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MicroRNAs (miRNAs) are a group of small non-coding RNAs present in
a wide diversity of organisms. MiRNAs regulate gene expression at a
post-transcriptional level through their interaction with the 30 untranslated
regions of target mRNAs, inducing translational inhibition or mRNA desta-
bilization and degradation. Thus, miRNAs regulate key biological processes,
such as cell death, signal transduction, development, cellular proliferation
and differentiation. The dysregulation of miRNAs biogenesis and function
is related to the pathogenesis of diseases, including parasite infection.
Moreover, during host–parasite interactions, parasites and host miRNAs
determine the probability of infection and progression of the disease. The
present review is focused on the possible role of miRNAs in the pathogen-
esis of diseases of clinical interest caused by parasitic protists. In addition,
the potential role of miRNAs as targets for the design of drugs and
diagnostic and prognostic markers of parasitic diseases is also discussed.
1. Introduction
Ribonucleic acids (RNAs) constitute one of the four most abundant macromol-
ecules in mammalian cells. RNA molecules vary in their cellular functions and
length (from less than 20 to thousands of nucleotides) [1]. In the past decades,
studies about RNA have been focused mainly on coding RNA—messenger
RNA (mRNA)—as compared to non-coding RNAs (ncRNAs): ribosomal RNA
(rRNA) and transfer RNA (tRNA). However, genome analysis shows that three-
quarters of the human genome is capable of being transcribed into RNA. Notably,
only 1.5% of these RNAs are protein encoders, the rest being considered ‘non-
coding’ [2]. The ncRNAs are a large group of RNA molecules that do not
encode proteins but have specialized cellular and molecular functions and are
classified into housekeeping and regulatory ncRNAs. The housekeeping
ncRNAs are composed of small nuclear RNAs (snRNAs), tRNAs and rRNAs,
and their function seems clear. However, the exact function of regulatory
ncRNAs, including long non-coding RNAs (lncRNAs), microRNAs (miRNAs)
and circular RNAs (circRNAs), is far from being fully understood [3].

Nevertheless, regulatory ncRNAs play essential roles in regulating gene
transcription and translation, protein scaffolding, post-transcriptional modifi-
cation and the establishment of the epigenetic landscape, among others.
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Thus, they regulate cellular processes such as apoptosis,
motility and cell differentiation, which in turn are related to
immune responses, and therefore to the pathogenesis and
progression of infectious diseases [2,4–9].

The ncRNAs are classified into small ncRNAs with size
less than 200nt (e.g. miRNA, piRNA; siRNA) and long
ncRNAs with size greater than or equal to 200nt (e.g.
lincRNA, NAT) [3,4]. Currently, approximately 8800 small
RNAs are annotated by GENCODE; 85% of them are
snRNAs, small nucleolar RNAs (snoRNAs), tRNAs and
miRNAs [10].

MiRNAs are the most studied ncRNAs, but most of the
knowledge of miRNA biogenesis and functions was gener-
ated from mammalian systems. The latest release of
miRBase (v22) contains sequences from 271 organisms,
including approximately 1900 human miRNA precursors, of
which at least 725 are highly trusted identifications [11,12].
Furthermore, miRNAs are considered excellent clinical bio-
markers since they are much more stable in circulation than
other classes of nucleic acids [13]. Particularly in infectious
diseases, miRNAs play essential roles in the pathogenesis
and innate and adaptive immune responses [14,15].

Here, we will address biological aspects of microRNAs,
emphasizing their possible role as regulators of gene expression
during pathogen–host interactions. The review is focused on
both host and parasites but emphasizes the immune response
against kinetoplastid and apicomplexan parasites.

2. MicroRNAs
MiRNAs have an average length of 18–25 nucleotides and act
as guide molecules in post-transcriptional regulation of genes
by base-pairing with the target mRNAs, usually in the 30

untranslated regions (UTR) of target mRNAs to induce
mRNA degradation and translational repression. However,
there are reports of interactions of miRNAs with other
regions, including the 50 UTR, coding sequence and gene pro-
moters. Additionally, under certain conditions, these
miRNAs can activate translation or regulate the transcription
of various types of genes [12,16,17].

ThemiRNAsgenearepresent throughout thegenome;based
ontheirposition, theyarecategorized into intronicand intergenic
subtypes [18]. Intragenic miRNAs genes are found within host
genes in either intronic or exonic regions, have independent tran-
scription units, do not overlap with other genes, and their
promoter and terminator units regulate their expression [19].

Intronic miRNAs are found in the introns of protein-coding
genes and other non-coding RNAs genes [20–22]. They have
regulatory elements including promoter-like elements, CpG
islands, expression sequence tags and transcription factor-bind-
ing sites [21] and are transcribed by RNA polymerase II (pol II)
and III (pol III) [23,24].Most intragenicmiRNAs are encoded by
polycistronic transcription units that generatemultiplemiRNAs
[18]. Their expression is usually coordinated with their host
gene, implying that these miRNAs and host gene mRNAs
may be derived from a common precursor transcript [25].

3. Location and organization of the miRNA
genes

MiRNAs are usually clustered in discrete loci in the genome;
both intronic and intergenic miRNAs are present as single or
groups of RNAs [26,27]. The latter composed of two or more
miRNA genes transcribed from adjacent sequences in the
same orientation. In humans, the miRNA clusters are distrib-
uted over different chromosomes (Chr), where ChrX, Chr1,
Chr13, Chr14, Chr17and Chr19 are the ones that host the
highest number of miRNA clusters [27,28]. Furthermore, the
number of intergenic miRNA clusters are more numerous
than intragenic ones (76 versus 65 miRNA clusters),
suggesting that the intergenic region is essential for control-
ling gene expression [27]. Also, in other organisms such
as nematodes, insects, birds and protists, miRNAs are
concentrated in specific chromosomes [26].

MiRNA clusters are classified into homo- and hetero-
clusters. The homo-clusters are composed of miRNAs of
the same family, and the control of their targets shows a
direct one-stage rapid regulatory coordination [27]. The
miRNAs of homo-cluster commonly have an identical ‘seed
sequence’ and share a high degree of sequence identity
leading to functional redundancy [29,30].

On the other hand, hetero-cluster miRNAs are composed
of different families of miRNAs involved in complex biologi-
cal processes, implying more reactions than those regulated
by homo-clusters [27,31]. Thus, the miRNAs exert their
regulation indirectly through at least three steps, and many
of the regulated genes are involved in long-term effects [31].

Many clustered miRNAs are often transcribed in a poly-
cistronic manner [25,32], like the operon regulatory systems
present in prokaryotes [33]. The co-expressed miRNAs
genes occur at a distance of 50 kb, implying that miRNAs
whose genes are separated by less than 50 kb typically
derive from a common transcript [25]. Additionally, the
expression of these clusters is species- and tissue-specific
[34]. For instance, in humans, the 19-miRNA cluster
(C19MC), located on chromosome 19, is exclusively found
in primates and under physiological conditions only
expressed in the placenta and undifferentiated embryonic
stem and germ cells [35,36].

The exact origin of the miRNA clusters is unclear; how-
ever, de novo hairpin birth, duplication processes, insertions,
cluster fission, deletions and new miRNAs acquisition, fol-
lowed by neofunctionalization, are responsible for the
evolutionary emergence of miRNAs clusters [27,37–40].
4. Biogenesis of miRNAs
The biogenesis of miRNAs begins after their transcription by
Pol II or III, generating primary miRNA (pri-miRNAs) with a
hairpin structure. These can be processed through different
pathways: (i) the canonical pathway and (ii) non-canonical
pathways [17,41,42] (figure 1), which are reviewed exten-
sively elsewhere [43–47].

4.1. Canonical pathway
The canonical pathway is the most widely used route for pro-
cessing miRNAs. In this pathway, the pri-miRNAs
transcribed by the Pol II are processed, in the nucleus, by a
heterotrimeric complex, the Microprocessor Complex
(approx. 364 kDa), formed by a ribonuclease III enzyme,
Drosha, and two RNA-binding protein DiGeorge Syndrome
Critical Region 8 (DGCR8) molecules [48], resulting in a 70–
100 nucleotides stem-loop structures called pre-miRNAs
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[49] (figure 1). DGCR8 recognizes the pre-miRNAs, and
Drosha serves as a ruler by recognizing basal elements
to cleave a distance of 11 base pairs (bp) from the basal
junction of single-stranded RNA of double-stranded RNA
(ssRNA-dsRNA).

In humans and Caenorhabditis elegans, in addition to
Drosha and DGCR8, other proteins and auxiliary factors
are necessary for pri-miRNA processing. Thus, DEAD-box
RNA helicases p72 (DDX17) and p68 (DDX5) interact with
the microprocessor complex and facilitate the processing of
a subset of pri-miRNAs [50–52]. Moreover, splicing factors
(such as SRp20) enhance the processing of pri-miRNA [53].

The pre-miRNAs associate with the exportin 5 (Exp-5) /
guanine triphosphatase (GTPase) Ran (RanGTP) complex
(figure 1). Exp-5 translocates the pre-miRNA from the
nucleus to the cytoplasm and protects the pre-miRNAs
from nuclease degradation [54,55]. RanGTP provides the
necessary energy and helps stabilize the interaction of Exp-
5 with the pre-miRNA [54]. In the cytoplasm, the pre-
miRNA is released from the Exp-5-RanGTP-pre-miRNA het-
eroternary complex through the Ran-binding proteins
(RanBPs) by inducing a conformational change of RanGTP
[56].

In the cytoplasm, the pre-miRNAs undergo cleavage
by the RNAse III-like endonuclease Dicer, along with
dsRBD, transactivation response element RNA-binding
protein (TRBP), protein kinase RNA activator (PACT) and
loquacious-PD [57,58] (figure 1). The processing by the
Dicer-dsRBD-binding protein complex involves the removal
of the terminal loop, resulting in a mature approximately 22
nt-long miRNA duplex (miRNA/miRNA*), which is made
up of a guide chain (miRNA) and a passenger chain
(miRNA*).

The miRNA/miRNA* is then loaded into the Argonaute
(AGO) family of proteins through ATP-dependent chaperone
proteins (HSC70/HSP90) [12,59,60] promoting the expulsion
and degradation of the miRNA* [59,61] and the formation of
the RNA-induced silencing complex (RISC). RISC recog-
nizes the targeted mRNA through base-pairing with
miRNA [60] (figure 1).
4.2. Non-canonical pathways
Multiple pathways of alternative non-canonical miRNA
biogenesis are responsible for synthesizing diverse small
RNAs structurally and functionally like miRNAs. Although
they are characterized by presenting various combinations
of the different proteins involved in the canonical pathway
(such as Drosha, Dicer, AGO and Exp-5), they bypass
one or more steps observed in the canonical biogenesis path-
way or include additional steps in the miRNA maturation
process. These non-classical biogenesis pathways are
classified into three groups: Drosha / DGCR8-independent,
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Dicer-independent and terminal uridylyl transferases (TUT)
dependent [12,17,62–64] (figure 1).

4.2.1. Drosha/DiGeorge Syndrome Critical Region 8
(microprocessor)-independent pathways

The Drosha-independent pathways generate pre-miRNA-like
hairpins that serve as Dicer substrates.

4.2.1.1. Mirtrons
In this pathway, mirtrons (18% of the total miRNA popu-
lation) are generated by the spliceosome and the lariat-
debranching enzyme DBR1 [65] (figure 1). The mirtron hair-
pins access the canonical miRNA pathway during nuclear
export, where they are processed by Dicer and incorporated
into RISC [66].

4.2.1.2. 50-capped microRNAs or exportin-1-dependent
microRNAs

The pre-miRNAs are generated directly through the
transcription of RNA Pol II and (figure 1) are 7-methylguano-
sine (m7G)-capped at their 50 ends, while the 30 ends are
produced by transcription termination. Unlike canonical
miRNAs, this m7G-capped pre-miRNA uses the PHAX
(phosphorylated adapter for RNA export)-dependent Expor-
tin-1 (XPO1) pathway for nuclear-cytoplasmic transport [67].
Once in the cytoplasm, the m7G-capped pre-miRNA is
processed by Dicer [47].

4.2.1.3. Small nucleolar RNAs-derived microRNAs pathway
snoRNAs [44,68,69] are highly conserved nucleolar non-
protein-coding RNAs synthesized by an intron-process
[70–74].

In protists such as Giardia lamblia (G. lamblia), six sno-
miRNAs have been identified and constitute 4.8% of the
miRNA pool [75–77]. Furthermore, sno-miRNA-2, a Dicer-
digested product from GlsR17 snoRNA, has putative target
sites at the 30-UTRs of many variant surface protein (VSP)
mRNAs. Thus, the regulation of the differential expression
of distinct VSPs through sno-miRNAs during the cycle
of infection may be a mechanism that contributes to the
pathogenicity of Giardia [75,77].

4.2.1.4. tRNA viral- derived microRNAs
Different γ-herpes viruses encode multiple miRNAs [78,79]
that are co-transcribed downstream of tRNAs [79–81] by
RNA pol III and [46,80,81] cleaved by a cellular ribonuclease
Z (RNaseZ) at the 30 end of the tRNA to liberate pre-miRNA
hairpins, which in turn are processed by Dicer to yield the
mature viral miRNAs [46,81] (figure 1).

4.2.2. Dicer-independent pathways

The biogenesis of certain miRNAs does not require Dicer
and instead involves the catalytic activity of AGO2 protein
[82–84] (figure 1). Thus, the pre-miRNAs are processed by
Drosha, but are cleaved by the AGO2 catalytic centre,
followed by resectioning its 30 terminus [83–86]. Structural
analyses indicate that those miRNAs have features that differ-
entiate them from other ‘canonical’ miRNAs. Thus, the
conserved 42-nt hairpin is too short to be efficiently recognized
and processed by Dicer [83,87].

4.2.3. Terminal uridylyl transferases-dependent pathways

This pathway is very similar to the canonical miRNA biogen-
esis pathway. However, it has an additional step, including
interaction with TUT [64,88] (figure 1) that function as an
integral regulator of the biogenesis and specifically mono-
uridylate the 30 ends of the pre-miRNAs, yielding the two-
nucleotide 30 overhangs required for efficient Dicer-mediated
processing [64,88].
5. Subcellular localization of miRNAs and
attribute functions

MiRNAs are located in the cytoplasm, the nucleus and other
cell compartments, and the extracellular medium [89–91]
(figure 2).

5.1. Intracellular miRNAs

5.1.1. Cytoplasm

MiRNAs act mainly in the cytoplasm, where they represent
53% of small RNAs [92], but most of them have dual subcel-
lular locations [93]. In the cytoplasm, miRNAs are focused on
post-transcriptional silencing through three main pathways,
all of which involve the recruitment of protein complexes
that alters mRNA stability (figure 2a): (i) through the recruit-
ment of the trinucleotide repeat-containing gene 6A protein
(TNRC6), which together with CCR4-NOT deadenylase com-
plex, leads to deadenylation and degradation of mRNA;
(ii) through TNRC6 mediated recruitment of Dcp 1/2 decap-
ping enzyme complex, which cleaves 50 cap of mRNA
promoting mRNA destabilization; and (iii) through direct
binding of AGO2 to mRNA inhibiting translation [94].

5.1.2. Nucleus

Although the canonical biogenesis of miRNAs begins in the
nucleus and ends in the cytoplasm, miRNAs can return to
the nucleus. Thus, many miRNAs have a dual subcellular
location [95], where approximately 75% of cellular miRNAs
are present in the nucleus and the cytoplasm [96]. The exact
role of nuclear miRNAs is unclear; however, it has been
suggested that they act in post-transcriptional gene silencing
(TGS) through a nuclear RISC-dependent mechanism
(nRISC) [95] (figure 2b). Alternatively, miRNAs may play a
key role in epigenetic regulation inducing TGS by recruiting
the RNA-induced transcriptional silencing complex to
specific DNA sites (figure 2b) causing alterations in the chro-
matin structure through CpG methylation [95,97]. On the
other hand, miRNAs are also associated with transcriptional
gene activation by recruiting transcriptional activators [98] by
promoting lncRNA silencing, acting as a ‘repressor of a
repressor’ [99].

Notably, the miRNA-AGO complex may play a key role
in regulating alternative splicing [95,100] (figure 2a). Thus,
chromatin remodelling in corresponding regions with introns
disrupts the splicing of adjacent exons. Furthermore, the
regulation of the state of packing of chromatin-mediated by



mitomiRNA
translocation

SAM50 TOM

tim

cytosol

cytosol

cytosol

CAP

RCK/P54

AGO2

A
G

O
2

RISC

RISC

intermembrane space

matrix

ribosome
miRNA

PACTTRBP

AGO2

mitochondrial
genome

synthesized
in the nucleus

PNApase

metabolism
mitophagy
apoptosis
oxidative

mitomiRNA

nucleoplasm mirna

mRNA

ER lumen

dna rnapo|ll

rits

gene silencing

gene transcription

alternative splicing
regulation

ago

pre-mirna
transcription

factors

chromatin
remodeling

dicer mirna
processing

cysosol
mirna

TNRC6
deadenylation

decapping

DCP1/2

CAP C

EVs

M

N

ER

PB

G

mRNA degradation

mRNA instabilisity

transcriptional
regulation

AGO

translation
inhibition

nucleus

nucleus

donor cell

miRNAs

endosomeretrograde
transport (RT)

RT regulation

cell-cell
communication

endocytosis

endosome

EVs from
donor cell

AGO2

AGO2
antigen presentation,
immune supression,

cell-cell communication.

GW182

GW182

vesicle
fusion

recipient cell

CCR4-NOT

TNC6

tr
an

sl
at

ion

(a)

(b)

(c)

(d)

(e)

(g) ( f )

Figure 2. MicroRNAs’ location and functions in the cell. (a) Cytoplasm: post-transcriptional silencing in the cytoplasm is the classic function mediated by miRNA via
RISC. (b) Nucleus: regulatory mechanisms of nuclear miRNAs. (c) Mitochondria: mitochondrial miRNA (MitomiR)-targeting mitochondrial mRNAs. MiRNAs are syn-
thesized in the nucleus (mitomiRNAs) and are imported into the mitochondria. (d ) Endoplasmic reticulum: repression of translation occurs at MBP. (e) P-bodies:
miRNAs are involved in P-bodies formation. ( f ) Golgi apparatus: MiRNAs are involved in resistance to and trans-Golgi or the RT. (g) Extracellular vesicles: MiRNA in
cell-to-cell communication. EVs released by donor cells can fuse directly with the plasma membrane of recipient cells to discharge their content.

royalsocietypublishing.org/journal/rsob
Open

Biol.12:210395

5

miRNA in the target exon can affect the speed of Pol II
processing [100].

5.1.3. Mitochondria

It is estimated that between 6 and 27% of the human miRNA
can be detected in the mitochondria [101,102]. They are
imported from the cytoplasm and processed in the mitochon-
dria for post-transcriptomic regulation of mitochondrial and
nuclear genes [103,104]. The mitomiRs cross the mitochon-
drial membrane through the transport systems SAM50,
mitochondrial translocases of the outer membrane and the
inner membrane (figure 2c). Furthermore, the PNPase
enzyme, a 30, greater than 50 exoribonuclease and poly-A
polymerase, in the mitochondrial intermembrane space,
may also help to import the miRNAs into the mitochondria
[105]. In addition, mitomiRs could also be synthesized in
the mitochondrial matrix and processed by endogenous
DICER.

Although the regulation of gene expression is usually
observed as a downregulation [106], it has been observed
that mitomiRs increase the translation of some miRNAs
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[107]. The downregulation of mitochondrial genes occurs
mainly through mRNA degradation, decapping and deade-
nylation [104]. The translational enhancement requires
specific miRNA for mRNA base-pairing and AGO2 binding
[107]. Importantly, some mitomiRs target nuclear-encoded
mRNAs localized on the mitochondrial surface [102]. Nota-
bly, it has been suggested that some mitomiRs are encoded
in the mitochondrial DNA (mtDNA) [103] (figure 2c) and
might originate from mtDNA-derived mRNA molecules.

