infection of Helicobacter pylori, which is associated with gastric
cancer. Apparently, increased expression of NikS could be beneficial to the host because
it negatively regulates the colonization and invasion of Helicobacter pylori. In this sense,
recently, it was suggested that NikS can have a potential role carcinogenic. It was reported
that T-repeats upstream of coding region were longer in Helicobacter pylori strains derived
from patients with cancer than in those derived from non-cancer patient. Longer T-stretch
promotes a reduce mRNA expression of NikS and increased expression of Cag which were
associated to persistent infection [89].

sRNA sR-2509025 and sR-989262

Helicobacter pylori can secrete outer membrane vesicles (OMVs). It has been shown
to be related to host–pathogen communication. Hongxia Zhanga, et al., reported that a
great variety of small noncoding RNAs (sncRNA) between 15 and 55 nt can be packaged
in Helicobacter pylori OMVs, and these can deliver the sncRNA cargo to host cells [98].
Interestingly, the scnRNA sR-2509025 and sR-989262 from Helicobacter pylori OMVs
inhibited the IL-8 expression of human gastric adenocarcinoma cells in vitro [98]. Thus,
Helicobacter pylori sncRNAs can disrupt the immune response of the host. Although it
has not been proven that these sncRNAs promote tumor development. It is possible that
they facilitate the establishment of the chronic infection of Helicobacter pylori, an event
that has been associated with gastric cancer.
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sRNA 5’ureB-sRNA

The 5’ureB-sRNA is a cis-acting antisense sRNA of 292 nucleotides encoded in the
5’ region of noncoding strand from ureB gene. This sRNA negatively regulates the expres-
sion and activity of Helicobacter pylori urease [99]. In Helicobacter pylori, urease is an
important pathogenic factor required for successful colonization in the acidic stomach envi-
ronment [100]. Two structural proteins, α and β subunits, in the supramolecular assembly
of 12 active dimers [4 (α β) 3] compose active Helicobacter pylori urease [100]. Urease
seven genes cluster is important in the regulation and activity of this enzyme. The ureA
and ureB genes in the cluster encode for structural and catalytic subunits of urease from
Helicobacter pylori [101]. The gene expression of urease is induced when the Helicobacter
pylori is exposed to low pH for survival. However, the increase in the production of urease
is lethal at a relatively neutral pH. Thus, urease activity should be downregulated at a
relatively neutral pH. Moreover, the transcriptional induction of urease genes is mediated
mainly by the HP0165-HP0166 two-component system [102].

Mechanistically, under neutral pH conditions, the protein sensor histidine kinase of
Helicobacter pylori (HP0165) is not activated by autophosphorylation. In consequence,
its cognate response regulator HP0166 is not phosphorylated. Unphosphorylated HP0166
binds 5’ureB-sRNA promoters and induces its expression. Subsequently, 5’ureB-sRNA
binds complementarily to ureAB mRNA (this transcript is the result of the expression
from the ureAB bicistronic operon encoding ureA and ureB genes regulated by the PureAB
promoter). The 5’ureB-sRNA–ureAB mRNA complex results in the truncation of ureAB
mRNA, losing most of the ureB transcript region, and reducing urease activity. It is possible
that base pairing between the 5’ureB-sRNA–RNAses involved in the generation of the
truncated transcript has not been determined. Moreover, it was suggested that 5’ureB-sRNA
could not interfere with translation initiation [99]. On the other hand, acid pH conditions
are perceived by HP0165, resulting in its autophosphorylation and phosphorylation of
HP0166. In this form, HP0166 binds the PureAB promoter, increasing the expression of the
ureAB mRNA and promoting urease activity [99]. Indirectly, 5’ureB-sRNA could contribute
to malignancy, helping to face pH changing environments and allowing the persistence
colonization of Helicobacter pylori in gastric mucosa.

Others sRNAs

Two intergenic sRNAs, called Natural antisense transcripts 39 (Nat-39) and Nat-67 of 64
and 90 nt, respectively, were identified [103]. It was predicted that these sRNAs could act in cis
interacting with the transcript of frpB and ceuE genes, since Nat-39 and Nat-67 are encoded in
the opposing DNA strand [103]. However, this was not determined experimentally. Summary
of sRNAs function reviewed in this section are indicated in Table 2.

Table 2. Summary of sncRNAs encoded by bacteria and target genes.

Helicobacter Pylori
sRNA Target Gene Target Gene Function References

RepG TlpB Chemoreceptor that senses urea gradient and
AI-2. (Huang et al., 2015)

CncR1 FliK Controls flagella hook length. (Vannini, et al., 2016)

NikS

CagA
VacA
OMPs
HofC

HPG27_1238
HP1286

Bacterial internalization, colonization and
epithelial barrier disruption, production of

phosphorylated CagA in host cells.