MitomiRs are associated with different mitochondrial
processes, including metabolism, apoptosis, mitophagy,
oxidative stress pathways and structure [101,108] (figure 2c).
 ob

Open
Biol.12:210395
5.1.4. Endoplasmic reticulum

MiRNAs are present in the rough RER and act as a site for
the repression of mRNA translation [109–111] (2D). The
miRNA-mediated repression occurs in membrane-bound
polysomes (MBP) and requires the Altered Meristem
Program1 (AMP1) protein.

In mammalian cells, TRBP and PACT have been ident-
ified as key factors anchoring RISC to Endoplasmic
reticulum (ER) membranes in an RNA-independent manner
[112]. Thus, the newly formed target mRNA is located first
in the ER-linked polysomes, then the binding of the
miRNA / AGO2 complex occurs, and finally, the translation
is repressed [110] (figure 2d ).

Interestingly, the mitochondria regulate AGO2–miRNA
complex formation in polysomes attached to the REa. Thus,
alterations in mitochondria’s functioning (as depolarization)
and morphology impair the endosome—ER interaction, caus-
ing a downregulated miRNA / AGO2 complex turnover
[113]. Kinetoplastids, such as Leishmania donovani, induce
depolarization of the mitochondria in host cells to manipulate
the miRNA network [114]. However, this will be further dis-
cussed in later sections.
5.1.5. Processing bodies

Processing bodies (P-bodies) are cytoplasmic ribonucleopro-
tein (RNP) granules with roles in post-transcriptional
regulation, highly conserved in eukaryotes. These structures
are dynamically formed during the cell cycle in response to
extracellular signals and are composed of translationally
repressed mRNAs and proteins [115]. In addition, AGO pro-
teins interact in P-bodies with RNA helicases and other
proteins to inhibit protein synthesis or promote mRNA
degradation [90,116,117].

In addition, miRNAs are necessary for the integrity of the
P bodies. It has been postulated that the P-bodies arise as a
consequence of the siRNA, dsRNA and miRNAs-mediated
silencing [118], and they are probably the primary storage
site of translationally repressed mRNA [90] (figure 2e).

On the other hand, the RISC complex affects translation
through direct inhibition of translation initiation and the for-
mation of the P- bodies. Thus, the interaction between the
AGO–miRNA complex and its target, the assembly of an
mRNA/Protein (mRNP) complex, leads to the direct location
of the mRNA inside the P-bodies, preventing protein syn-
thesis [119].
5.1.6. Golgi apparatus

The function of miRNAs in the Golgi apparatus has been less
studied. Nonetheless, some reports have documented their
relationship with the functions of this organelle and the
resistance to chemotherapeutic drugs in cancer cells, psychia-
tric disorders and regulation of retrograde transport (RT)
[120–122] (figure 2f ).

The RT is a highly selective pathway that allows receptors
and other molecules internalized by cells to be delivered to
the trans-Golgi network and is regulated by miRNAs
(figure 2f ) [121,123].

5.2. Extracellular miRNAs
MiRNAs have also been identified in the extracellular space.
Particularly miRNAs and RISC components (AGO2 and
GW182) have been identified in extracellular vesicles (EVs)
[124] where they can carry out their conventional function
or act as a ligand for toll-like receptors (TLRs) present
on the surface of immune cells [125,126] (figure 2g). Thus,
antigen presentation, activation, surveillance, immune sup-
pression and intercellular communication are regulatory
mechanisms affected by EVs [127]. On the other hand, the
fact that circulating miRNAs can be transferred from one
cell to another and bind to receptors could attribute a hor-
mone-like function to them. In this case, these miRNAs
could be called hormone miRNAs or H-miRNAs [125,128].

In addition, in parasitic diseases caused by helminths and
apicomplexans, EV-derived miRNAs play a crucial role in
host–parasite interaction [129,130] and act as modulators of
drug sensitivity [131]. However, this will be discussed further
in-depth in the following sections.
6. MicroRNAs in the host–parasite
interaction

Parasites and their hosts have co-evolved in an intricate
relationship to establish chronic infections using evasion
mechanisms that serve to avoid and regulate the host’s
defence mechanisms. In this context, miRNAs are ideal
tools for parasites to modulate gene expression in host cells
since miRNAs are non-immunogenic, can be transported
and transferred in exovesicles from the pathogen to the host
cells and can evolve rapidly to target new transcripts [132].
Thus, miRNAs are crucial during host–parasite interactions.
For instance, in the host cells, miRNAs can favour the
elimination of the pathogen [133,134], while in the parasites,
they regulate different physiological processes such as
developmental transition, sexual reproduction, expression of
antigenic molecules, and virulence factors, promoting the
parasites’ subversion strategy and survival [134–137]. Thus,
different pathogens induce a miRNA-mediated post-tran-
scriptional regulation of genes involved in the inflammatory
and immune responses [138], cell cycle, apoptosis, autophagy
and cytoskeleton reorganization [138,139]. Moreover, intra-
cellular pathogens modulate their own and host miRNAs
that participate in cellular processes relevant to pathogen
replication and promotion of its life cycle [140]. Particularly
interesting are miRNAs delivered by exovesicles since they
are mediators of Inter-Kingdom communication between
host cells and pathogens [141,142].
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Therefore, miRNAs might actively change the outcome
of infections. Host miRNA dysregulation has been associa-
ted with impaired immune response and increased host
colonization by the pathogen. Contrarily, host miRNAs can
be part of the host’s mechanism of defence against the
parasites. Besides their potential as diagnostic and prognos-
tic tools, miRNAs are potential targets for chemo and
immunotherapies for parasitic diseases [142].

In the following section, we review the role of miRNAs in
infections caused by kinetoplastids and apicomplexan
parasites.

6.1. miRNAs in infections caused by kinetoplastids

6.1.1. miRNAs in Trypanosoma cruzi–host interactions

During Trypanosoma cruzi infection, changes in gene
expression occur in both the parasite and the host cell. In
the host cell, both protein-coding and non-coding genes
alter their expression in response to the presence of the
parasite [138,143,144]. Although T. cruzi lacks canonical
miRNA-induced silencing mechanisms [145], infection by
this parasite induces changes in the expression of miRNAs
in the host cell (figure 3). The type of miRNA altered depends
on the cell type and even on post-infection time [146,147].

Several miRNAs are involved in the pathogenesis of cha-
gasic cardiopathy during acute and chronic T. cruzi infection
[146,148,149] (figure 3). In response to infection, the
expression of up to 133 miRNAs is altered [149], including
hsa-miR-155-5p, hsa-let-7a-5p, the muscle, and myocardial-
specific hsa-miR-1, hsa-miR-133 and hsa-miR-208 [148,149],
that are involved in tissue tolerance and heart development
[150–152] (figure 3). In addition, hsa-miR-146b, hsa-miR-21,
hsa-miR-142-3p and hsa-miR-142-5p expression correlates
with clinically relevant parameters such as parasitemia and
electrocardiography changes (QTc interval) [149] (figure 3).
Thus, miRNAs that are related to electrocardiographic
changes regulate the CACNA1C (Calcium channel), GJA5
(Gap Junction Protein, alpha 5), RNF207 (Ring finger protein
207) and KCNA1 (potassium voltage-gated channel shaker-
related subfamily, member 1) and SLC18A2 (Solute carrier
family 18 members 2) genes [149]. In addition, has-miR-21
is essential for controlling and balancing initial pro-inflam-
matory and later immunoregulatory and anti-inflammatory
responses in the heart [153]. At the same time, has-miR-
146a/b modulates the TLR signalling cascade and immune
tolerance [154,155].

Interestingly, hsa-miR-322, hsa-miR-139-5p, hsa-miR-145
and hsa-miR-149 are always downregulated throughout the
infection process [149]. Although these miRNAs are not
specific to cardiac tissue, they have been attributed essential
roles in cardiac protection [156–159]. For instance, hsa-miR-
322 regulates the insulin pathway and has a cardioprotective
effect in a model of metabolic syndrome [156] and against
ischaemia/reperfusion-induced injury [160]. Thus, has-miR-
322 regulates the expression of fibroblast growth factor 2
(FGF2) and its fibroblast growth factor receptor 1 (FGFR1)
[161], the principal FGF receptor in the heart, which both
are involved in cardiac fibrosis and cellular conduction
[162]. In addition, the FGFR1 receptor is used by some patho-
gens, such as Neisseria meningitidis and rickettsia, for
internalization into host endothelial cells (ECs) [163,164].
Thus, the downregulation of hsa-miR-322 in.response to
T. cruzi infection could increase FGF2 / FGFR1 and play an
important role in the invasion process (figure 3).

Other miRNAs are differentially expressed during
chagasic cardiac disease progression. Thus, hsa-miR-238-3p,
hsa-miR-149-5p, hsa-miR-143-3p, hsa-miR-145-5p, hsa-miR-
486-5p, hsa-miR-138-5p, hsa-miR-9-5p, hsa-miR-26a-5p,
hsa-miR-185-5p, hsa-miR-200b-3p and hsa-miR-335-5p
target genes related to arrhythmia, fibrosis, myocarditis and
hypertrophy [146].

Trypanosoma cruzi infection induces progressive thymic
atrophy or involution [165–169]. In addition, the parasite
causes loss of immature CD4+ CD8+ thymocytes due to pre-
mature apoptosis [167], phenotypic and functional
disturbance of the regulatory T cell population [169], thymo-
cyte migratory disturbances [165,168] and neuroendocrine-
immune imbalance [165–167]. Furthermore, it has been pro-
posed that miRNAs are involved in thymic involution [170]
since T. cruzi modulates the expression of at least 29
miRNAs in medullary and cortical thymic epithelial cell
(TEC) populations. Thus, mmu-let-7a, mmu-miR-19b, mmu-
miR-193, mmu-miR-101a, mmu-miR-30b, mmu-miR-148b,
mmu-miR-322, mmu-miR-24 and mmu-miR-23b–27b–24
clusters (figure 3) were upregulated; however, the expression
pattern of these miRNAs is dependent on whether TEC
exhibited a cortical or medullary phenotype [170].

On the other hand, hsa-miR-24 is related to signalling
pathways of senescence [171], hsa-miR-193, hsa-miR-148b
and hsa-miR-322 are related to age-related thymic involution
[172,173], and hsa-miR-101a and hsa-miR-30b modulate
cytokine-mediated cellular apoptosis and dysfunction [174].
Notably, many of the 29 differentially expressed miRNAs
target genes related to chemotaxis, cell adhesion and inhi-
bition of apoptotic externals signals [170]. Interestingly, the
T. cruzi-induced mmu-let-7a, mmu-let-7 g, mmu-miR-101a,
mmu-miR-148b and mmu-miR-193 have in common that
they target the transforming growth factor-β gene (TGF-β)
and the gene for its receptor [175–178] (figure 3). In the
thymus, TGF-β signalling is crucial not only for thymus onto-
geny and function [179] but also for the negative selection of
T cells, and therefore self-tolerance [180]. Thus, the alteration
of self-tolerance by the parasite could be a mechanism to pro-
mote persistent infection [181] (figure 3). Although the
thymus may be already atrophied during T. cruzi infection,
this mechanism still could allow the antigen presentation to
recycle memory parasite-specific T cells moving from the per-
iphery to the thymic microenvironment. Thus, the activation
of these cells in the intrathymic environment could make
them susceptible to clonal deletion [181]. Additionally, the
presence of T. cruzi antigens in the thymus could lead to
the generation of parasite-specific regulatory T cells contri-
buting to a ‘parasite tolerance’ [181].

Notably, some alteredmiRNAs in response to T. cruzi infec-
tion are common in cardiac and thymic tissue infections. Hsa-
miR-322/mmu-miR-322 (downregulated in cardiac tissue and
upregulated in thymic tissue) [149,170] seems to have a dichot-
omous role in T. cruzi infection. It seems necessary to establish
the infection, although it appears to be modulated depending
on the tissue/cell. In the thymus, the upregulation of mmu-
miR-322 would be more associatedwith the modulation of cel-
lular metabolism. The overexpression of this miRNA induces
an increase in the expression of genes related to themetabolism
of fatty acids (FAs) [156]. While T. cruzi has the ability for FA
synthesis, it has been found that intracellular amastigotes
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Figure 3. MicroRNAs in T. cruzi–host interaction. Regulatory mechanisms of miRNA genes in different organs during T. cruzi pathogenesis. Cell diagram: cardiac cells
(Red portion). T. cruzi infection induces in cardiomyocytes the dysregulation of some miRNAs involved in regulating fatty acid metabolism and some pathways related
to the immune response during pathogenesis. The downregulation of some miRNAs, such as hsa-miR-322, positively regulates the expression of FGF2 and FGFR1
mRNA. The products of these genes, FGF2 and FGR1 proteins, are incorporated into the host cell’s plasma membrane and could be a possible target for parasite–host
interaction. Additionally, infection by T. cruzi can induce tolerance. Thymus cell (Blue portion). Parasite infection causes upregulation of some miRNAs, including
mmu-let-7a, mmu-let-7 g, mmu-miR-101a, mmu-miR-148b and mmu-miR-193 in.TEC. Several of these miRNAs repress the expression of TGF-β and its receptor
TGFBR1, impairing the normal function of the thymus and thus affecting some processes such as ontogeny, negative selection and the accumulation of autoreactive
lymphocytes involved in autoimmune diseases. Placenta cells (brown portion). T. cruzi infection of cytotrophoblasts induces the dysregulation of C19MC miRNAs and
immunomiRs. The upregulation of hsa-miR-512-3p is responsible for activating the caspase 8 pathway shown to be involved in trophoblast differentiation and
apoptosis mechanisms. The upregulation of this miRNA is possibly associated with the autophagy induction in the infected cell. Also, hsa-miR-515-5p downregula-
tion allows the expression of some genes crucial for the differentiation of human trophoblasts during T. cruzi infection. Under an inflammatory environment, the
upregulation of immunomiRs (hsa-miR-21, hsa-miR-146a and hsa-miR-210) occur, influenced by the NF-kB pathway.
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may depend on host FA metabolism to support infection
[182,183] and take advantage of host cell metabolism [184].
In addition, amastigotes promote FA uptake and oxidization,
suggesting a synchronization of parasite growth to FA metab-
olism in the host [185] [182]. Considering that FAs are an
important energy source for thymus cells [186] and that
T. cruzi is partially dependent on the FA metabolism host,
the upregulation of hsa-miR-322 may provide an increase in
host fat FA metabolism to their benefit.

Alternatively, due to the stress conditions generated by
the presence of the parasite, miRNAs can act as restorers of
homeostasis or as enhancers of gene expression programs
that allow cell populations to adapt to changes in the
thymic microenvironment [170].

In the placenta, miRNAs also have been proposed as key
players in defence against T. cruzi [187]. The parasite induces,
in ex vivo infected human placental explants (HPE), differen-
tial expression of 14 miRNAs that target genes involved in
development, immunity, placenta pathologies and infection
[144] (figure 3). Interestingly, the largest miRNA cluster in
humans is encoded on chromosome 19 (C19MC) (19q13.41)
and is almost exclusively expressed in the placenta [35,36].
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Thus, hsa-miR-515-5p and hsa-miR-512-3p are encoded in the
C19MC cluster and, respectively, decrease and increase their
expression in the presence of the parasite [144] (figure 3).
Hsa-miR-515-5p targets the genes that code for aromatase
P450 (CYP19A1), frizzled 5 (FZD5) and glial cells missing
transcription factor 1 (GCM1), genes that are essential for
human trophoblast differentiation [188]. Interestingly, tropho-
blast differentiation has been described as a possible
placental defence mechanism against T. cruzi [189–191].
Therefore, it is very likely that the downregulation of hsa-
miR-515-5p partially contributes to the parasite-induced tro-
phoblast differentiation. On the other hand, hsa-miR-512-3p
regulates the expression of the caspase 8 inhibitor c-FLIP
(FLICE-like cellular inhibitory protein) and subsequently pro-
motes caspase 8 activity [192]. Caspase 8 also regulates
trophoblast differentiation and apoptotic cell death and is
activated by T. cruzi, inhibition of this enzyme increases para-
site infection in a trophoblastic cell [193] (figure 3). Thus,
parasite-induced hsa-miR-512-3p upregulation could also be
part of the protective placental response, probably associated
with trophoblast differentiation, against T. cruzi infection.

Another placenta-specific miRNA is hsa-miR-127; it is
encoded in the C14MC cluster [194] and related to placental
development [195]. However, its decrease is associated with
recurrent miscarriage and the fetus being small for gesta-
tional age (SGA). Furthermore, during ex vivo infection of
HPE with T. cruzi, hsa-miR-127 also decreases, and newborns
with congenital Chagas disease can present clinical features
similar to SGA [144] (figure 3). Moreover, as in cardiac
muscle, hsa-miR-21 and hsa-miR-146a were overrepresented
in response to ex vivo infection in HPE [144]. Finally, it
should be noted that the expression of several miRNAs,
including hsa-miR-21 and hsa-miR-146a, is influenced by
the NF-κB signalling pathway [196] during an inflammatory
process response [197]. Interestingly, T. cruzi activates NF-kB
signalling pathways in HPE [198]. Therefore, the observed
increase of hsa-miR-21 and hsa-miR-146a expression might
be related to the NF-kB signal transduction pathways
(figure 3).

6.2. miRNA in host–leishmania interaction
Leishmania infection alters miRNAs expression in the host
cell depending on the parasite and host species. In addition,
the leishmania-modulated miRNAs promote the persistence
of infection through regulating genes involved in host
immune responses [133,199–203] (figure 4).

6.2.1. Leishmania donovani

Leishmania donovani infection in CD4+ T cells induces a differ-
ential expression of 208 miRNAs, most of them of the let-7
family (figure 4a). Most of the upregulated miRNAs target
transcription factors involved in polarizing TCD4 differen-
tiation to the Th1 phenotype, mainly linked to the IFN-γ
pathway [203]. Interestingly, IFN-γ plays a fundamental role
in controlling leishmania infection, suggesting that the
increase of miRNAs related to the modulation of this cyto-
kine could be a virulence strategy of the parasite [204].
Furthermore, INF-γ is also required for the sustained
expression of CXCL10/IP-10 (also known as interferon-indu-
cible protein-10), necessary for developing a robust protective
Th1 response [205]. Thus, L. donovani may use miRNAs to
interfere with the functions of IFN-γ-activated macrophages
and ensure their intracellular survival. On the other hand,
downregulated miRNAs target transcription factors involved
in the differentiation of CD4 T cells in the Th2 population
(STAT 5, STAT 6, GATA 3, Notch ½ and Jak1/3) and the pro-
duction of Th2-type cytokines, such as IL-2, IL-4 and IL-13
[203]. Therefore, these latter miRNAs could favour the prefer-
ential differentiation of CD4 T cells into the Th2 phenotype
(figure 4a), leading to an exacerbated infection.

Other miRNAs, including the miRNA-30 family, hsa-
miRNA-3473f, hsa-mir-3620 and hsa-miRNA-3620, are differ-
entially expressed in vitro macrophage infection and are
involved in the inhibition of autophagy, drug response,
hypoxia and iron homeostasis [14,200,202,206] (figure 4a).
For instance, the miRNA-30 family promotes downregulation
of the autophagy-related genes BECN1, ATG3 and ATG9, and
subsequently, survival of the parasite. Importantly, cells can
also use autophagy to eliminate protist pathogens and the
generation of microbial antigens leading to the activation of
immunity [206,207]. Upregulation of hsa-miR-3620 seems to
regulate iron homeostasis and hypoxia in leishmania-infected
cells [200] (figure 4a), assuring iron availability in cell cyto-
plasm for the parasite. In addition, iron is a major factor
regulating the transition of promastigotes to amastigotes in
leishmania [200,208].

In addition, an EVs-dependent mechanism to regulate
host gene expression has been proposed [209]. Thus, L. dono-
vani release EVs containing GP63 metalloprotease, which can
cleave Dicer 1 in.murine hepatocytes, resulting in downregu-
lation of hsa-miRNA-122 expression and a consequent
decrease in serum cholesterol and an increase in murine
liver infection [209].

6.2.2. Leishmania major

Leishmania major also induces a differential expression in
miRNAs in different host cells [133,199,210] (figure 4b).
Thus, the expression of 365 miRNAs was evaluated in
infected macrophages, and about 20% [64] of them were dif-
ferentially expressed, including hsa-let-7a, hsa-miR-25, hsa-
miR-26a, hsa-miR-140, hsa-miR-146a, hsa-miR-155, hsa-
miR-23b, hsa-miR-132, hsa-miR-210 and hsa-mir-199
[133,210] (figure 4b).

Most of these 64 miRNAs were upregulated during the
first 3 h post-infection, where the target genes are involved
in cell movement and enzyme production and secretion
[133]. Moreover, hsa-miR-146a and hsa-miR-155 are essential
for the modulation of both the innate and adaptive immune
responses [133,199,210]; interestingly, both miRNAs are also
upregulated during T. cruzi infection [144,149].

Other targeted genes are involved in proliferation,
pro-and antiapoptotic pathways, innate immune response
pathways, intracellular cholesterol trafficking, miRNA
expression pathways and production of anti-microbial
peptides and chemokines [133].

It is important to point out that unlike L. donovani, where
transcription factors and elements converge, in L. major,
the INF-γ pathway is the main miRNA target. This might
explain the fact that leishmania species are differentially
responsive to IFN-γ [204]. L. major can survive in an environ-
ment enriched with IFN-γ since it can counteract the IFN-γ
response in macrophages by modulating genes involved in
the innate immune response, cell adhesion and proteasomal
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Figure 4. MicroRNAs in leishmania–host interaction. (a) miRNAs during Leishmania donovani infection. miR-30 family miRNAs govern several processes during
L. donovani infection of macrophages, including the repression of autophagy-related proteins BECN1, ATG3 and ATG9. Post-transcriptional regulation of inflammatory
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degradation [211]. Importantly, like L. donovani, L major
induces the expression of miRNAs that target genes linked
to the MAPK signalling pathway [199].

6.3. Other leishmania species
L. amazonesis, L. viannia and L. infantum also modulate
miRNA expression to subvert host defences and allow para-
site survival and replication [201,212]. Thus, L. amazonensis
upregulates hsa-miR-294, hsa-miR-30e and hsa-miR-302d,
decreasing the expression of TNF-α, monocyte chemoattrac-
tant protein-1 (Mcp-1) and oxide synthase 2 (Nos2) [213]
(figure 4b), which are critical proteins for resisting leishmania
infection [213–215]. In macrophages, L. viannia and L. infan-
tum upregulate hsa-miR-346, modulating MHC- and
interferon-associated genes [201]. Studies in dogs, the main
reservoir host for L. infantum infection, revealed that in per-
ipheral blood mononuclear cells, hsa-miR-21, hsa-miR-150,
hsa-miR-451, hsa-miR-192, hsa-miR-194 and hsa-miR-371
were differentially expressed in the presence of this protist
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[216]. Moreover, only the expression of hsa-miR-150 and hsa-
miR-194 is positively correlated with parasitic load [216].

Although in leishmania the RNAi activity has been lost,
computational studies have identified miRNA-like elements
[210,217] (figure 4c). Thus, 25 potential miRNA-like elements
coding genes have been identified on different chromosomes
of the L. major genome [217]. Furthermore, nine of these
miRNA-like elements have motif sequence patterns similar
to the sequence of human hsa-miR-146a. Therefore, they
could be attached to human AGO2 [210]. Notably, the poten-
tial target genes of the miRNA-like elements are associated
with drug resistance factors (such as ABC transporter, riboso-
mal protein, RNA-binding proteins, hydrolase and
exonuclease) and enzymes related to metabolic pathways
(acetyl-CoA synthetase, glycogen synthase kinase and oxido-
reductases) [217]. Thus, it is very likely that leishmania can
process these miRNA-like elements and use them to mimic
miRNAs functions and modulate the immune system [210].
10395
6.4. miRNA in apicomplexa infections

6.4.1. miRNA in host–plasmodium interaction

Like kinetoplastid parasites, Plasmodium species lack miRNA
pathways [218,219]. However, this parasite imports the
human miRNA-RISC complex and regulates its genes’
expression [114,220,221] (figure 5).

In malaria, host cell miRNAs appear to play dichotomous
roles where some miRNAs are associated with the pathogen-
esis while others confer resistance and protective immune
response against this infection [222,223]. Thus, 50 miRNAs
are differentially expressed (7 upregulated and 43 downregu-
lated) in human malaria; many regulate genes involved in
immune responses, including the TNF pathway and T cell
receptor signalling [224].
6.4.2. Cerebral malaria

MiRNAs present critical regulatory roles in cerebral malaria
(CM) neuropathogenesis (figure 5a), promoting the persist-
ence of infection [222,225–228]. Although the sequestration
of infected erythrocytes (IEs) within cerebral blood vessels
is a significant component of the pathogenesis, immune
system imbalance, apoptosis and hypoxia can play important
roles [229–231]. Furthermore, infections caused by different
species of plasmodium induce dysregulation of a group of
12 specific miRNAs [222]. Thus, hsa-let-7i, hsa-miR-27a,
hsa-miR-150, hsa-miR-19a, hsa-miR-19b, hsa-miR-142 and
hsa-miR-223 are upregulated in the brain in response to Plas-
modium berghei ANKA strain infection. Most miRNAs target
genes linked to cellular proliferation, endocytosis, adherent
junctions, FoxO, TGF-β and IFN-γ signalling pathways
[222,225,227] (figure 5a). Notably, many of these signalling
pathways negatively regulated by these miRNAs are part of
the defence mechanism against plasmodium [232,233]. For
instance, TGF-β is a fundamental regulator in the immune
response against plasmodium infection, as it maintains
‘immune balance’ during infection [232]. In addition, FoxO
provides integration between growth factor signalling, oxi-
dative stress and inflammation, contributing to the redox
balance in CM. Moreover, FoxO also regulates the expression
of genes involved in apoptosis and glucose metabolism [233].
On the other hand, hsa-miR-146a and hsa-miR-193b are
significantly more abundant in microvesicles isolated from
CM mice (figure 5a) than in non-infected and non-CM
mice. Both miRNAs play roles in inflammation, and their
dysregulation during CM has been related to the develop-
ment of neurological syndrome [227]. Likewise, hsa-miR-
155 levels also increased in the brain and circulating EVs of
CM mouse models [234]. Hsa-miR-155 regulates endothelial
activation, inflammation and blood–brain barrier (BBB) dys-
function in CM; its knockdown improves survival and
preservation of BBB integrity, even in high cytokine pro-
duction [234]. In addition, studies provide evidence of the
role that some of these miRNAs may play in the protective
immune response against malaria [222].

6.4.3. Non-cerebral malaria

In non-cerebral malaria, miRNAs are involved in the resist-
ance and protective immune response against the parasite.
During the intraerythrocytic life cycle of P. falciparum, a
subset of host cell miRNAs are captured by the parasites
where they negatively regulate parasite gene expression
[220,221,235,236] (figure 5b). hsa-Let-7i/a, hsa-miR-451, hsa-
miR-197, hsa-miR-15a, hsa-miR-223 and hsa-miR-19b are
some of the captured miRNAs; they regulate parasite
growth through inhibition of translation by impairing riboso-
mal loading [220,221,235,236]. The regulatory subunit of
cAMP-dependent protein kinase (PKA-R), phosphoethanola-
mine N-methyltransferase (PEAMT) and ring-exported
protein-1 are parasite genes regulated by these host
miRNAs. For instance, miR-451 modulates PKA-R’s
expression, resulting in increased PKA catalytic activity
that, in turn, facilitates parasite invasion, survival and induc-
tion of gametocytogenesis [237]. In addition, hsa-miR-197
decreases the expression of plasmodium apicortin (PfApicor-
tin), which plays a vital role in the stabilization of
microtubules [238] leading to reduced parasite growth,
micronemal discharge and attenuated merozoite invasion
[221] (figure 5b).

Moreover, AGO2 is also imported by P. falciparum, where
it forms specific complexes with hsa-let-7a and hsa-miR-15a
and targets genes of transporters (i.e. lipid/sterol: H sympor-
ter) and proteins involved in the replication of plasmodium
DNA (i.e. Rad54) [220]. Like hsa-miR-451, the accumulation
of hsa-miR-19b and hsa-miR-23 inside the parasite
diminishes virulence and survival of the parasite [226]
(figure 5b). It is little known what determines the specific
enrichment or incorporation of specific miRNAs in the para-
site. However, this mechanism could offer a potential
therapeutic strategy for malaria.

In addition, erythrocyte miRNAs play an essential role in
communication between the IEs, endothelial and immune
cells [239,240] (figure 5b). IEs produce EVs containing
miRNAs (EVs-miRNAs), including hsa-miR-451a and hsa-
let-7b, and functional miRNA-AGO2 complexes that are
internalized by ECs where they modulate the vascular func-
tion through regulation of the expression of target genes and
barrier properties [240]. The EVs-miRNAs induce pro-inflam-
matory cytokines such as IL-6 and interleukin-1 (IL-1), which
impair the endothelial barrier function and induce the
expression of adhesion molecules, contributing to vascular
dysfunction by excessive adhesion and transmigration of leu-
cocytes. Additionally, the expression of transcription factor
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ATF2, caveolin-1 (CAV-1) and surface receptor vascular cell
adhesion protein 1 (VCAM-1) is altered by the internalization
of EVs by ECs [240]. Importantly, VCAM-1 is a receptor of
P. falciparum erythrocyte membrane protein 1 (PfEMP1) that
mediates IE adhesion to the endothelium [241].

The liver, an organ involved in the intracellular prolifer-
ation of the parasites during the early phase of malaria, also
experiments miRNAs reprogramming [242,243] (figure 5ci).
Thus, Plasmodium chabaudi (P. chabaudi) induces differential
hepatic miRNA expression in infected mice [242,243]. In
this study, 3 miRNAs (mmu-miR-26b, mcmv-miR-M23-1-
5p and mmu-miR-1274a), and 16 miRNA (mmu-let-7a,
mmu-miR-101b, mmu-miR-192, mmu-miR-98, mmu-miR-
142-5p and mmu-miR-193a-3p, between others), were,
respectively up- and downregulated [242]. Strangely, none
of these 19 miRNAs are involved in the immune response
[244], although the liver contains both intrahepatic and
migratory B and T cells, especially during P. chabaudi infec-
tions [245].

Increased expression of hsa-miR-26b, mcmv-miR-M23-1-5p
and hsa-miR-1274a has also been reported in response to other
viral, bacterial and parasitic infections [243,246,247]. For
example, an increase in the expression of hsa-miR-26b is related
to an inhibition of a protective immune response against
Mycobacterium tuberculosis (M. tuberculosis) through inhibition
of the NF-κB pathway by directly targeting TGFβ-activated
kinase-1, enabling the replication of M. tuberculosis [247]. On
the other hand, the upregulation of hsa-miR-1274a has upregu-
lated response to infection by avian influenza A H5N1 virus,
where hsa-miR-1274a targets BCL2-associated transcription
factor 1 and TNF alpha induced protein 3 [246]. In addition,
mcmv-miR-M23-1-5p is upregulated significantly in murine
infections caused by the intestinal apicomplexan Eimeria
papillate (E. papillate). Although the function of mcmv-miR-
M23-1-5p is unknown, its upregulation, along with that of
other miRNAs, is associated with low inflammation and
strong IFN-γ response during E. papillate [248].

Regarding the downregulated hsa-miR-101b, hsa-miR-192,
hsa-miR-98 and hsa-miR-142-5p, they have been associated,
respectively, with induction of hepatic tolerance after trans-
plantation [249], drug-induced liver injury [250,251], liver
metabolism [252] and hepatocellular carcinoma [253]. The
downregulation of hsa-miR-192 and hsa-miR-98 is particularly
interesting since both play essential roles in altering lipidmetab-
olism, specifically, hepatic lipid accumulation [252,254]
(figure 5cii). For its part, P. chabaudi induces an accumulation
of triacylglycerol, free FA and free cholesterol in this organ
through the modulation of the expression of enzymes and tran-
scription factors involved in lipid metabolism [255], including
the 50 AMP-activated protein kinase, an essential regulator of
cellular energy metabolism [255]. This manipulation of the
host cell’s lipid metabolism by plasmodium is essential for its
development and proliferation [255]. Moreover, hsa-miR-192
and hsa-miR-98 target sterol-regulatory element-binding pro-
teins (SREBPs), SREBP-1 and SREBP-2, respectively [252,254]
(figure 5ci). SREBPs are a familyof classical transcription factors
that directly activate the expression of more than 30 genes
related to the synthesis of cholesterol, FAs, triglycerides and
phospholipids, in the kidney and other tissues [256]. Thus,
the dysregulation of cellular lipid metabolism by Plasmodium
could be a strategy to facilitate its development, proliferation
and lifespan in its vertebrate host.

It should be noted that the authors [242] associate the sus-
tained expression of this miRNAprofilewith the acquisition of
protective immunity against P. chabaudi malaria and propose
that epigenetic mechanisms could be involved in their differ-
ential expression. However, none of the miRNAs reported in
this study has been identified as epigenetically regulated
[257–260]. Instead, only hsa-miR-101 has been recognized as
epi-miRNAs, a class of miRNAs that can regulate the epige-
netic modifiers [261–263]. However, the transcription factor
HNF4α (hepatocyte nuclear factor 4 alpha) essential for
basal expression of liver-enriched microRNAs that include
hsa-miR-101 and hsa-miR-192, is downregulated by lipids
[264] (figure 5ci). Therefore, it is possible that plasmodium
infection initially induces downregulation of miRNAs associ-
ated with the lipid metabolism leading to an accumulation of
lipids which decreases the level of HNF4α that subsequently
decreases the expression of its dependent miRNAs, including
hsa-miR-101 and hsa-miR-192 [264].

On the other hand, genomic deletion and suppression of
hsa-miR-101 induce overexpression of the Enhancer of Zeste
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homologue 2 (EZH2) [265,266], a histone-lysine methyltrans-
ferase (EZH2) that is part of the polycomb repressive complex
2 (PRC2). Studies have postulated that there is a reciprocal
negative feedback loop between miR-101 and EZH2. In this
EZH2-mediated regulation of the hsa-miR-101 loop, high
levels of the EZH2 factor contribute to the depletion of hsa-
miR-101, which, in turn, causes cells to maintain increased
EZH2 levels, hence a sustained muting of hsa-miR-101
[267] (figure 5ci). Although EZH2 is associated with gene
silencing, EZH2 has been reported to play essential roles in
cell-mediated and humoral adaptive immunity during later
stages of immune cell differentiation [268]. In the context of
infections caused by plasmodium, the feedback loop between
some miRNAs linked to lipid metabolism and EZH2 may
play a key role in developing protective immunity through
modifications of the epigenome.

Factors such as protective vaccination during P. chabaudi
malaria can induce changes in the expression of some
miRNA species and activate epigenetic remodelling pro-
cesses regulated by them [243]. The upregulation of
members of the let-7 family (mmu-let-7a-5p, mmu-let-7b-
5p, mmu-let-7c-5p, mmu-let-7d-5p, mmu-let-7f-5p, mmu-let-
7 g-5p and mmu-let-7i -5p), mmu-miR-26a, mmu-miR-122-
5p, mmu-miR-30a, mmu-miR-27a and mmu-miR-29a is
associated with liver regeneration, while the upregulation of
hsa-miR-142-3p is associated with enhanced hepatic erythro-
poiesis, possibly at the expense of megakaryopoiesis [243].
The physiological significance of the upregulation of these
miRNAs may be related to the role of accelerated liver regen-
eration during P. chabaudi infections. During the acute phase,
remodelling makes it possible to deal with liver dysfunctions
caused by serious lesions induced by this parasite [269].

In the placenta, P. falciparum infection causes changes in
trophoblast extracellular vesicle miRNA (trEVs) content.
Hsa-miR-517c is overexpressed in mothers with placental
malaria compared to non-infected ones [270] (figure 5cii).
This miRNA, belonging to the C19MC cluster, has immuno-
modulatory functions during pregnancy [271]. Additionally,
increased expression of hsa-miR-517c has been observed in
placental weight [272], pre-eclampsia [36] and recurrent
spontaneous abortion [273]. From the genetic point of view,
polymorphisms in miRNAs can influence susceptibility to
infection by plasmodium. For example, the has-miRNA-
146a polymorphism increases the odds of malaria in preg-
nancy. Thus, homozygosity increases up to 6% the
probability of placental infection [274].
6.4.4. miRNA in host–Toxoplasma gondii interaction

In T. gondii, unlike the protists analysed so far, the machinery
for small RNA generation and miRNA-mediated gene regu-
lation is present [136]. In this protist, miRNAs, besides
regulating the expression of their genes [275], regulate para-
site–host communication [276]. These miRNAs are
differentially expressed between different isolates [275,277]
and act as endogenous regulatory factors that modulate cell
differentiation and development [275]. One characteristic of
these T. gondii miRNAs is that some are homologous to
human/rodents’ miRNAs, while others (99% miRNAs) are
isolate-specific [275,276]. Also, depending on the isolate,
these miRNAs can represent 5–8% of the total of the small
ncRNAs [275].
Numerous studies show that T. gondii infection alters
the expression of host miRNAs [144,278–281] and that
host survival and parasite virulence are regulated by
these miRNAs [281] (figure 6a,b). Even when the infection
is chronic and invasion of the central nervous system
occurs, Toxoplasma can promote brain carcinogenesis by
altering the host miRNAs [279]. This modulation can
occur by altering the host’s miRNA expression and export-
ing parasite miRNAs or hairpins to its host cell [276,280–
282]. In the first case, the alteration of host miRNAs
expression can occur through parasitic effector proteins
(proteins of rhoptry and dense granule secretory orga-
nelles). These proteins interfere with miRNA synthesis
and maturation pathways, and modulate host cell survival
or death [278,283,284]. In the export of parasitic hairpins
that may act as miRNAs in humans [276].

Macrophages infected with different T. gondii isolates pre-
sent different miRNA expression profiles [280,281,283]
(figure 6a). Thus, infection of macrophages with the Chinese
1 Ctwh3 isolate causes an increase in the expression of the
miR-17–92 gene cluster, leading to the inhibition of apoptosis
in the host cell. This overexpression is orchestrated by the
secretory kinase ROP16 [284], a rhoptry protein and one of
the major virulence factors of T. gondii [285]. This protein is
injected into the host cell’s cytoplasm during the invasion
process and phosphorylates STAT transcription factors
[286]. Once phosphorylated, STAT goes to the nucleus and
selectively induces the transcription of a subset of miRNAs
(hsa-miR-19a, hsa-miR-19b and hsa-miR-20a) that are part
of the miR-17–92 gene cluster. Subsequently, the hsa-miR-
17-92 induced by STAT3 binds to the 30 UTR sequences of
the Bim mRNA, promoting the reduction of the pro-apoptotic
protein BIM, thus inhibiting apoptosis [278,283] (figure 6a).
In this sense, the miR-17–92 cluster contributes to the down-
regulation of host cell apoptosis by inhibiting cytochrome c
release and subsequent caspase activation and by decreasing
(ADP-ribose) polymerase protein levels [287].

Alveolar macrophages infected with T. gondii strain RH
(Type I) and Me49 (Type II) also show a differential
expression of 89 miRNAs, many of them related to resistance
and elimination of the parasite [281] (figure 6a). For instance,
ssc-miR-127 and ssc-miR-143-3p are predicted to regulate,
respectively, nitric oxide synthase 1 (NOS1) and nitric oxide
synthase 3 (NOS3), enzymes that oxidize L-arginine. Further-
more, ssc-miR-421-3p regulates Rac2 small GTPase, while ssc-
miR-143-3p, ssc-miR-199a-5p and ssc-miR-1285 are predicted
to regulate Vav3, a guanine nucleotide exchange factor.
Both are important for the activation of the FcγR signalling
pathway, essential in defence against parasites through
the processes of antigen recognition and phagocytosis in
macrophages [281].