Eisenbart et al., (2020), Kinoshita-Daitoku
et al., (2021)

sR-2509025
sR-989262 Il-8

Cytokine in the host inflammatory response.
Lead to free radical generation and release of

proteolytic enzymes from activated neutrophils,
affecting mucosal integrity.

(H. Zhang, et al., 2020)

5’ureB-sRNA UreA
UreB

Acid neutralization. Acts to buffer the acidity of
the local environment around the cell.

(Y. Wen, Feng, Scott, Marcus, & Sachs,
2007)

Nat-39
Nat-64

FrpB
ceuE Associated with growth. [104]

[104]
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3.3.2. Fusobacterium Nucleatum

Fusobacterium nucleatum has been frequently found in samples of colorectal cancer.
Thus, it was suggested as a possible risk factor in this cancer [104,105]. Mechanistically,
Fusobacterium nucleatum can modulate the inflammatory response, promote infiltration
of myeloid cells, and inhibit NK cells activity. Moreover, virulence factors could induce the
development the proliferative lesions [105].

The presence of sRNA of Fusobacterium nuleatum has been reported in samples of
human colon cancer with a higher expression than in normal tissue. However, the role
of these sRNA’s has not been determined [104,106]. Specific identification and functional
analysis of sRNAs of Fusobacterium nucleatum, as well as the possible participation direct
or indirect in tumorigenesis, are absent.

3.4. Bacterial Small RNA’s and Cancer Associated Microbiome

Recently, analyses of microbial sRNA have been utilized to define the composition
of the microbial complex community related to cancer, with an emphasis on colorectal
cancer [104,106,107]. Increased expression of sRNAs from Bacteroides, Bacillus, and Fu-
sobacterium genera was reported in colorectal cancer. Moreover, evaluation of nonhuman
sRNAs allowed the identification of overrepresented bacteria in colorectal cancer, such as
Fusobacterium, Streptococcus, Veillonella, Haemopilus, Bilophila, Acinetobacter, Phasco-
larctobacterium, Akkermansia, Escherichia, Enterococcus, Parvimonas, and Anaerococcus,
in accordance with previous studies [106]. Another report showed the differential ex-
pression of the microbial sRNAs of stool samples from patients with colorectal cancer,
adenomas, and from healthy subjects [107]. Regarding these observations, a possible
role of microbial sRNAs as biomarkers in colorectal cancer was suggested [105]. Further
studies should be focused on the possible molecular mechanisms of bacterial sRNAs in
proliferative processes.

3.5. Importance of the Identification and Characterization of Small RNAs in Bacteria

Several studies that led to the characterization of bacterial small RNAs have discov-
ered that interaction with host RNAs and proteins may modulate their activities. In recent
years, the application of deep RNA sequencing has revealed the presence of hundreds
of additional RNA candidates in a wide swath of bacterial species [83]. Nevertheless,
more studies that characterize new bacterial RNA species and their interactions in the
transcriptional regulatory networks of bacterial species are needed [108]. In order to char-
acterize these sRNAs, several computational or experimental tools to identify regulatory
targets of sRNAs have been developed. Thereby, these tools continue to be updated, al-
lowing the identification of new small RNAs codified by bacteria to move toward a more
complete understanding of the functioning of bacterial regulatory networks [109]. These
regulatory interactions should enable potential targets for synthetic biology, antimicrobials
and therapeutics and this is because knowing these networks in the future could help to
modulate these circuits in a predictable way [110]. Furthermore, one of the long term goals
of synthetic biology is to develop designable genetic parts with predictable behaviors that
can be used to implement various cellular functions, hence the discovery of noncoding
RNAs is a natural target of synthetic biology [111].

Regarding its possible use as an antimicrobial target, we have to consider that it has
been shown that noncoding RNAs can contribute to antibiotic resistance and, therefore,
present potential value as pharmacological targets; in fact, it is known that small RNAs
modulate tolerance to antibiotics by base pairing with mRNAs that encode important
functions for resistance and it is known that bacteria can make changes in their repertoire
of RNAs to antibiotics, so regulatory RNAs, including RNAs and their protein interaction
partners, such as Hfq, may be useful as targets for antimicrobial chemotherapy [112].