Modulation of host microRNA by T. gondii in the brain
can promote the establishment of latency and the develop-
ment of cancer [279,288]. The establishment of latency is
promoted by the increase of mmu-miR-155-5p, mmu-miR-
146a-5p, mmu-miR-142a-3p, mmu-miR-142b and mmu-
miR-21a-5p as well as decrease of mmu-miR-409-5p, mmu-
miR-127-3p and mmu-miR-493-5p. Importantly, targets
genes of dysregulated miRNAs are involved in immune
response-related signalling pathways (i.e. Rap1, MAPK and
Hippo signalling pathways) and Fc gamma R-mediated pha-
gocytosis. Other target genes involved in pathways
associated with diseases, such as cancer, endocrine resistance
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and human T lymphotropic virus type 1 (HTLV-I) infection,
were also detected [288].

Toxoplasma-dependent upregulation of the miR-17-92
cluster could be one of the mechanisms this parasite pro-
motes tumorigenesis. The miR-17-92 cluster is associated
with brain cancers since it correlates with high protein
levels of members of the MYC proto-oncogene family [289]
observed with infections of this parasite. Alteration of the
expression of these transcription factors, dependent on the
function of the Myc affected, represents an additional form
by which toxoplasma induces specific alterations of host
cell functions during intracellular growth [290]. Myc directly
activates the transcription of the miR-17-92 cluster [291,292]
and subsequently promotes the reduction of pro-apoptotic
proteins inhibiting the process of apoptosis [278,283].
Additionally, Myc activates many genes associated with cell
growth, including E2F genes, such as E2F1, required for the
initial entry to the cell cycle from a quiescent state [293].
E2F1 expression is also increased in cells infected by T.
gondii [294]. Paradoxically, the mir-17-92 cluster negatively
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modulates the E2F1 expression [291]. How T. gondii activates
two opposing Myc-dependent pathways simultaneously is
unknown. However, they may have a role in establishing
the infection. Activation of both pathways is aimed at inhibit-
ing apoptosis and progression through the S phase and into
G2 / M. This could indicate the importance of the cell cycle
stage of the host cell during infection [294].

Notably, the toxoplasma genome codes for endogenous
miRNAs, so it is possible that parasites use these to modify
the host’s cellular functions [279], similarly to that observed
for mammalian viruses [276,295]. Thus, it has been proposed
that T. gondii exports endogenous miRNA, similar to human
miRNA, to its host cell, modulating various physiological
processes, including apoptosis [276,279]. About 150
T. gondii miRNAs are similar to human miRNAs, including
hsa-miR-6873, hsa-miR-328, hsa-miR-7107-3p, -3p, hsa-miR-
6821-5p and hsa-miR-4644 [276]. For instance, hsa-miR-4644
is overexpressed and increases cell proliferation and survival
by inhibiting the expression of the antiproliferative UbiA pre-
nyltransferase domain-containing protein 1 (UBIAD1) [296].
In addition, UBIAD1 mediates the formation of menaqui-
none-4 (MK-4, a vitamin K2 isoform) and coenzyme Q10
that modulate the activities of enzymes involved in mitogen-
esis, cell growth, neuronal protection during ischaemic/
hypoxic injury, regulation of glial cells, and sphingolipid syn-
thesis and metabolism [297]. Therefore, it is very likely that
toxoplasma uses endogenous miRNAs to inhibit apoptosis
and promote the establishment of infection and manipulate
the defence system and some of the biosynthetic pathways
necessary for its metabolic support.

T. gondii induces in the placenta differential expression of
42 miRNAs (16 negatively regulated and 29 positively regu-
lated). Some are encoded in the placenta-specific C19MC
and C14MC clusters [144] (figure 6b). Like T. cruzi, T. gondii
induces a higher expression of hsa-miR-21 and hsa-miR-
146a in ontological terms [144] (figure 6b). Hsa-miR-146a is
a negative regulator of the innate immune response and can
target TRAF6 and IRAK1 / 2, inhibiting the activation of
transcription factor NFκB [154,298]. In T. gondii infections,
TRAF6 contributes to a host protective immunity by regulat-
ing the production of pro-inflammatory cytokine IL-12,
which is essential to control the infection, and vacuole-lyso-
some fusion, a fundamental step during infection [299,300].
There are also reports where hsa-miR-146a is defined as a
dendritic cell (DC)-relevant miRNA, a central target of this
parasite [301]. For its part, hsa-miR-21 plays a role in the
host response to infection by another apicomplexan. Thus,
the upregulation of hsa-miR-21 in.biliary epithelial cells
infected by Cryptosporidium parvum is associated with epi-
thelial anti-microbial defence against this parasite [302].

Regarding placenta-specific miRNAs encoded in the
C14MC cluster and downregulated by T. gondii, some of
them, such as hsa-miR-127-3p, are associated with placental
pathologies [144] (figure 6b). Hsa-miR-127-3p regulates the
expression of genes involved in lung development, apoptosis
and placental formation. In addition, hsa-miR-127-3p is
involved in antisense regulation of Rtl1 imprinting. Rtl1 is a
retrotransposon-derived protein-coding gene essential for
maintaining fetal capillaries and the feto-maternal interface
[195]. Hsa-miR-127 also targets BCL6, a transcription factor
with a zinc-finger domain that regulates the expression of
genes involved in the STAT-dependent IL-4 response [303].
The deregulation of BCL6 causes the imbalance between
apoptosis and cell proliferation [303,304] and increases the
levels of ZEB2 protein [303,305]. ZEB2 plays an important
role in immune cell development and function; it acts as a
fate switch between plasmacytoid dendritic cells (pDCs) and
conventional dendritic cells (cDCs) [306]. Thus, overexpres-
sion of ZEB2 increases pDCs [307]. Therefore, the
downregulation of hsa-miR-127 in.response to T. gondii may
be related to the fact that pDCs play a protective role during
infection since they participate in the early stages of infection
through the presentation of antigens and modulation of the
immune response triggered by cytokines [308,309].

Additionally, these pDCs are efficient in autophagy, elim-
inating the parasite in primed macrophages [310,311].
However, the ability of T. gondii to functionally inactivate
pDCs has been reported, using them as Trojan horses to
cross the placenta [301,312] (figure 6b). pDCs have been
identified in the decidua of early human pregnancy [313].
Knowing if hsa-miR-27 downregulation occurs as a host
cell response to infection by T. gondii or if this is a mechanism
by which the parasite can induce favourable conditions to
promote the spread of infection deserves further studies.

T. gondii also alters the expression of miRNAs encoded in
the C19MC cluster (figure 6b). Thus, the parasite upregulates
hsa-miR-190b in ex vivo infected HPE [144]. Hsa-miR-190b is
associated with some types of cancer and viral infections
[314,315]. For example, in cancer, upregulation of hsa-miR-
190b promotes the inhibition of apoptosis through repression
of PTEN, a protein involved in regulating the cell cycle [314].
Also, the increase of hsa-miR-190b expression in neurons
suppresses autophagy and decreases pro-inflammatory
TNF-α, IL-6 and IL-1β cytokines [316]. The target genes of
this miRNA include genes involved in cell adhesion and tran-
scription factor 4 (TCF-4) [315]. TCF-4 participates in brain
and immune system development, including pDC differen-
tiation [317]. Therefore, it is likely that the modulation of
miRNAs linked to apoptotic cell death in the host represents
a mechanism to avoid rapid clearance. The modulation of
some specific placental miRNAs suggests a mechanism
associated with the manipulation of the immune response,
which could even involve the promotion of a line of DC,
which are functionally sequestered by this parasite.

The T. gondii effect on host miRNAs is not strictly tissue-
specific. Thus, hsa-miR-155-5p and hsa-miR-21-5p modu-
lation has been reported in the spleen and eyes [318,319].
Even in AIDS / cerebral toxoplasmosis co-infected patients,
hsa-miR-21-5p is upregulated [320]. Hsa-miR-21 is a crucial
mediator for the inflammatory response since it regulates
the anti-inflammatory cytokine IL-10 and TNF-α production
levels. The regulation of these cytokines is essential for the
balance and transition between symptomatic and asympto-
matic infection [320].

In summary, the infection caused by the apicomplexans
plasmodium and toxoplasma is characterized by inducing
changes in the expression of host miRNAs. Unlike what is
observed in kinetoplastids, the expression pattern of most of
these non-coding RNAs is more heterogeneous since it
depends on the species and isolates of the parasite and the tis-
sues involved. Notably, some of these host-modulated
miRNAs are oncogenic, leading to the development of some
types of cancer. Moreover, deregulated miRNAs in response
to infection by these pathogens (e.g. -miR-146 family, hsa-
miR-155 and has-miR-21) also undergo modifications in
their expression in infections caused by kinetoplastids.
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7. Conclusion and possible trends for future
research

MiRNAs are small non-coding RNAs distributed in a wide
variety of organisms and are relevant during host–pathogen
interactions, modulating many biological aspects in the
pathogen and the host cells (figure 7).

Moreover, miRNAs are considered as promising diagnos-
tic and prognostic tools as well as treatment targets for
different pathologies, including infections [321]. Thus,
changes in miRNAs expression in pathologies are detectable
in biological fluids and some of them are tissue specific [322].
Moreover, miRNAs can be modulated in multiple ways,
either at the level of biogenesis or by adjusting their mode
of action. Strategies for intervening biogenesis include the
use of small-molecule drugs, miRNAs sponges, oligonucleo-
tide therapies (miRNA replacement and antisense
oligonucleotides) between others. In addition, different
miRNA delivery systems are currently studied and devel-
oped such as biomimetic delivery systems and synthetic
nanoparticles [323]. Additionally, miRNAs can be admini-
strated in vivo and present an apparent lack of adverse
events when administered intravenously [322]. Moreover,
there are several clinical trials ongoing [324]. Thus, studies
regarding the role of miRNAs during host–parasite inter-
action should lead to new prognostic, diagnostic and
treatment possibilities.
Authors’ contributions. M.R.-P.: conceptualization; D.A.-A.: investigation
and visualization; L.M.: investigation; C.C.: conceptualization and
investigation; A.L.: investigation; J.G.-M.: investigation; Y.O.: investi-
gation; J.D.M.: conceptualization and funding acquisition; V.R.:
investigation; W.Q.: conceptualization and investigation; P.A.M.:
writing—review and editing; U.K.: conceptualization, funding acqui-
sition, investigation, writing—original draft and writing—review and
editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no conflict of interest
declaration.
Funding. M.R.-P. was funded by a postdoctoral fellowship from the
Dirección de Investigación, Pontificia Universidad Católica de Val-
paraíso, Chile. ERANET-LAC grant ERANET17/HLH-0142 (U.K.)
and ‘Fondo Nacional de Desarrollo Científico y Tecnológico’ (FON-
DECYT, Chile) grants 1210359 (J.D.M), 1190341, 1220105 (U.K.) and
3180452, 11220310 (C.C.).
References
1. Wu J, Xiao J, Zhang Z, Wang X, Hu S, Yu J. 2014
Ribogenomics: the science and knowledge of RNA.
Genomics Proteomics Bioinform. 12, 57–63. (doi:10.
1016/j.gpb.2014.04.002)
2. Beermann J, Piccoli MT, Viereck J, Thum T. 2016
Non-coding RNAs in development and disease:

http://dx.doi.org/10.1016/j.gpb.2014.04.002
http://dx.doi.org/10.1016/j.gpb.2014.04.002


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210395

18
background, mechanisms, and therapeutic
approaches. Physiol. Rev. 96, 1297–1325. (doi:10.
1152/physrev.00041.2015)

3. Zhang P, Wu W, Chen Q, Chen M. 2019 Non-coding
RNAs and their integrated networks. J. Integr.
Bioinform. 16, 20190027. (doi:10.1515/jib-2019-
0027)

4. Patil VS, Zhou R, Rana TM. 2014 Gene regulation by
noncoding RNAs. Crit. Rev. Biochem. Mol. Biol. 49,
16–32. (doi:10.3109/10409238.2013.844092)

5. Chen T et al. 2015 m(6)A RNA methylation is
regulated by microRNAs and promotes
reprogramming to pluripotency. Cell Stem Cell 16,
289–301. (doi:10.1016/j.stem.2015.01.016)

6. Kalla R, Ventham NT, Kennedy NA, Quintana JF,
Nimmo ER, Buck AH, Satsangi J. 2015 MicroRNAs:
new players in IBD. Gut 64, 504–517. (doi:10.1136/
gutjnl-2014-307891)

7. Lavorgna G, Chiacchiera F, Briganti A, Montorsi F,
Pasini D, Salonia A. 2015 Expression-profiling of
apoptosis induced by ablation of the long ncRNA
TRPM2-AS in prostate cancer cell. Genomics Data 3,
4–5. (doi:10.1016/j.gdata.2014.10.020)

8. Tribolet L, Kerr E, Cowled C, Bean AGD, Stewart CR,
Dearnley M, Farr RJ. 2020 MicroRNA biomarkers for
infectious diseases: from basic research to
biosensing. Front. Microbiol. 11, 1197. (doi:10.3389/
fmicb.2020.01197)

9. Statello L, Guo CJ, Chen LL, Huarte M. 2021
Gene regulation by long non-coding RNAs
and its biological functions. Nat. Rev. Mol. Cell Biol.
22, 96–118. (doi:10.1038/s41580-020-
00315-9)

10. Nature ENCODE. 2019 6 Non-coding RNA
characterization. (doi:10.1038/nature28175)

11. Kozomara A, Griffiths-Jones S. 2014 miRBase:
annotating high confidence microRNAs using deep
sequencing data. Nucleic Acids Res. 42, D68–D73.
(doi:10.1093/nar/gkt1181)

12. Saliminejad K, Khorram Khorshid HR, Soleymani
Fard S, Ghaffari SH. 2019 An overview of microRNAs:
biology, functions, therapeutics, and analysis
methods. J. Cell Physiol. 234, 5451–5465. (doi:10.
1002/jcp.27486)

13. Nair VS, Pritchard CC, Tewari M, Ioannidis JPA. 2014
Design and analysis for studying microRNAs in
human disease: a primer on -Omic technologies.
Am. J. Epidemiol. 180, 140–152. (doi:10.1093/aje/
kwu135)

14. Singh RP et al. 2013 The role of miRNA in
inflammation and autoimmunity. Autoimmun. Rev.
12, 1160–1165. (doi:10.1016/j.autrev.2013.07.003)

15. Chandan K, Gupta M, Sarwat M. 2020 Role of host
and pathogen-derived MicroRNAs in immune
regulation during infectious and inflammatory
diseases. Front. Immunol. 10, 3081. (doi:10.3389/
fimmu.2019.03081)

16. Ramchandran R, Chaluvally-Raghavan P. 2017
miRNA-mediated RNA activation in mammalian
cells. Adv. Exp. Med. Biol. 983, 81–89. (doi:10.
1007/978-981-10-4310-9_6)

17. O’Brien J, Hayder H, Zayed Y, Peng C. 2018 Overview
of microRNA biogenesis, mechanisms of actions,
and circulation. Front. Endocrinol. (Lausanne) 9, 402.
(doi:10.3389/fendo.2018.00402)

18. Olena AF, Patton JG. 2010 Genomic organization of
microRNAs. J. Cell Physiol. 222, 540–545. (doi:10.
1002/jcp.21993)

19. Sundaram GM, Sampath P. 2013 Regulation of
context-specific gene expression by
posttranscriptional switches. Transcription 4,
213–216. (doi:10.4161/trns.26393)

20. Lin SL, Miller JD, Ying SY. 2006 Intronic microRNA
(miRNA). J. Biomed. Biotechnol. 2006, 26818.

21. Monteys AM, Spengler RM, Wan J, Tecedor L,
Lennox KA, Xing Y, Davidson BL. 2010 Structure and
activity of putative intronic miRNA promoters. RNA
16, 495–505. (doi:10.1261/rna.1731910)

22. Jiu S, Zhu X, Wang J, Zhang C, Mu Q, Wang C, Fang
J. 2015 Genome-wide mapping and analysis of
grapevine micrornas and their potential target
genes. Plant Genome 8. (doi:10.3835/
plantgenome2014.12.0091)

23. Lee Y, Kim M, Han J, Yeom KH, Lee S, Baek SH, Kim
VN. 2004 MicroRNA genes are transcribed by RNA
polymerase II. EMBO J. 23, 4051–4060. (doi:10.
1038/sj.emboj.7600385)

24. Borchert GM, Lanier W, Davidson BL. 2006 RNA
polymerase III transcribes human microRNAs. Nat.
Struct. Mol. Biol. 13, 1097–1101. (doi:10.1038/
nsmb1167)

25. Baskerville S, Bartel DP. 2005 Microarray profiling of
microRNAs reveals frequent coexpression with
neighboring miRNAs and host genes. RNA 11,
241–247. (doi:10.1261/rna.7240905)

26. Ghorai A, Ghosh U. 2014 miRNA gene counts in
chromosomes vary widely in a species and
biogenesis of miRNA largely depends on
transcription or post-transcriptional processing of
coding genes. Front. Genet. 5, 100. (doi:10.3389/
fgene.2014.00100)

27. Kabekkodu SP, Shukla V, Varghese VK, D’ Souza J,
Chakrabarty S, Satyamoorthy K. 2018 Clustered
miRNAs and their role in biological functions and
diseases. Biol. Rev. Camb. Phil. Soc. 93, 1955–1986.
(doi:10.1111/brv.12428)

28. Di Palo A, Siniscalchi C, Salerno M, Russo A,
Gravholt CH, Potenza N. 2020 What microRNAs
could tell us about the human X chromosome. Cell
Mol. Life Sci. 77, 4069–4080. (doi:10.1007/s00018-
020-03526-7)

29. Linsley PS et al. 2007 Transcripts targeted by the
microRNA-16 family cooperatively regulate cell cycle
progression. Mol. Cell Biol. 27, 2240–2252. (doi:10.
1128/MCB.02005-06)

30. Ventura A et al. 2008 Targeted deletion reveals
essential and overlapping functions of the miR-17
through 92 family of miRNA clusters. Cell 132,
875–886. (doi:10.1016/j.cell.2008.02.019)

31. Wang J, Haubrock M, Cao KM, Hua X,
Zhang CY, Wingender E, Li J. 2011 Regulatory
coordination of clustered microRNAs based on
microRNA-transcription factor regulatory network. BMC
Syst. Biol. 5, 199. (doi:10.1186/1752-0509-5-199)

32. Truscott M, Islam ABMMK, Frolov MV. 2016 Novel
regulation and functional interaction of polycistronic
miRNAs. RNA 22, 129–138. (doi:10.1261/rna.
053264.115)

33. Blumenthal T. 1998 Gene clusters and polycistronic
transcription in eukaryotes. BioEssays 20, 480–487.

34. Ludwig N et al. 2016 Distribution of
miRNA expression across human tissues. Nucleic
Acids Res. 44, 3865–3877. (doi:10.1093/nar/
gkw116)

35. Liang Y, Ridzon D, Wong L, Chen C. 2007
Characterization of microRNA expression profiles in
normal human tissues. BMC Genomics 8, 166.
(doi:10.1186/1471-2164-8-166)

36. Morales-Prieto DM, Ospina-Prieto S, Chaiwangyen
W, Schoenleben M, Markert UR. 2013 Pregnancy-
associated miRNA-clusters. J. Reprod. Immunol. 97,
51–61. (doi:10.1016/j.jri.2012.11.001)

37. Tanzer A, Stadler PF. 2004 Molecular evolution of a
microRNA cluster. J. Mol. Biol. 339, 327–335.
(doi:10.1016/j.jmb.2004.03.065)

38. Mccreight JC, Schneider SE, Wilburn DB, Swanson
WJ. 2017 Evolution of microRNA in primates. PLoS
ONE 12, e0176596. (doi:10.1371/journal.pone.
0176596)

39. Zhang R, Peng Y, Wang W, Su B. 2007 Rapid
evolution of an X-linked microRNA cluster in
primates. Genome Res. 17, 612–617. (doi:10.1101/
gr.6146507)

40. Wang J, Chen J, Sen S. 2016 MicroRNA as
biomarkers and diagnostics. J. Cell. Physiol. 231,
25–30. (doi:10.1002/jcp.25056)

41. Miyoshi K, Miyoshi T, Siomi H. 2010 Many ways to
generate microRNA-like small RNAs: non-canonical
pathways for microRNA production. Mol. Genet.
Genomics 284, 95–103. (doi:10.1007/s00438-010-
0556-1)

42. Treiber T, Treiber N, Meister G. 2019 Publisher
correction: regulation of microRNA biogenesis and
its crosstalk with other cellular pathways. Nat. Rev.
Mol. Cell Biol. 20, 321. (doi:10.1038/s41580-019-
0106-6)

43. Martinez I, Hayes KE, Barr JA, Harold AD, Xie M,
Bukhari SI, Vasudevan S, Steitz JA, DiMaio D. 2017
An exportin-1-dependent microRNA biogenesis
pathway during human cell quiescence. Proc. Natl
Acad. Sci. USA 114, E4961–E4970. (doi:10.1073/
pnas.1618732114)

44. Brameier M, Herwig A, Reinhardt R, Walter L,
Gruber J. 2011 Human box C/D snoRNAs with
miRNA like functions: expanding the range of
regulatory RNAs. Nucleic Acids Res. 39, 675–686.
(doi:10.1093/nar/gkq776)

45. Guo YE, Oei T, Steitz JA. 2015 Herpesvirus saimiri
microRNAs preferentially target host cell cycle
regulators. J. Virol. 89, 10 901–10 911. (doi:10.
1128/JVI.01884-15)

46. Reese TA, Xia J, Johnson LS, Zhou X, Zhang W,
Virgin HW. 2010 Identification of novel microRNA-
like molecules generated from herpesvirus and host
tRNA transcripts. J Virol. 84, 10 344–10 353.
(doi:10.1128/JVI.00707-10)

47. Xie M, Li M, Vilborg A, Lee N, Shu MD, Yartseva V,
Šestan N, Steitz JA. 2013 Mammalian 50-capped
microRNA precursors that generate a single

http://dx.doi.org/10.1152/physrev.00041.2015
http://dx.doi.org/10.1152/physrev.00041.2015
http://dx.doi.org/10.1515/jib-2019-0027
http://dx.doi.org/10.1515/jib-2019-0027
http://dx.doi.org/10.3109/10409238.2013.844092
http://dx.doi.org/10.1016/j.stem.2015.01.016
http://dx.doi.org/10.1136/gutjnl-2014-307891
http://dx.doi.org/10.1136/gutjnl-2014-307891
http://dx.doi.org/10.1016/j.gdata.2014.10.020
http://dx.doi.org/10.3389/fmicb.2020.01197
http://dx.doi.org/10.3389/fmicb.2020.01197
http://dx.doi.org/10.1038/s41580-020-00315-9
http://dx.doi.org/10.1038/s41580-020-00315-9
http://dx.doi.org/10.1038/nature28175
http://dx.doi.org/10.1093/nar/gkt1181
http://dx.doi.org/10.1002/jcp.27486
http://dx.doi.org/10.1002/jcp.27486
http://dx.doi.org/10.1093/aje/kwu135
http://dx.doi.org/10.1093/aje/kwu135
http://dx.doi.org/10.1016/j.autrev.2013.07.003
http://dx.doi.org/10.3389/fimmu.2019.03081
http://dx.doi.org/10.3389/fimmu.2019.03081
http://dx.doi.org/10.1007/978-981-10-4310-9_6
http://dx.doi.org/10.1007/978-981-10-4310-9_6
http://dx.doi.org/10.3389/fendo.2018.00402
http://dx.doi.org/10.1002/jcp.21993
http://dx.doi.org/10.1002/jcp.21993
http://dx.doi.org/10.4161/trns.26393
http://dx.doi.org/10.1261/rna.1731910
https://doi.org/10.3835/plantgenome2014.12.0091
https://doi.org/10.3835/plantgenome2014.12.0091
http://dx.doi.org/10.1038/sj.emboj.7600385
http://dx.doi.org/10.1038/sj.emboj.7600385
http://dx.doi.org/10.1038/nsmb1167
http://dx.doi.org/10.1038/nsmb1167
http://dx.doi.org/10.1261/rna.7240905
http://dx.doi.org/10.3389/fgene.2014.00100
http://dx.doi.org/10.3389/fgene.2014.00100
http://dx.doi.org/10.1111/brv.12428
http://dx.doi.org/10.1007/s00018-020-03526-7
http://dx.doi.org/10.1007/s00018-020-03526-7
http://dx.doi.org/10.1128/MCB.02005-06
http://dx.doi.org/10.1128/MCB.02005-06
http://dx.doi.org/10.1016/j.cell.2008.02.019
http://dx.doi.org/10.1186/1752-0509-5-199
http://dx.doi.org/10.1261/rna.053264.115
http://dx.doi.org/10.1261/rna.053264.115
http://dx.doi.org/10.1093/nar/gkw116
http://dx.doi.org/10.1093/nar/gkw116
http://dx.doi.org/10.1186/1471-2164-8-166
http://dx.doi.org/10.1016/j.jri.2012.11.001
http://dx.doi.org/10.1016/j.jmb.2004.03.065
http://dx.doi.org/10.1371/journal.pone.0176596
http://dx.doi.org/10.1371/journal.pone.0176596
http://dx.doi.org/10.1101/gr.6146507
http://dx.doi.org/10.1101/gr.6146507
http://dx.doi.org/10.1002/jcp.25056
http://dx.doi.org/10.1007/s00438-010-0556-1
http://dx.doi.org/10.1007/s00438-010-0556-1
http://dx.doi.org/10.1038/s41580-019-0106-6
http://dx.doi.org/10.1038/s41580-019-0106-6
http://dx.doi.org/10.1073/pnas.1618732114
http://dx.doi.org/10.1073/pnas.1618732114
http://dx.doi.org/10.1093/nar/gkq776
http://dx.doi.org/10.1128/JVI.01884-15
http://dx.doi.org/10.1128/JVI.01884-15
http://dx.doi.org/10.1128/JVI.00707-10


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210395

19
microRNA. Cell 155, 1568–1580. (doi:10.1016/j.cell.
2013.11.027)

48. Nguyen TA, Jo MH, Choi YG, Park J, Kwon SC,
Hohng S, Kim VN, Woo JS. 2015 Functional
anatomy of the human microprocessor.
Cell 161, 1374–1387. (doi:10.1016/j.cell.2015.
05.010)

49. Tili E, Michaille JJ, Costinean S, Croce CM. 2008
MicroRNAs, the immune system and rheumatic
disease. Nat. Clin. Pract. Rheumatol. 4, 534–541.
(doi:10.1038/ncprheum0885)

50. Fukuda T et al. 2007 DEAD-box RNA helicase
subunits of the Drosha complex are required for
processing of rRNA and a subset of microRNAs.
Nat. Cell Biol. 9, 604–611. (doi:10.1038/
ncb1577)

51. Chu YD, Chen HK, Huang T, Chan SP. 2016 A novel
function for the DEAD-box RNA helicase DDX-
23 in.primary microRNA processing in
Caenorhabditis elegans. Dev. Biol. 409, 459–472.
(doi:10.1016/j.ydbio.2015.11.011)

52. Ngo TD, Partin AC, Nam Y. 2019 RNA specificity and
autoregulation of DDX17, a modulator of microRNA
biogenesis. Cell Rep. 29, 4024–4035.e5. (doi:10.
1016/j.celrep.2019.11.059)

53. Auyeung VC, Ulitsky I, Mcgeary SE, Bartel DP. 2013
Beyond secondary structure: primary-sequence
determinants license pri-miRNA hairpins for
processing. Cell 152, 844–858. (doi:10.1016/j.cell.
2013.01.031)

54. Okada C, Yamashita E, Lee SJ, Shibata S, Katahira J,
Nakagawa A, Yoneda Y, Tsukihara T. 2009 A high-
resolution structure of the pre-microRNA nuclear
export machinery. Science 326, 1275–1279. (doi:10.
1126/science.1178705)

55. Wu K, He J, Pu W, Peng Y. 2018 The role of
exportin-5 in.microRNA biogenesis and cancer.
Genomics Proteomics Bioinform. 16, 120–126.
(doi:10.1016/j.gpb.2017.09.004)

56. Bischoff FR, Görlich D. 1997 RanBP1 is crucial for
the release of RanGTP from importin beta-related
nuclear transport factors. FEBS Lett. 419, 249–254.
(doi:10.1016/S0014-5793(97)01467-1)

57. Saito K, Ishizuka A, Siomi H, Siomi MC. 2005
Processing of pre-microRNAs by the dicer-1-
loquacious complex in drosophila cells. PLoS Biol. 3,
e235. (doi:10.1371/journal.pbio.0030235)

58. Fareh M, Yeom KH, Haagsma AC, Chauhan S, Heo I,
Joo C. 2016 TRBP ensures efficient dicer processing
of precursor microRNA in RNA-crowded
environments. Nat. Commun. 7, 13694. (doi:10.
1038/ncomms13694)

59. Iwasaki S, Kobayashi M, Yoda M, Sakaguchi Y,
Katsuma S, Suzuki T, Tomari Y. 2010 Hsc70/
Hsp90 chaperone machinery mediates ATP-
dependent RISC loading of small RNA duplexes.
Mol. Cell 39, 292–299. (doi:10.1016/j.molcel.2010.
05.015)

60. Bartel DP. 2018 Metazoan microRNAs. Cell 173,
20–51. (doi:10.1016/j.cell.2018.03.006)

61. Kawamata T, Tomari Y. 2010 Making RISC. Trends
Biochem. Sci. 35, 368–376. (doi:10.1016/j.tibs.2010.
03.009)
62. Kim VN, Han J, Siomi MC. 2009 Biogenesis of small
RNAs in animals. Nat. Rev. Mol. Cell Biol. 10,
126–139. (doi:10.1038/nrm2632)

63. Ha M, Kim VN. 2014 Regulation of microRNA
biogenesis. Nat. Rev. Mol. Cell Biol. 15, 509–524.
(doi:10.1038/nrm3838)

64. Lee H, Han S, Kwon CS, Lee D. 2016 Biogenesis and
regulation of the let-7 miRNAs and their functional
implications. Protein Cell 7, 100–113. (doi:10.1007/
s13238-015-0212-y)

65. Choudhuri S. 2010 Small noncoding RNAs:
biogenesis, function, and emerging significance in
toxicology. J. Biochem. Mol. Toxicol. 24, 195–216.
(doi:10.1002/jbt.20325)

66. Okamura K, Hagen JW, Duan H, Tyler DM, Lai EC.
2007 The mirtron pathway generates microRNA-
class regulatory RNAs in drosophila. Cell 130,
89–100. (doi:10.1016/j.cell.2007.06.028)

67. Ohno M, Segref A, Bachi A, Wilm M, Mattaj IW.
2000 PHAX, a mediator of U snRNA nuclear export
whose activity is regulated by phosphorylation.
Cell 101, 187–198. (doi:10.1016/S0092-8674(00)
80829-6)

68. Ender C, Krek A, Friedländer MR, Beitzinger M,
Weinmann L, Chen W, Pfeffer S, Rajewsky N,
Meister G. 2008 A human snoRNA with microRNA-
like functions. Mol. Cell 32, 519–528. (doi:10.1016/
j.molcel.2008.10.017)

69. Taft RJ, Glazov EA, Lassmann T, Hayashizaki Y,
Carninci P, Mattick JS. 2009 Small RNAs derived
from snoRNAs. RNA 15, 1233–1240. (doi:10.1261/
rna.1528909)

70. Babiarz JE, Hsu R, Melton C, Thomas M, Ullian EM,
Blelloch R. 2011 A role for noncanonical microRNAs
in the mammalian brain revealed by phenotypic
differences in Dgcr8 versus dicer1 knockouts and
small RNA sequencing. RNA 17, 1489–1501.
(doi:10.1261/rna.2442211)

71. Blenkiron C, Hurley DG, Fitzgerald S, Print CG,
Lasham A. 2013 Links between the oncoprotein
YB-1 and small non-coding RNAs in breast cancer.
PLoS ONE 8, e80171. (doi:10.1371/journal.pone.
0080171)

72. Braun JE, Huntzinger E, Izaurralde E. 2013 The role
of GW182 proteins in miRNA-mediated gene
silencing. Adv. Exp. Med. Biol. 768, 147–163.
(doi:10.1007/978-1-4614-5107-5_9)

73. Yu F, Bracken CP, Pillman KA, Lawrence DM, Goodall
GJ, Callen DF, Neilsen PM. 2015 p53 represses the
oncogenic Sno-MiR-28 derived from a SnoRNA. PLoS
ONE 10, e0129190. (doi:10.1371/journal.pone.
0129190)

74. Patterson DG et al. 2017 Human snoRNA-93 is
processed into a microRNA-like RNA that promotes
breast cancer cell invasion. NPJ Breast Cancer 3, 25.
(doi:10.1038/s41523-017-0032-8)

75. Saraiya AA, Wang CC. 2008 snoRNA, a novel
precursor of microRNA in Giardia lamblia. PLoS
Pathog. 4, e1000224. (doi:10.1371/journal.ppat.
1000224)

76. Saraiya AA, Li W, Wang CC. 2011 A microRNA
derived from an apparent canonical biogenesis
pathway regulates variant surface protein gene
expression in Giardia lamblia. RNA 17, 2152–2164.
(doi:10.1261/rna.028118.111)

77. Li W, Saraiya AA, Wang CC. 2012 The profile of
snoRNA-derived microRNAs that regulate expression
of variant surface proteins in Giardia lamblia. Cell
Microbiol. 14, 1455–1473. (doi:10.1111/j.1462-
5822.2012.01811.x)

78. Zhu Y, Haecker I, Yang Y, Gao SJ, Renne R. 2013
Gamma-herpesvirus-encoded miRNAs and their
roles in viral biology and pathogenesis. Curr. Opin.
Virol. 3, 266–275.

79. Bullard WL et al. 2019 Identification of murine
gammaherpesvirus 68 miRNA-mRNA hybrids
reveals miRNA target conservation among
gammaherpesviruses including host translation and
protein modification machinery. PLoS Pathogens 15,
e1007843. (doi:10.1371/journal.ppat.1007843)

80. Pfeffer S et al. 2004 Identification of virus-encoded
microRNAs. Science 304, 734–736. (doi:10.1126/
science.1096781)

81. Bogerd HP, Karnowski HW, Cai X, Shin J, Pohlers M,
Cullen BR. 2010 A mammalian herpesvirus uses
non-canonical expression and processing
mechanisms to generate viral microRNAs. Mol. Cell
37, 135. (doi:10.1016/j.molcel.2009.12.016)

82. Cheloufi S, Dos Santos CO, Chong MMW, Hannon GJ.
2010 A dicer-independent miRNA biogenesis
pathway that requires Ago catalysis. Nature 465,
584–589. (doi:10.1038/nature09092)

83. Cifuentes D et al. 2010 A novel miRNA processing
pathway independent of dicer requires Argonaute2
catalytic activity. Science 328, 1694–1698. (doi:10.
1126/science.1190809)

84. Yang JS, Dicer-Independent LE. 2010 Ago2-
mediated microRNA biogenesis in vertebrates. Cell
Cycle 9, 4455–4460. (doi:10.4161/cc.9.22.13958)

85. Yoda M, Cifuentes D, Izumi N, Sakaguchi Y, Suzuki
T, Giraldez AJ, Tomari Y. 2013 PARN mediates 30-
end trimming of Argonaute2-cleaved precursor
microRNAs. Cell Rep. 5, 715–726.

86. Herrera-Carrillo E, Berkhout B. 2017 Dicer-
independent processing of small RNA duplexes:
mechanistic insights and applications. Nucleic Acids
Res. 45, 10 369–10 379. (doi:10.1093/nar/gkx779)

87. Siolas D, Lerner C, Burchard J, Ge W, Linsley PS,
Paddison PJ, Hannon GJ, Cleary MA. 2005 Synthetic
shRNAs as potent RNAi triggers. Nat. Biotechnol. 23,
227–231. (doi:10.1038/nbt1052)

88. Heo I, Ha M, Lim J, Yoon MJ, Park JE, Kwon SC,
Chang H, Kim VN. 2012 Mono-uridylation of pre-
microRNA as a key step in the biogenesis of group II
let-7 microRNAs. Cell 151, 521–532. (doi:10.1016/j.
cell.2012.09.022)

89. Sohel MH. 2016 Extracellular/circulating microRNAs:
release mechanisms, functions and challenges.
Achievements Life Sci. 10, 175–186. (doi:10.1016/j.
als.2016.11.007)

90. Trabucchi M, Mategot R. 2019 Subcellular
heterogeneity of the microRNA machinery.
Trends Genet. 35, 15–28. (doi:10.1016/j.tig.2018.
10.006)

91. Jie M, Feng T, Huang W, Zhang M, Feng Y, Jiang H,
Wen Z. 2021 Subcellular localization of miRNAs and

http://dx.doi.org/10.1016/j.cell.2013.11.027
http://dx.doi.org/10.1016/j.cell.2013.11.027
http://dx.doi.org/10.1016/j.cell.2015.05.010
http://dx.doi.org/10.1016/j.cell.2015.05.010
http://dx.doi.org/10.1038/ncprheum0885
http://dx.doi.org/10.1038/ncb1577
http://dx.doi.org/10.1038/ncb1577
http://dx.doi.org/10.1016/j.ydbio.2015.11.011
http://dx.doi.org/10.1016/j.celrep.2019.11.059
http://dx.doi.org/10.1016/j.celrep.2019.11.059
http://dx.doi.org/10.1016/j.cell.2013.01.031
http://dx.doi.org/10.1016/j.cell.2013.01.031
http://dx.doi.org/10.1126/science.1178705
http://dx.doi.org/10.1126/science.1178705
http://dx.doi.org/10.1016/j.gpb.2017.09.004
http://dx.doi.org/10.1016/S0014-5793(97)01467-1
http://dx.doi.org/10.1371/journal.pbio.0030235
http://dx.doi.org/10.1038/ncomms13694
http://dx.doi.org/10.1038/ncomms13694
http://dx.doi.org/10.1016/j.molcel.2010.05.015
http://dx.doi.org/10.1016/j.molcel.2010.05.015
http://dx.doi.org/10.1016/j.cell.2018.03.006
http://dx.doi.org/10.1016/j.tibs.2010.03.009
http://dx.doi.org/10.1016/j.tibs.2010.03.009
http://dx.doi.org/10.1038/nrm2632
http://dx.doi.org/10.1038/nrm3838
http://dx.doi.org/10.1007/s13238-015-0212-y
http://dx.doi.org/10.1007/s13238-015-0212-y
http://dx.doi.org/10.1002/jbt.20325
http://dx.doi.org/10.1016/j.cell.2007.06.028
http://dx.doi.org/10.1016/S0092-8674(00)80829-6
http://dx.doi.org/10.1016/S0092-8674(00)80829-6
http://dx.doi.org/10.1016/j.molcel.2008.10.017
http://dx.doi.org/10.1016/j.molcel.2008.10.017
http://dx.doi.org/10.1261/rna.1528909
http://dx.doi.org/10.1261/rna.1528909
http://dx.doi.org/10.1261/rna.2442211
http://dx.doi.org/10.1371/journal.pone.0080171
http://dx.doi.org/10.1371/journal.pone.0080171
http://dx.doi.org/10.1007/978-1-4614-5107-5_9
http://dx.doi.org/10.1371/journal.pone.0129190
http://dx.doi.org/10.1371/journal.pone.0129190
http://dx.doi.org/10.1038/s41523-017-0032-8
http://dx.doi.org/10.1371/journal.ppat.1000224
http://dx.doi.org/10.1371/journal.ppat.1000224
http://dx.doi.org/10.1261/rna.028118.111
http://dx.doi.org/10.1111/j.1462-5822.2012.01811.x
http://dx.doi.org/10.1111/j.1462-5822.2012.01811.x
http://dx.doi.org/10.1371/journal.ppat.1007843
http://dx.doi.org/10.1126/science.1096781
http://dx.doi.org/10.1126/science.1096781
http://dx.doi.org/10.1016/j.molcel.2009.12.016
http://dx.doi.org/10.1038/nature09092
http://dx.doi.org/10.1126/science.1190809
http://dx.doi.org/10.1126/science.1190809
http://dx.doi.org/10.4161/cc.9.22.13958
http://dx.doi.org/10.1093/nar/gkx779
http://dx.doi.org/10.1038/nbt1052
http://dx.doi.org/10.1016/j.cell.2012.09.022
http://dx.doi.org/10.1016/j.cell.2012.09.022
http://dx.doi.org/10.1016/j.als.2016.11.007
http://dx.doi.org/10.1016/j.als.2016.11.007
http://dx.doi.org/10.1016/j.tig.2018.10.006
http://dx.doi.org/10.1016/j.tig.2018.10.006