Another way to use this information is to employ small RNAs that regulate genes that
favor pathogens in invasion and resistance (Virulence), for example, this can be observed
in the work of [113]. This work describes the participation of a S. aureus smallRNA,
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which was used to control virulence genes, and in this work it is shown that an RNA
encoded by prophages reduces the pathogenicity of S. aureus through the activity of an
RNA sponge [113]. These examples show us that the study and utility of the identification
and characterization of sRNAs is expanding and will probably be useful at some point in
cancer counting therapies.

One last example involves membrane vesicles: these are nanoparticles produced
by bacteria with diverse compositions, sizes and biological functions. Classical mem-
brane vesicles are referred to as outer membrane vesicles (OMV) [114]. OMVs can contain
biomolecules, such as proteins, DNA, RNA, lipids and lipoproteins, which have been
associated with immunomodulating effects on animal cells [114]. These characteristics
represent potential applications in the development of vaccines. OMVs have been analyzed
as antigens for vaccines with a robust and prolonged protection [115]. Additionally, appli-
cations such as immunoadjuvants, cancer immunotherapy agents, drug delivery vehicles,
and antibacteria adhesion agents have been described [116]. In this sense, Helicobacter
pylori and Fusobacterium nucleatum produce OMVs with the capacity to modulate the in-
flammatory response of human cells [116–118]. Interestingly, OMVs generated by H pylori
can contain sRNA’s that reduce the production of IL-8 by an unknowing mechanism [98];
however, the presence of sRNAs in OMVs produced by Fusobacterium nucleatum has not
been analyzed. Future studies should determine and characterize the sRNAs present in
OMV’s from Fusobacterium nucleatum, to establish possible biological effects in hosts.
Importantly, it was suggested that OMVs from H pylori could be implicated in gastric
cancer development [119]; however, it is not known the role of OMVs from Fusobacterium
nucleatum in the context of cancer. Thus, signaling by sRNA packed in OMVs and trans-
ported out of bacteria associated with cancer must be addressed, since knowledge in this
area is lacking and presents potential clinical applications as delivering vectors combined
with possible small RNA based therapy.

4. Discussion and Conclusions

In the analysis of miRNAs, two techniques have been important to determining the
functionality and participation of these in pathologies: the first is the use of computational
tools to predict the secondary structure of the precursor of v-miRNAs (pre-v-miRNAs),
and the second the sequencing of cloned small RNA molecules [120].

On one hand, it must be said that, although these tools have given good results, the
process to be able to accurately identify miRNAs is still a complex and difficult task, which
requires the integration of experimental approaches with computational methods [121]. Let
us remember that, when a bioinformatics analysis is carried out, these present limitations
since there are bottlenecks in the existing algorithms and approaches, since the base pairing
of miRNA–mRNA in mammals is not perfectly complementary and only a fraction of
the identified motifs are actual binding sites, so the accurate prediction of miRNA targets
remains a challenge, however an initial approximation using these tools is currently a
high priority [122]. On the other hand, small RNA sequencing (RNA-seq) allows the
profiling and analysis of the entire genome of known and novel miRNA variants, and
has high sensitivity [123]; however, it has several limitations such, as the interpretation
of data possibly being a computational challenge, quantification can be affected by biases
introduced during the construction of the cDNA library and the alignment of sequences,
and some others, including that it can be quite expensive (this obviously depends on the
resources available to the researcher) [124].

These small problems associated with bioinformatics analyses can be solved by im-
plementing evaluations experimentally through in vitro assays to validate and quantify
the transcriptional or post-transcriptional effects of the miRNA–target gene interaction,
thus, in vivo genetic studies are critical, to determine the occurrence and the biological
relevance of miRNA targets under physiological conditions [125]. The coupling of these
two techniques with in vivo studies has made it possible to determine that different viruses
are linked to oncogenic processes and the underlying mechanisms promoting cancer in-
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clude the activity of viral microRNAs. These regulatory RNAs can modulate host cellular
functions as immunological responses, apoptosis, and proliferation.

Concerning the second interest of this review, small RNAs have been recognized as a
regulator of a wide range of biological process with clinical relevance, such as antibiotic
resistance and pathogenicity. However, information about small RNAs analyzed in bacteria
associated to cancer is much reduced and much of the research in this regard has focused
on E. coli [126,127]. From our viewpoint, there is still much to explore, for example, the
targets and molecular mechanisms involved in regulation by sRNA’s from Fusobacterium
nucleatum are absent. We believe that analyses of these sRNAs must be performed, since
Fusobacterium nucleatum has been associated to different diseases, in addition to colon
cancer, such as periodontitis, appendicitis, urinary tract infections, endocarditis, respiratory
tract infections [128]; moreover, it is important to determine the context of the study or
disease, since the expression of sRNAs is highly affected by micro ambient conditions.
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