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210395

20
implications in cellular homeostasis. Genes (Basel)
12, 856. (doi:10.3390/genes12060856)

92. Liao JY, Ma LM, Guo YH, Zhang YC, Zhou H, Shao P,
Chen YQ, Qu LH. 2010 Deep sequencing of human
nuclear and cytoplasmic small RNAs reveals an
unexpectedly complex subcellular distribution of
miRNAs and tRNA 3’ trailers. PLoS ONE 5, e10563.
(doi:10.1371/journal.pone.0010563)

93. Turunen TA, Roberts TC, Laitinen P, Väänänen MA,
Korhonen P, Malm T, Ylä-Herttuala S, Turunen MP.
2019 Changes in nuclear and cytoplasmic microRNA
distribution in response to hypoxic stress.
Sci. Rep. 9, 10332. (doi:10.1038/s41598-019-
46841-1)

94. Liu H, Lei C, He Q, Pan Z, Xiao D, Tao Y. 2018
Nuclear functions of mammalian MicroRNAs in gene
regulation, immunity and cancer. Mol. Cancer 17,
64. (doi:10.1186/s12943-018-0765-5)

95. Roberts TC. 2014 The microRNA biology of the
mammalian nucleus. Mol. Ther. Nucleic Acids 3,
e188. (doi:10.1038/mtna.2014.40)

96. Gagnon KT, Li L, Chu Y, Janowski BA, Corey DR.
2014 RNAi factors are present and active in human
cell nuclei. Cell Rep. 6, 211–221. (doi:10.1016/j.
celrep.2013.12.013)

97. Morris KV, Chan SWL, Jacobsen SE, Looney DJ. 2004
Small interfering RNA-induced transcriptional gene
silencing in human cells. Science 305, 1289–1292.
(doi:10.1126/science.1101372)

98. Matsui M, Chu Y, Zhang H, Gagnon KT, Shaikh S,
Kuchimanchi S, Manoharan M, Corey DR, Janowski
BA. 2013 Promoter RNA links transcriptional
regulation of inflammatory pathway genes. Nucleic
Acids Res. 41, 10 086–10 109. (doi:10.1093/nar/
gkt777)

99. Morris KV, Santoso S, Turner AM, Pastori C, Hawkins
PG. 2008 Bidirectional transcription directs both
transcriptional gene activation and suppression in
human cells. PLoS Genet. 4, e1000258. (doi:10.
1371/journal.pgen.1000258)

100. Ameyar-Zazoua M et al. 2012 Argonaute proteins
couple chromatin silencing to alternative splicing.
Nat. Struct. Mol. Biol. 19, 998–1004. (doi:10.1038/
nsmb.2373)

101. Li P, Jiao J, Gao G, Prabhakar BS. 2012 Control of
mitochondrial activity by miRNAs. J. Cell Biochem.
113, 1104–1110. (doi:10.1002/jcb.24004)

102. Song R, Hu XQ, Zhang L. 2019 Mitochondrial MiRNA
in cardiovascular function and disease. Cells 8, 1475.

103. Barrey E, Saint-Auret G, Bonnamy B, Damas D,
Boyer O, Gidrol X. 2011 Pre-microRNA and mature
microRNA in human mitochondria. PLoS ONE 6,
e20220.

104. John A, Kubosumi A, Reddy PH. 2020 Mitochondrial
microRNAs in aging and neurodegenerative
diseases. Cells 9, 1345. (doi:10.3390/cells9061345)

105. Macgregor-Das AM, Das S. 2018 A microRNA’s
journey to the center of the mitochondria.
Am. J. Physiol. Heart Circ. Physiol. 315, H206–H215.
(doi:10.1152/ajpheart.00714.2017)

106. Leung AKL. 2015 The whereabouts of microRNA
actions: cytoplasm and beyond. Trends Cell Biol. 25,
601–610. (doi:10.1016/j.tcb.2015.07.005)
107. Zhang X et al. 2014 MicroRNA directly enhances
mitochondrial translation during muscle
differentiation. Cell 158, 607–619. (doi:10.1016/j.
cell.2014.05.047)

108. Gusic M, Prokisch H. 2020 ncRNAs: new players in
mitochondrial health and disease? Front. Genet. 11,
95. (doi:10.3389/fgene.2020.00095)

109. Li S et al. 2013MicroRNAs inhibit the translation of target
mRNAs on the endoplasmic reticulum in Arabidopsis. Cell
153, 562–574. (doi:10.1016/j.cell.2013.04.005)

110. Barman B, Bhattacharyya SN. 2015 mRNA targeting
to endoplasmic reticulum precedes ago protein
interaction and microRNA (miRNA)-mediated
translation repression in mammalian cells. J. Biol.
Chem. 290, 24650–6. (doi:10.1074/jbc.C115.
661868)

111. Yu Y, Jia T, Chen X. 2017 The ‘how’ and ‘where’ of
plant microRNAs. New Phytol. 216, 1002–1017.
(doi:10.1111/nph.14834)

112. Stalder L et al. 2013 The rough endoplasmatic
reticulum is a central nucleation site of siRNA-
mediated RNA silencing. EMBO J. 32, 1115–1127.
(doi:10.1038/emboj.2013.52)

113. Bose M, Chatterjee S, Chakrabarty Y, Barman B,
Bhattacharyya SN. 2020 Retrograde trafficking of
Argonaute 2 acts as a rate-limiting step for de novo
miRNP formation on endoplasmic reticulum–
attached polysomes in mammalian cells. Life Sci.
Alliance 3, e201800161. (doi:10.26508/lsa.
201800161)

114. Chakrabarty Y, Bhattacharyya SN. 2017 Leishmania
donovani restricts mitochondrial dynamics to
enhance miRNP stability and target RNA repression
in host macrophages. MBoC 28, 2091–2105.
(doi:10.1091/mbc.e16-06-0388)

115. Luo Y, Na Z, Slavoff SA. 2018 P-bodies: composition,
properties, and functions. Biochemistry 57,
2424–2431. (doi:10.1021/acs.biochem.7b01162)

116. Franks TM, Lykke-Andersen J. 2008 The control of
mRNA decapping and P-body formation. Mol. Cell
32, 605–615. (doi:10.1016/j.molcel.2008.11.001)

117. Chen CYA, Zheng D, Xia Z, Shyu AB. 2009 Ago-
TNRC6 triggers microRNA-mediated decay by
promoting two deadenylation steps. Nat. Struct.
Mol. Biol. 16, 1160–1166. (doi:10.1038/nsmb.1709)

118. Eulalio A, Behm-Ansmant I, Schweizer D, Izaurralde
E. 2007 P-body formation is a consequence, not the
cause, of RNA-mediated gene silencing. Mol. Cell
Biol. 27, 3970–3981. (doi:10.1128/MCB.00128-07)

119. Liu J, Valencia-Sanchez MA, Hannon GJ, Parker R.
2005 MicroRNA-dependent localization of targeted
mRNAs to mammalian P-bodies. Nat. Cell Biol. 7,
719–723. (doi:10.1038/ncb1274)

120. Xu B, Hsu PK, Stark KL, Karayiorgou M, Gogos JA.
2013 Derepression of a neuronal inhibitor due to
miRNA dysregulation in a schizophrenia-related
microdeletion. Cell 152, 262–275. (doi:10.1016/j.
cell.2012.11.052)

121. Aranda JF, Rathjen S, Johannes L, Fernández-
Hernando C. 2018 MicroRNA 199a-5p attenuates
retrograde transport and protects against toxin-
induced inhibition of protein biosynthesis. Mol. Cell.
Biol. 38, e00548.
122. Núñez-Olvera SI et al. 2020 A novel protective role
for microRNA-3135b in Golgi apparatus
fragmentation induced by chemotherapy via
GOLPH3/AKT1/mTOR axis in colorectal cancer cells.
Sci. Rep. 10, 10555. (doi:10.1038/s41598-020-
67550-0)

123. Amessou M, Popoff V, Yelamos B, Saint-Pol A,
Johannes L. 2006 Measuring retrograde transport to
the trans-Golgi network. Curr. Protoc. Cell Biol. 15,
15.10. (doi:10.1002/0471143030.cb1510s32)

124. Cortez MA, Bueso-Ramos C, Ferdin J, Lopez-Berestein
G, Sood AK, Calin GA. 2011 MicroRNAs in body fluids–
the mix of hormones and biomarkers. Nat. Rev. Clin.
Oncol. 8, 467–477. (doi:10.1038/nrclinonc.2011.76)

125. Fabbri M. 2012 TLRs as miRNA receptors. Cancer
Res. 72, 6333–6337. (doi:10.1158/0008-5472.CAN-
12-3229)

126. Zhang J, Li S, Li L, Li M, Guo C, Yao J, Mi S. 2015
Exosome and exosomal microRNA: trafficking,
sorting, and function. Genomics Proteomics
Bioinform. 13, 17–24. (doi:10.1016/j.gpb.2015.02.
001)

127. Greening DW, Gopal SK, Xu R, Simpson RJ, Chen W.
2015 Exosomes and their roles in immune
regulation and cancer. Semin. Cell Dev. Biol. 40,
72–81. (doi:10.1016/j.semcdb.2015.02.009)

128. Bayraktar R, Van Roosbroeck K, Calin GA. 2017 Cell-
to-cell communication: microRNAs as hormones.
Mol. Oncol. 11, 1673–1686. (doi:10.1002/1878-
0261.12144)

129. Pope SM, Lässer C. 2013 Toxoplasma gondii
infection of fibroblasts causes the production of
exosome-like vesicles containing a unique array of
mRNA and miRNA transcripts compared to serum
starvation. J. Extracell Vesicles 2. (doi:10.3402/jev.
v2i0.22484)

130. Goswami A et al. 2020 MicroRNA exporter HuR
clears the internalized pathogens by promoting pro-
inflammatory response in infected macrophages.
EMBO Mol. Med. 12, e11011. (doi:10.15252/emmm.
201911011)

131. Douanne N, Dong G, Douanne M, Olivier M,
Fernandez-Prada C. 2020 Unravelling the proteomic
signature of extracellular vesicles released by drug-
resistant Leishmania infantum parasites. PLOS Negl.
Trop. Dis. 14, e0008439. (doi:10.1371/journal.pntd.
0008439)

132. Manzano-Román R, Siles-Lucas M. 2012 MicroRNAs
in parasitic diseases: potential for diagnosis and
targeting. Mol. Biochem. Parasitol. 186, 81–86.
(doi:10.1016/j.molbiopara.2012.10.001)

133. Lemaire J et al. 2013 MicroRNA expression profile in
human macrophages in response to leishmania
major infection. PLoS Negl. Trop. Dis. 7, e2478.
https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3789763/ (doi:10.1371/journal.pntd.0002478).

134. Zheng Y, Cai X, Bradley JE. 2013 microRNAs in
parasites and parasite infection. RNA Biol. 10,
371–379. (doi:10.4161/rna.23716)

135. Mallick B, Ghosh Z, Chakrabarti J. 2008 MicroRNA
switches in Trypanosoma brucei. Biochem. Biophys.
Res. Commun. 372, 459–463. (doi:10.1016/j.bbrc.
2008.05.084)

http://dx.doi.org/10.3390/genes12060856
http://dx.doi.org/10.1371/journal.pone.0010563
http://dx.doi.org/10.1038/s41598-019-46841-1
http://dx.doi.org/10.1038/s41598-019-46841-1
http://dx.doi.org/10.1186/s12943-018-0765-5
http://dx.doi.org/10.1038/mtna.2014.40
http://dx.doi.org/10.1016/j.celrep.2013.12.013
http://dx.doi.org/10.1016/j.celrep.2013.12.013
http://dx.doi.org/10.1126/science.1101372
http://dx.doi.org/10.1093/nar/gkt777
http://dx.doi.org/10.1093/nar/gkt777
http://dx.doi.org/10.1371/journal.pgen.1000258
http://dx.doi.org/10.1371/journal.pgen.1000258
http://dx.doi.org/10.1038/nsmb.2373
http://dx.doi.org/10.1038/nsmb.2373
http://dx.doi.org/10.1002/jcb.24004
http://dx.doi.org/10.3390/cells9061345
http://dx.doi.org/10.1152/ajpheart.00714.2017
http://dx.doi.org/10.1016/j.tcb.2015.07.005
http://dx.doi.org/10.1016/j.cell.2014.05.047
http://dx.doi.org/10.1016/j.cell.2014.05.047
http://dx.doi.org/10.3389/fgene.2020.00095
http://dx.doi.org/10.1016/j.cell.2013.04.005
http://dx.doi.org/10.1074/jbc.C115.661868
http://dx.doi.org/10.1074/jbc.C115.661868
http://dx.doi.org/10.1111/nph.14834
http://dx.doi.org/10.1038/emboj.2013.52
http://dx.doi.org/10.26508/lsa.201800161
http://dx.doi.org/10.26508/lsa.201800161
http://dx.doi.org/10.1091/mbc.e16-06-0388
http://dx.doi.org/10.1021/acs.biochem.7b01162
http://dx.doi.org/10.1016/j.molcel.2008.11.001
http://dx.doi.org/10.1038/nsmb.1709
http://dx.doi.org/10.1128/MCB.00128-07
http://dx.doi.org/10.1038/ncb1274
http://dx.doi.org/10.1016/j.cell.2012.11.052
http://dx.doi.org/10.1016/j.cell.2012.11.052
http://dx.doi.org/10.1038/s41598-020-67550-0
http://dx.doi.org/10.1038/s41598-020-67550-0
http://dx.doi.org/10.1002/0471143030.cb1510s32
http://dx.doi.org/10.1038/nrclinonc.2011.76
http://dx.doi.org/10.1158/0008-5472.CAN-12-3229
http://dx.doi.org/10.1158/0008-5472.CAN-12-3229
http://dx.doi.org/10.1016/j.gpb.2015.02.001
http://dx.doi.org/10.1016/j.gpb.2015.02.001
http://dx.doi.org/10.1016/j.semcdb.2015.02.009
http://dx.doi.org/10.1002/1878-0261.12144
http://dx.doi.org/10.1002/1878-0261.12144
https://doi.org/10.3402/jev.v2i0.22484
https://doi.org/10.3402/jev.v2i0.22484
http://dx.doi.org/10.15252/emmm.201911011
http://dx.doi.org/10.15252/emmm.201911011
http://dx.doi.org/10.1371/journal.pntd.0008439
http://dx.doi.org/10.1371/journal.pntd.0008439
http://dx.doi.org/10.1016/j.molbiopara.2012.10.001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3789763/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3789763/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3789763/
https://doi.org/10.1371/journal.pntd.0002478
http://dx.doi.org/10.4161/rna.23716
http://dx.doi.org/10.1016/j.bbrc.2008.05.084
http://dx.doi.org/10.1016/j.bbrc.2008.05.084


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210395

21
136. Braun L et al. 2010 A complex small RNA repertoire
is generated by a plant/fungal-like machinery and
effected by a metazoan-like Argonaute in the
single-cell human parasite Toxoplasma gondii. PLoS
Pathog. 6, e1000920. (doi:10.1371/journal.ppat.
1000920)

137. Hao L, Cai P, Jiang N, Wang H, Chen Q. 2010
Identification and characterization of microRNAs and
endogenous siRNAs in Schistosoma japonicum. BMC
Genomics 11, 55. (doi:10.1186/1471-2164-11-55)

138. Acuña SM, Floeter-Winter LM, Muxel SM. 2020
MicroRNAs: biological regulators in pathogen-host
interactions. Cells 9, E113. (doi:10.3390/
cells9010113)

139. Riahi Rad Z, Riahi Rad Z, Goudarzi H, Goudarzi M,
Mahmoudi M, Yasbolaghi Sharahi J, Hashemi A.
2021 MicroRNAs in the interaction between host–
bacterial pathogens: A new perspective. J. Cell.
Physiol. 236, 6249–6270. (doi:10.1002/jcp.30333)

140. Aguilar C, Mano M, Eulalio A. 2019 Multifaceted
roles of microRNAs in host-bacterial pathogen
interaction. Microbiol. Spectr. 7. (doi:10.1128/
microbiolspec.BAI-0002-2019)

141. Stanton BA. 2021 Extracellular vesicles and host–
pathogen interactions: a review of inter-kingdom
signaling by small noncoding RNA. Genes 12, 1010.
(doi:10.3390/genes12071010)

142. Bayer-Santos E, Marini MM, Da Silveira JF. 2017
Non-coding RNAs in host–pathogen interactions:
subversion of mammalian cell functions by
protozoan parasites. Front. Microbiol. 8, 474. See
https://www.frontiersin.org/article/10.3389/fmicb.
2017.00474 (doi:10.3389/fmicb.2017.00474)

143. Castillo C, Liempi A, Medina L, Kemmerling IC. 2018
Chagas disease: basic investigations and challenges.
See https://www.intechopen.com/books/chagas-
disease-basic-investigations-and-challenges/
antiparasitic-mechanisms-of-the-human-placenta.

144. Medina L, Castillo C, Liempi A, Guerrero-Muñoz J,
Rojas-Pirela M, Maya JD, Prieto H, Kemmerling U.
2020 Trypanosoma cruzi and toxoplasma gondii
induce a differential microRNA profile in human
placental explants. Front. Immunol. 11, 595250.
(doi:10.3389/fimmu.2020.595250)

145. Lye LF, Owens K, Shi H, Murta SMF, Vieira AC, Turco
SJ, Tschudi C, Ullu E, Beverley SM. 2010 Retention
and loss of RNA interference pathways in
trypanosomatid protozoans. PLoS Pathog. 6,
e1001161. (doi:10.1371/journal.ppat.1001161)

146. Ferreira LRP et al. 2017 Integration of miRNA and
gene expression profiles suggest a role for miRNAs
in the pathobiological processes of acute
Trypanosoma cruzi infection. Sci. Rep. 7, 17990.
(doi:10.1038/s41598-017-18080-9)

147. Oliveira AER, Grazielle-Silva V, Ferreira LRP, Teixeira
SMR. 2020 Close encounters between Trypanosoma
cruzi and the host mammalian cell: lessons from
genome-wide expression studies. Genomics
112, 990–997. (doi:10.1016/j.ygeno.2019.
06.015)

148. Ferreira LRP et al. 2014 MicroRNAs miR-1, miR-
133a, miR-133b, miR-208a and miR-208b are
dysregulated in Chronic Chagas disease
Cardiomyopathy. Int. J. Cardiol. 175, 409–417.
(doi:10.1016/j.ijcard.2014.05.019)

149. Navarro IC et al. 2015 MicroRNA transcriptome
profiling in heart of trypanosoma cruzi-infected
mice: parasitological and cardiological outcomes.
PLoS Negl. Trop. Dis. 9, e0003828. (doi:10.1371/
journal.pntd.0003828)

150. Callis TE et al. 2009 MicroRNA-208a is a regulator of
cardiac hypertrophy and conduction in mice. J. Clin.
Invest. 119, 2772–2786. (doi:10.1172/JCI36154)

151. Bostjancic E, Zidar N, Stajer D, Glavac D. 2010
MicroRNAs miR-1, miR-133a, miR-133b and miR-
208 are dysregulated in human myocardial
infarction. Cardiology 115, 163–169. (doi:10.1159/
000268088)

152. Kim GH. 2013 MicroRNA regulation of cardiac
conduction and arrhythmias. Transl. Res. 161,
381–392. (doi:10.1016/j.trsl.2012.12.004)

153. Sheedy FJ. 2015 Turning 21: induction of miR-21 as
a key switch in the inflammatory response. Front.
Immunol. 6, 19. (doi:10.3389/fimmu.2015.00019)

154. Saba R, Sorensen DL, Booth SA. 2014 MicroRNA-
146a: a dominant, negative regulator of the innate
immune response. Front. Immunol. 5, 578. (doi:10.
3389/fimmu.2014.00578)

155. Paterson MR, Kriegel AJ. 2017 MiR-146a/b: a family
with shared seeds and different roots. Physiol.
Genomics 49, 243–252. (doi:10.1152/
physiolgenomics.00133.2016)

156. Marchand A et al. 2016 miR-322 regulates insulin
signaling pathway and protects against metabolic
syndrome-induced cardiac dysfunction in mice.
Biochim. et Biophys. Acta (BBA) 1862, 611–621.
(doi:10.1016/j.bbadis.2016.01.010)

157. Lu M, Xu L, Wang M, Guo T, Luo F, Su N, Yi S,
Chen T. 2018 miR-149 promotes the myocardial
differentiation of mouse bone marrow stem
cells by targeting Dab2. Mol. Med. Rep. 17,
8502–8509. (doi:10.3892/mmr.2018.8903)

158. Ming S, Shui-Yun W, Wei Q, Jian-Hui L, Ru-Tai H,
Lei S, Mei J, Hui W, Ji-Zheng W. 2018 miR-139-5p
inhibits isoproterenol-induced cardiac hypertrophy
by targetting c-Jun. Biosci. Rep. 38. (doi:10.1042/
BSR20171430)

159. Liu Z, Tao B, Fan S, Pu Y, Xia H, Xu L. 2019
MicroRNA-145 Protects against myocardial ischemia
reperfusion injury via CaMKII-mediated
antiapoptotic and anti-inflammatory pathways.
Oxid. Med. Cell Longev. 2019, 8948657.

160. Chen Z, Su X, Shen Y, Jin Y, Luo T, Kim I, Weintraub
NL, Tang Y. 2019 MiR322 mediates cardioprotection
against ischemia/reperfusion injury via FBXW7/
notch pathway. J. Mol. Cell Cardiol. 133, 67–74.
(doi:10.1016/j.yjmcc.2019.05.020)

161. Chamorro-Jorganes A, Araldi E, Penalva LOF, Sandhu
D, Fernández-Hernando C, Suárez Y. 2011
MicroRNA-16 and microRNA-424 regulate
cell-autonomous angiogenic functions in
endothelial cells via targeting vascular
endothelial growth factor receptor-2 and
fibroblast growth factor receptor-1. Arterioscler
Thromb. Vasc. Biol. 31, 2595–2606. (doi:10.1161/
ATVBAHA.111.236521)
162. Detillieux KA, Sheikh F, Kardami E, Cattini PA. 2003
Biological activities of fibroblast growth factor-
2 in.the adult myocardium. Cardiovasc. Res. 57,
8–19. (doi:10.1016/S0008-6363(02)00708-3)

163. Sahni A, Patel J, Narra HP, Schroeder CLC, Walker DH,
Sahni SK. 2017 Fibroblast growth factor receptor-1
mediates internalization of pathogenic spotted fever
rickettsiae into host endothelium. PLoS ONE 12,
e0183181. (doi:10.1371/journal.pone.0183181)

164. Azimi S, Wheldon LM, Oldfield NJ, Ala’aldeen DAA,
Wooldridge KG. 2018 A role for fibroblast growth
factor receptor 1 in the pathogenesis of Neisseria
meningitidis. Microb Pathog. 149, 104534. (doi:10.
1016/j.micpath.2020.104534)

165. Pérez AR, Roggero E, Nicora A, Palazzi J, Besedovsky
HO, Del Rey A, Bottasso OA. 2007 Thymus atrophy
during Trypanosoma cruzi infection is caused by an
immuno-endocrine imbalance. Brain Behav. Immunity
21, 890–900. (doi:10.1016/j.bbi.2007.02.004)

166. Lepletier A, De Frias Carvalho V, Morrot A, Savino
W. 2012 Thymic atrophy in acute experimental
Chagas disease is associated with an imbalance of
stress hormones. Ann. N Y Acad. Sci. 1262, 45–50.
(doi:10.1111/j.1749-6632.2012.06601.x)

167. Lepletier A, De Carvalho VF, E Silva PMR, Villar S,
Pérez AR, Savino W, Morrot A. 2013 Trypanosoma
cruzi disrupts thymic homeostasis by altering
intrathymic and systemic stress-related endocrine
circuitries. PLoS Negl. Trop Dis. 7, e2470. (doi:10.
1371/journal.pntd.0002470)

168. Lepletier A et al. 2014 Early double-negative
thymocyte export in Trypanosoma cruzi infection is
restricted by Sphingosine receptors and associated
with human Chagas disease. Rodrigues MM, editor.
PLoS Negl. Trop. Dis. 8, e3203. (doi:10.1371/journal.
pntd.0003203)

169. González FB et al. 2016 Trypanosoma cruzi
experimental infection impacts on the thymic
regulatory t cell compartment. Fujiwara RT, editor.
PLoS Negl. Trop. Dis. 10, e0004285. (doi:10.1371/
journal.pntd.0004285)

170. Linhares-Lacerda L, Palu CC, Ribeiro-Alves M,
Paredes BD, Morrot A, Garcia-Silva MR, Cayota A,
Savino W. 2015 Differential expression of microRNAs
in thymic epithelial cells from Trypanosoma cruzi
acutely infected mice: putative role in thymic
atrophy. Front. Immunol. 6, 428. (doi:10.3389/
fimmu.2015.00428)

171. Chen LH, Chiou GY, Chen YW, Li HY, Chiou SH. 2010
microRNA and aging: a novel modulator in
regulating the aging network. Ageing Res. Rev. 9,
S59–S66. (doi:10.1016/j.arr.2010.08.002)

172. Guo Z, Chi F, Song Y, Wang C, Yu R, Wei T, Gui J,
Zhu X. 2013 Transcriptome analysis of murine
thymic epithelial cells reveals age-associated
changes in microRNA expression. Int. J. Mol. Med.
32, 835–842. (doi:10.3892/ijmm.2013.1471)

173. Cron MA, Guillochon É, Kusner L, Le Panse R. 2020
Role of miRNAs in normal and myasthenia gravis
thymus. Front. Immunol. 11, 1074. (doi:10.3389/
fimmu.2020.01074)

174. Zheng Y, Wang Z, Tu Y, Shen H, Dai Z, Lin J, Zhou Z.
2015 miR-101a and miR-30b contribute to

http://dx.doi.org/10.1371/journal.ppat.1000920
http://dx.doi.org/10.1371/journal.ppat.1000920
http://dx.doi.org/10.1186/1471-2164-11-55
http://dx.doi.org/10.3390/cells9010113
http://dx.doi.org/10.3390/cells9010113
http://dx.doi.org/10.1002/jcp.30333
http://dx.doi.org/10.1128/microbiolspec.BAI-0002-2019
http://dx.doi.org/10.1128/microbiolspec.BAI-0002-2019
http://dx.doi.org/10.3390/genes12071010
https://www.frontiersin.org/article/10.3389/fmicb.2017.00474
https://www.frontiersin.org/article/10.3389/fmicb.2017.00474
https://www.frontiersin.org/article/10.3389/fmicb.2017.00474
https://doi.org/10.3389/fmicb.2017.00474
https://www.intechopen.com/books/chagas-disease-basic-investigations-and-challenges/antiparasitic-mechanisms-of-the-human-placenta
https://www.intechopen.com/books/chagas-disease-basic-investigations-and-challenges/antiparasitic-mechanisms-of-the-human-placenta
https://www.intechopen.com/books/chagas-disease-basic-investigations-and-challenges/antiparasitic-mechanisms-of-the-human-placenta
https://www.intechopen.com/books/chagas-disease-basic-investigations-and-challenges/antiparasitic-mechanisms-of-the-human-placenta
http://dx.doi.org/10.3389/fimmu.2020.595250
http://dx.doi.org/10.1371/journal.ppat.1001161
http://dx.doi.org/10.1038/s41598-017-18080-9
http://dx.doi.org/10.1016/j.ygeno.2019.06.015
http://dx.doi.org/10.1016/j.ygeno.2019.06.015
http://dx.doi.org/10.1016/j.ijcard.2014.05.019
http://dx.doi.org/10.1371/journal.pntd.0003828
http://dx.doi.org/10.1371/journal.pntd.0003828
http://dx.doi.org/10.1172/JCI36154
http://dx.doi.org/10.1159/000268088
http://dx.doi.org/10.1159/000268088
http://dx.doi.org/10.1016/j.trsl.2012.12.004
http://dx.doi.org/10.3389/fimmu.2015.00019
http://dx.doi.org/10.3389/fimmu.2014.00578
http://dx.doi.org/10.3389/fimmu.2014.00578
http://dx.doi.org/10.1152/physiolgenomics.00133.2016
http://dx.doi.org/10.1152/physiolgenomics.00133.2016
http://dx.doi.org/10.1016/j.bbadis.2016.01.010
http://dx.doi.org/10.3892/mmr.2018.8903
http://dx.doi.org/10.1042/BSR20171430
http://dx.doi.org/10.1042/BSR20171430
http://dx.doi.org/10.1016/j.yjmcc.2019.05.020
http://dx.doi.org/10.1161/ATVBAHA.111.236521
http://dx.doi.org/10.1161/ATVBAHA.111.236521
http://dx.doi.org/10.1016/S0008-6363(02)00708-3
http://dx.doi.org/10.1371/journal.pone.0183181
http://dx.doi.org/10.1016/j.micpath.2020.104534
http://dx.doi.org/10.1016/j.micpath.2020.104534
http://dx.doi.org/10.1016/j.bbi.2007.02.004
http://dx.doi.org/10.1111/j.1749-6632.2012.06601.x
http://dx.doi.org/10.1371/journal.pntd.0002470
http://dx.doi.org/10.1371/journal.pntd.0002470
http://dx.doi.org/10.1371/journal.pntd.0003203
http://dx.doi.org/10.1371/journal.pntd.0003203
http://dx.doi.org/10.1371/journal.pntd.0004285
http://dx.doi.org/10.1371/journal.pntd.0004285
http://dx.doi.org/10.3389/fimmu.2015.00428
http://dx.doi.org/10.3389/fimmu.2015.00428
http://dx.doi.org/10.1016/j.arr.2010.08.002
http://dx.doi.org/10.3892/ijmm.2013.1471
http://dx.doi.org/10.3389/fimmu.2020.01074
http://dx.doi.org/10.3389/fimmu.2020.01074


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210395

22
inflammatory cytokine-mediated β-cell dysfunction.
Lab. Invest. 95, 1387–1397. (doi:10.1038/labinvest.
2015.112)

175. Liao YC, Wang YS, Guo YC, Lin WL, Chang MH, Juo SHH.
2014 Let-7 g improves multiple endothelial functions
through targeting transforming growth factor-beta and
SIRT-1 signaling. J. Am. College Cardiol. 63,
1685–1694. (doi:10.1016/j.jacc.2013.09.069)

176. Wu T et al. 2016 Let-7a suppresses cell proliferation
via the TGF-β/SMAD signaling pathway in cervical
cancer. Oncol. Rep. 36, 3275–3282. (doi:10.3892/or.
2016.5160)

177. Huang C et al. 2017 MicroRNA-101 attenuates
pulmonary fibrosis by inhibiting fibroblast
proliferation and activation. J. Biol. Chem. 292,
16 420–16 439. (doi:10.1074/jbc.M117.805747)

178. Miscianinov V et al. 2018 MicroRNA-148b targets
the TGF-β pathway to regulate angiogenesis and
endothelial-to-mesenchymal transition during skin
wound healing. Mol. Therapy 26, 1996–2007.
(doi:10.1016/j.ymthe.2018.05.002)

179. Jurberg AD, Vasconcelos-Fontes L, Cotta-De-Almeida
V. 2015 A tale from TGF-β superfamily for thymus
ontogeny and function. Front. Immunol. 6, 442. See
https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC4564722/ (doi:10.3389/fimmu.2015.00442)

180. Mccarron MJ, Irla M, Sergé A, Soudja SM, Marie JC.
2019 Transforming growth factor-beta signaling in
αβ thymocytes promotes negative selection. Nat.
Commun. 10, 5690. (doi:10.1038/s41467-019-
13456-z)

181. Flávia Nardy A, Freire-De-Lima CG, Morrot A. 2015
Immune evasion strategies of Trypanosoma cruzi.
J. Immunol. Res. 2015, e178947. (doi:10.1155/
2015/178947)

182. Gazos-Lopes F, Martin JL, Dumoulin PC, Burleigh
BA. 2017 Host triacylglycerols shape the lipidome of
intracellular trypanosomes and modulate their
growth. PLoS Pathog. 13, e1006800. (doi:10.1371/
journal.ppat.1006800)

183. Booth LA, Smith TK. 2020 Lipid metabolism in
Trypanosoma cruzi: a review. Mol. Biochem.
Parasitol. 240, 111324. (doi:10.1016/j.molbiopara.
2020.111324)

184. Caradonna KL, Engel JC, Jacobi D, Lee CH, Burleigh
BA. 2013 Host metabolism regulates intracellular
growth of Trypanosoma cruzi. Cell Host Microbe 13,
108–117. (doi:10.1016/j.chom.2012.11.011)

185. Atwood JA, Weatherly DB, Minning TA, Bundy B,
Cavola C, Opperdoes FR, Orlando R, Tarleton RL.
2005 The Trypanosoma cruzi proteome. Science 309,
473–476. (doi:10.1126/science.1110289)

186. Lengle EE, Gustin NC, Gonzalez F, Menahan LA,
Kemp RG. 1978 Energy metabolism in thymic
lymphocytes of normal and leukemic AKR Mice.
Cancer Res. 38, 8.

187. Castillo C, Carrillo I, Libisch G, Juiz N, Schijman A,
Robello C, Kemmerling U. 2018 Host-parasite
interaction: changes in human placental gene
expression induced by Trypanosoma cruzi. Parasit.
Vectors 11, 479. (doi:10.1186/s13071-018-2988-0)

188. Zhang M, Muralimanoharan S, Wortman AC,
Mendelson CR. 2016 Primate-specific miR-515
family members inhibit key genes in human
trophoblast differentiation and are upregulated in
preeclampsia. Proc. Natl Acad. Sci. USA 113,
E7069–E7076. (doi:10.1073/pnas.1607849113)

189. Liempi A et al. 2014 Trypanosoma cruzi induces
trophoblast differentiation: a potential local
antiparasitic mechanism of the human placenta?
Placenta 35, 1035–1042. (doi:10.1016/j.placenta.
2014.09.017)

190. Liempi A, Castillo C, Carrillo I, Muñoz L, Droguett D,
Galanti N, Maya JD, Kemmerling U. 2016 A local
innate immune response against Trypanosoma cruzi
in the human placenta: the epithelial turnover of
the trophoblast. Microb. Pathog. 99, 123–129.
(doi:10.1016/j.micpath.2016.08.022)

191. Castillo C, Muñoz L, Carrillo I, Liempi A, Gallardo C,
Galanti N, Maya JD, Kemmerling U. 2017 Ex vivo
infection of human placental chorionic villi explants
with Trypanosoma cruzi and Toxoplasma gondii
induces different toll-like receptor expression and
cytokine/chemokine profiles. Am. J. Reprod.
Immunol. 78. (doi:10.1111/aji.12660)

192. Chen F, Zhu HH, Zhou LF, Wu SS, Wang J, Chen Z.
2010 Inhibition of c-FLIP expression by miR-512-3p
contributes to taxol-induced apoptosis in
hepatocellular carcinoma cells. Oncol. Rep. 23,
1457–1462. (doi:10.3892/or_00000784)

193. Carrillo I, Droguett D, Castillo C, Liempi A, Muñoz L,
Maya JD, Galanti N, Kemmerling U. 2016 Caspase-8
activity is part of the BeWo trophoblast cell defense
mechanisms against Trypanosoma cruzi infection.
Exp. Parasitol. 168, 9–15. (doi:10.1016/j.exppara.
2016.06.008)

194. Malnou EC, Umlauf D, Mouysset M, Cavaillé J. 2019
Imprinted microRNA gene clusters in the evolution,
development, and functions of mammalian
placenta. Front. Genet. 9, 706. https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC6346411/ (doi:10.
3389/fgene.2018.00706)

195. Ito M et al. 2015 A trans-homologue interaction
between reciprocally imprinted miR-127 and Rtl1
regulates placenta development. Development 142,
2425–2430.

196. Markopoulos G, Roupakia E, Tokamani M, Alabasi G,
Sandaltzopoulos R, Marcu K, Kolettas E. 2018 Roles
of NF-κB signaling in the regulation of miRNAs
impacting on inflammation in cancer. Biomedicines 6,
40. See https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC6027290/ (doi:10.3390/biomedicines6020040)

197. Boldin MP, Baltimore D. 2012 MicroRNAs, new
effectors and regulators of NF-κB. Immunol. Rev.
246, 205–220. (doi:10.1111/j.1600-065X.2011.
01089.x)

198. Liempi A, Castillo C, Medina L, Rojas M, Maya JD,
Parraguez VH, Kemmerling U. 2019 Ex vivo infection
of human placental explants with Trypanosoma
cruzi and Toxoplasma gondii: differential activation
of NF kappa B signaling pathways. Acta Trop. 199,
105153. (doi:10.1016/j.actatropica.2019.105153)

199. Geraci NS, Tan JC, Mcdowell MA. 2015
Characterization of microRNA expression profiles in
leishmania infected human phagocytes. Parasit.
Immunol. 37, 43–51. (doi:10.1111/pim.12156)
200. Tiwari N, Kumar V, Gedda MR, Singh AK, Singh VK,
Singh SP, Singh RK. 2017 Identification and
characterization of miRNAs in response to Leishmania
donovani infection: delineation of their roles in
macrophage dysfunction. Front. Microbiol. 8, 314. See
https://www.frontiersin.org/articles/10.3389/fmicb.
2017.00314/full. (doi:10.3389/fmicb.2017.00314)

201. Diotallevi A, De Santi M, Buffi G, Ceccarelli M, Vitale
F, Galluzzi L, Magnani M. 2018 Leishmania infection
induces microRNA hsa-miR-346 in human cell line-
derived macrophages. Front. Microbiol. 9, 1019. See
https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC5966562/ [citado 4 de febrero de 2021] (doi:10.
3389/fmicb.2018.01019)

202. Kumar V, Kumar A, Das S, Kumar A, Abhishek K,
Verma S, Mandal A, Singh RK, Das P. 2018
Leishmania donovani activates hypoxia inducible
factor-1α and miR-210 for survival in macrophages
by downregulation of NF-κB mediated pro-
inflammatory immune response. Front. Microbiol. 9,
385. (doi:10.3389/fmicb.2018.00385)

203. Kumar V et al. 2020 Leishmania donovani infection
induce differential miRNA expression in CD4+ T
cells. Sci. Rep. 10, 3523. (doi:10.1038/s41598-020-
60435-2)

204. Kima PE, Soong L. 2013 Interferon Gamma in
Leishmaniasis. Front. Immunol. 4, 156. See https://
www.frontiersin.org/articles/10.3389/fimmu.2013.
00156/full. (doi:10.3389/fimmu.2013.00156)

205. Gupta G, Majumdar S, Adhikari A, Bhattacharya P,
Mukherjee AK, Majumdar SB, Majumdar S. 2011
Treatment with IP-10 induces host-protective
immune response by regulating the T regulatory cell
functioning in Leishmania donovani-infected mice.
Med. Microbiol. Immunol. 200, 241–253. (doi:10.
1007/s00430-011-0197-y)

206. Latré De Laté P, Pineda M, Harnett M, Harnett W,
Besteiro S, Langsley G. 2017 Apicomplexan
autophagy and modulation of autophagy in
parasite-infected host cells. Biomed. J. 40, 23–30.
(doi:10.1016/j.bj.2017.01.001)

207. Frank B, Marcu A, De Oliveira Almeida Petersen AL,
Weber H, Stigloher C, Mottram JC, Scholz CJ,
Schurigt U. 2015 Autophagic digestion of
Leishmania major by host macrophages is associated
with differential expression of BNIP3, CTSE, and the
miRNAs miR-101c, miR-129, and miR-210. Parasit.
Vectors 8, 404. (doi:10.1186/s13071-015-0974-3)

208. Mittra B, Cortez M, Haydock A, Ramasamy G, Myler
PJ, Andrews NW. 2013 Iron uptake controls the
generation of Leishmania infective forms through
regulation of ROS levels. J. Exp. Med. 210, 401–416.
(doi:10.1084/jem.20121368)

209. Ghosh J, Bose M, Roy S, Bhattacharyya SN. 2013
Leishmania donovani targets Dicer1 to
downregulate miR-122, lower serum cholesterol,
and facilitate murine liver infection. Cell Host
Microbe 13, 277–288. (doi:10.1016/j.chom.2013.02.
005)

210. Nimsarkar P, Ingale P, Singh S. 2020 Systems
studies uncover miR-146a as a target in leishmania
major infection model. ACS Omega 5, 12516–12
526. (doi:10.1021/acsomega.0c01502)

http://dx.doi.org/10.1038/labinvest.2015.112
http://dx.doi.org/10.1038/labinvest.2015.112
http://dx.doi.org/10.1016/j.jacc.2013.09.069
http://dx.doi.org/10.3892/or.2016.5160
http://dx.doi.org/10.3892/or.2016.5160
http://dx.doi.org/10.1074/jbc.M117.805747
http://dx.doi.org/10.1016/j.ymthe.2018.05.002
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4564722/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4564722/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4564722/
https://doi.org/10.3389/fimmu.2015.00442
http://dx.doi.org/10.1038/s41467-019-13456-z
http://dx.doi.org/10.1038/s41467-019-13456-z
http://dx.doi.org/10.1155/2015/178947
http://dx.doi.org/10.1155/2015/178947
http://dx.doi.org/10.1371/journal.ppat.1006800
http://dx.doi.org/10.1371/journal.ppat.1006800
http://dx.doi.org/10.1016/j.molbiopara.2020.111324
http://dx.doi.org/10.1016/j.molbiopara.2020.111324
http://dx.doi.org/10.1016/j.chom.2012.11.011
http://dx.doi.org/10.1126/science.1110289
http://dx.doi.org/10.1186/s13071-018-2988-0
http://dx.doi.org/10.1073/pnas.1607849113
http://dx.doi.org/10.1016/j.placenta.2014.09.017
http://dx.doi.org/10.1016/j.placenta.2014.09.017
http://dx.doi.org/10.1016/j.micpath.2016.08.022
http://dx.doi.org/10.1111/aji.12660
http://dx.doi.org/10.3892/or_00000784
http://dx.doi.org/10.1016/j.exppara.2016.06.008
http://dx.doi.org/10.1016/j.exppara.2016.06.008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6346411/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6346411/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6346411/
https://doi.org/10.3389/fgene.2018.00706
https://doi.org/10.3389/fgene.2018.00706
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6027290/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6027290/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6027290/
https://doi.org/10.3390/biomedicines6020040
http://dx.doi.org/10.1111/j.1600-065X.2011.01089.x
http://dx.doi.org/10.1111/j.1600-065X.2011.01089.x
http://dx.doi.org/10.1016/j.actatropica.2019.105153
http://dx.doi.org/10.1111/pim.12156
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00314/full
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00314/full
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00314/full
http://dx.doi.org/10.3389/fmicb.2017.00314
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5966562/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5966562/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5966562/
http://dx.doi.org/10.3389/fmicb.2018.01019
http://dx.doi.org/10.3389/fmicb.2018.01019
http://dx.doi.org/10.3389/fmicb.2018.00385
http://dx.doi.org/10.1038/s41598-020-60435-2
http://dx.doi.org/10.1038/s41598-020-60435-2
https://www.frontiersin.org/articles/10.3389/fimmu.2013.00156/full
https://www.frontiersin.org/articles/10.3389/fimmu.2013.00156/full
https://www.frontiersin.org/articles/10.3389/fimmu.2013.00156/full
https://www.frontiersin.org/articles/10.3389/fimmu.2013.00156/full
http://dx.doi.org/10.3389/fimmu.2013.00156
http://dx.doi.org/10.1007/s00430-011-0197-y
http://dx.doi.org/10.1007/s00430-011-0197-y
http://dx.doi.org/10.1016/j.bj.2017.01.001
http://dx.doi.org/10.1186/s13071-015-0974-3
http://dx.doi.org/10.1084/jem.20121368
http://dx.doi.org/10.1016/j.chom.2013.02.005
http://dx.doi.org/10.1016/j.chom.2013.02.005
http://dx.doi.org/10.1021/acsomega.0c01502


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210395

23
211. Dogra N, Warburton C, Mcmaster WR. 2007
Leishmania major abrogates gamma interferon-
induced gene expression in human macrophages
from a global perspective. Infect. Immun. 75,
3506–3515. (doi:10.1128/IAI.00277-07)

212. Souza MA et al. 2021 miR-548d-3p alters parasite
growth and inflammation in leishmania (Viannia)
braziliensis infection. Front. Cell Infect. Microbiol. 11,
687647. (doi:10.3389/fcimb.2021.687647)

213. Fernandes JCR, Aoki JI, Maia Acuña S, Zampieri RA,
Markus RP, Floeter-Winter LM, Muxel SM. 2019
Melatonin and Leishmania amazonensis infection
altered miR-294, miR-30e, and miR-302d impacting
on Tnf, Mcp-1, and Nos2 expression. Front. Cell
Infect. Microbiol. 9, 60. (doi:10.3389/fcimb.2019.
00060)

214. Liew FY, Li Y, Moss D, Parkinson C, Rogers MV,
Moncada S. 1991 Resistance to leishmania major
infection correlates with the induction of nitric
oxide synthase in murine macrophages.
Eur. J. Immunol. 21, 3009–3014. (doi:10.1002/eji.
1830211216)

215. Conrad SM, Strauss-Ayali D, Field AE, Mack M,
Mosser DM. 2007 Leishmania-derived murine
monocyte chemoattractant protein 1 enhances the
recruitment of a restrictive population of CC
chemokine receptor 2-positive macrophages.
Infect. Immun. 75, 653–665. (doi:10.1128/IAI.
01314-06)

216. Bragato JP, Melo LM, Venturin GL, Rebech GT, Garcia
LE, Lopes FL, de Lima VMF. 2018 Relationship of
peripheral blood mononuclear cells miRNA
expression and parasitic load in canine visceral
Leishmaniasis. PLoS ONE 13, e0206876. (doi:10.
1371/journal.pone.0206876)

217. Sahoo GC, Ansari MY, Dikhit MR, Gupta N, Rana S,
Das P. 2014 Computational Identification of
microRNA-like elements in leishmania major.
Microrna 2, 225–230. (doi:10.2174/
2211536602666131203232422)

218. Xue X, Zhang Q, Huang Y, Feng L, Pan W. 2008 No
miRNA were found in plasmodium and the ones
identified in erythrocytes could not be correlated
with infection. Malar J. 7, 47. (doi:10.1186/1475-
2875-7-47)

219. Baum J, Papenfuss AT, Mair GR, Janse CJ, Vlachou D,
Waters AP, Cowman AF, Crabb BS, De Koning-Ward
TF. 2009 Molecular genetics and comparative
genomics reveal RNAi is not functional in malaria
parasites. Nucleic Acids Res. 37, 3788–3798. (doi:10.
1093/nar/gkp239)

220. Dandewad V, Vindu A, Joseph J, Seshadri V. 2019
Import of human miRNA-RISC complex into
plasmodium falciparum and regulation of the
parasite gene expression. J. Biosci. 44, 50. (doi:10.
1007/s12038-019-9870-x)

221. Chakrabarti M, Garg S, Rajagopal A, Pati S, Singh S.
2020 Targeted repression of Plasmodium apicortin
by host microRNA impairs malaria parasite growth
and invasion. Dis. Model Mech. 13, dmm042820.
(doi:10.1242/dmm.042820)

222. Martin-Alonso A, Cohen A, Quispe-Ricalde MA,
Foronda P, Benito A, Berzosa P, Valladares B, Grau
GE. 2018 Differentially expressed microRNAs in
experimental cerebral malaria and their involvement
in endocytosis, adherens junctions, FoxO and TGF-β
signalling pathways. Sci. Rep. 8, 11277. (doi:10.
1038/s41598-018-29721-y)

223. Gupta H et al. 2021 Plasma microRNA profiling of
plasmodium falciparum biomass and association
with severity of malaria disease. Emerg. Infect. Dis.
27, 430–442. (doi:10.3201/eid2702.191795)

224. Li J, Huang M, Li Z, Li W, Wang F, Wang L, Li X,
Zheng X, Zou Y. 2018 Identification of potential
whole blood MicroRNA biomarkers for the blood
stage of adult imported falciparum malaria through
integrated mRNA and miRNA expression profiling.
Biochem. Biophys. Res. Commun. 506, 471–477.
(doi:10.1016/j.bbrc.2018.10.072)

225. El-Assaad F, Hempel C, Combes V, Mitchell AJ, Ball
HJ, Kurtzhals JA, Hunt NH, Mathys JM, Grau GER.
2011 Differential microRNA expression in
experimental cerebral and noncerebral malaria.
Infect. Immun. 79, 2379–2384. (doi:10.1128/IAI.
01136-10)

226. Cohen A, Combes V, Grau GE. 2015 MicroRNAs and
malaria – a dynamic interaction still incompletely
understood. J. Neuroinfect. Dis 6, 125. See https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC4441219/.

227. Cohen A, Zinger A, Tiberti N, Grau GER, Combes V.
2018 Differential plasma microvesicle and brain
profiles of microRNA in experimental cerebral
malaria. Malaria J. 17, 192. (doi:10.1186/s12936-
018-2330-5)

228. Wah ST, Hananantachai H, Patarapotikul J, Ohashi J,
Naka I, Nuchnoi P. 2019 microRNA-27a and
microRNA-146a SNP in cerebral malaria. Mol. Genet.
Genomic Med. 7, e00529. (doi:10.1002/mgg3.529)

229. Hearn J, Rayment N, Landon DN, Katz DR, De Souza
JB. 2000 Immunopathology of cerebral malaria:
morphological evidence of parasite sequestration in
murine brain microvasculature. Infect. Immun. 68,
5364–5376. (doi:10.1128/IAI.68.9.5364-5376.2000)

230. Idro R, Jenkins NE, Newton CRJC. 2005
Pathogenesis, clinical features, and neurological
outcome of cerebral malaria. Lancet Neurol. 4,
827–840. (doi:10.1016/S1474-4422(05)70247-7)

231. Punsawad C, Maneerat Y, Chaisri U, Nantavisai K,
Viriyavejakul P. 2013 Nuclear factor kappa B
modulates apoptosis in the brain endothelial cells
and intravascular leukocytes of fatal cerebral
malaria. Malaria J. 12, 260. (doi:10.1186/1475-
2875-12-260)

232. Omer FM, De Souza JB, Riley EM. 2003 Differential
induction of TGF-beta regulates proinflammatory
cytokine production and determines the outcome of
lethal and nonlethal Plasmodium yoelii infections.
J. Immunol. 171, 5430–5436. (doi:10.4049/
jimmunol.171.10.5430)

233. Nguetse CN, Kremsner PG, Velavan TP. 2015 FOXO3A
regulatory polymorphism and susceptibility to
severe malaria in Gabonese children.
Immunogenetics 67, 67–71. (doi:10.1007/s00251-
014-0816-z)

234. Barker KR et al. 2017 miR-155 modifies
inflammation, endothelial activation and
blood-brain barrier dysfunction in cerebral malaria.
Mol. Med. 23, 24–33. (doi:10.2119/molmed.
2016.00139)

235. Lamonte G et al. 2012 Translocation of sickle cell
erythrocyte microRNAs into Plasmodium falciparum
inhibits parasite translation and contributes to
malaria resistance. Cell Host Microbe 12, 187–199.
(doi:10.1016/j.chom.2012.06.007)

236. Wang Z, Xi J, Hao X, Deng W, Liu J, Wei C, Gao Y,
Zhang L, Wang H. 2017 Red blood cells release
microparticles containing human Argonaute 2 and
miRNAs to target genes of Plasmodium falciparum.
Emerg. Microbes Infect. 6, e75. (doi:10.1038/emi.
2017.63)

237. Wilde ML, Triglia T, Marapana D, Thompson JK,
Kouzmitchev AA, Bullen HE, Gilson PR, Cowman AF,
Tonkin CJ. 2019 Protein kinase A is essential for
invasion of plasmodium falciparum into human
erythrocytes. mBio 10, e01972–19. (doi:10.1128/
mBio.01972-19)

238. Orosz F. 2021 Apicortin, a constituent of
apicomplexan conoid/apical complex and its
tentative role in pathogen-host interaction. Trop.
Med. Infect. Dis. 6, 118. (doi:10.3390/
tropicalmed6030118)

239. Mantel PY et al. 2013 Malaria-infected erythrocyte-
derived microvesicles mediate cellular
communication within the parasite population and
with the host immune system. Cell Host Microbe 13,
521–534. (doi:10.1016/j.chom.2013.04.009)

240. Mantel PY et al. 2016 Infected erythrocyte-
derived extracellular vesicles alter vascular
function via regulatory Ago2-miRNA complexes in
malaria. Nat. Commun. 7, 12727. (doi:10.1038/
ncomms12727)

241. Chesnokov O, Merritt J, Tcherniuk SO, Milman N,
Oleinikov AV. 2018 Plasmodium falciparum
infected erythrocytes can bind to host
receptors integrins αVβ3 and αVβ6 through
DBLδ1_D4 domain of PFL2665c PfEMP1
protein. Sci. Rep. 8, 17871. (doi:10.1038/s41598-
018-36071-2)

242. Delić D, Dkhil M, Al-Quraishy S, Wunderlich F. 2011
Hepatic miRNA expression reprogrammed by
plasmodium chabaudi malaria. Parasitol. Res. 108,
1111–1121. (doi:10.1007/s00436-010-2152-z)

243. Dkhil MA, Al-Quraishy SA, Abdel-Baki AAS, Delic D,
Wunderlich F. 2017 Differential miRNA expression in
the liver of Balb/c mice protected by vaccination
during crisis of plasmodium chabaudi blood-stage
malaria. Front. Microbiol. 7, 2155. https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC5225092/ (doi:10.
3389/fmicb.2016.02155)

244. Davidson-Moncada J, Papavasiliou FN, Tam W. 2010
MiRNAs of the immune system: roles in
inflammation and cancer. Ann. N Y Acad. Sci.
1183, 183–194. (doi:10.1111/j.1749-6632.
2009.05121.x)

245. Krücken J, Dkhil MA, Braun JV, Schroetel RMU, El-
Khadragy M, Carmeliet P, Mossmann H, Wunderlich
F. 2005 Testosterone suppresses protective responses
of the liver to blood-stage malaria. Infect. Immun.
73, 436–443. (doi:10.1128/IAI.73.1.436-443.2005)

http://dx.doi.org/10.1128/IAI.00277-07
http://dx.doi.org/10.3389/fcimb.2021.687647
http://dx.doi.org/10.3389/fcimb.2019.00060
http://dx.doi.org/10.3389/fcimb.2019.00060
http://dx.doi.org/10.1002/eji.1830211216
http://dx.doi.org/10.1002/eji.1830211216
http://dx.doi.org/10.1128/IAI.01314-06
http://dx.doi.org/10.1128/IAI.01314-06
http://dx.doi.org/10.1371/journal.pone.0206876
http://dx.doi.org/10.1371/journal.pone.0206876
http://dx.doi.org/10.2174/2211536602666131203232422
http://dx.doi.org/10.2174/2211536602666131203232422
http://dx.doi.org/10.1186/1475-2875-7-47
http://dx.doi.org/10.1186/1475-2875-7-47
http://dx.doi.org/10.1093/nar/gkp239
http://dx.doi.org/10.1093/nar/gkp239
http://dx.doi.org/10.1007/s12038-019-9870-x
http://dx.doi.org/10.1007/s12038-019-9870-x
http://dx.doi.org/10.1242/dmm.042820
http://dx.doi.org/10.1038/s41598-018-29721-y
http://dx.doi.org/10.1038/s41598-018-29721-y
http://dx.doi.org/10.3201/eid2702.191795
http://dx.doi.org/10.1016/j.bbrc.2018.10.072
http://dx.doi.org/10.1128/IAI.01136-10
http://dx.doi.org/10.1128/IAI.01136-10
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4441219/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4441219/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4441219/
http://dx.doi.org/10.1186/s12936-018-2330-5
http://dx.doi.org/10.1186/s12936-018-2330-5
http://dx.doi.org/10.1002/mgg3.529
http://dx.doi.org/10.1128/IAI.68.9.5364-5376.2000
http://dx.doi.org/10.1016/S1474-4422(05)70247-7
http://dx.doi.org/10.1186/1475-2875-12-260
http://dx.doi.org/10.1186/1475-2875-12-260
http://dx.doi.org/10.4049/jimmunol.171.10.5430
http://dx.doi.org/10.4049/jimmunol.171.10.5430
http://dx.doi.org/10.1007/s00251-014-0816-z
http://dx.doi.org/10.1007/s00251-014-0816-z
http://dx.doi.org/10.2119/molmed.2016.00139
http://dx.doi.org/10.2119/molmed.2016.00139
http://dx.doi.org/10.1016/j.chom.2012.06.007
http://dx.doi.org/10.1038/emi.2017.63
http://dx.doi.org/10.1038/emi.2017.63
http://dx.doi.org/10.1128/mBio.01972-19
http://dx.doi.org/10.1128/mBio.01972-19
http://dx.doi.org/10.3390/tropicalmed6030118
http://dx.doi.org/10.3390/tropicalmed6030118
http://dx.doi.org/10.1016/j.chom.2013.04.009
http://dx.doi.org/10.1038/ncomms12727
http://dx.doi.org/10.1038/ncomms12727
http://dx.doi.org/10.1038/s41598-018-36071-2
http://dx.doi.org/10.1038/s41598-018-36071-2
http://dx.doi.org/10.1007/s00436-010-2152-z
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5225092/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5225092/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5225092/
https://doi.org/10.3389/fmicb.2016.02155
https://doi.org/10.3389/fmicb.2016.02155
http://dx.doi.org/10.1111/j.1749-6632.2009.05121.x
http://dx.doi.org/10.1111/j.1749-6632.2009.05121.x
http://dx.doi.org/10.1128/IAI.73.1.436-443.2005


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210395

24
246. Lam WY, Yeung ACM, Ngai KLK, Li MS, To KF, Tsui
SKW, Chan PKS. 2013 Effect of avian influenza A
H5N1 infection on the expression of microRNA-
141 in.human respiratory epithelial cells. BMC
Microbiol. 13, 104. (doi:10.1186/1471-2180-13-104)

247. Li H, Wang Y, Song Y. 2018 MicroRNA-26b inhibits
the immune response to Mycobacterium
tuberculosis (M.tb) infection in THP-1 cells via
targeting TGFβ-activated kinase-1 (TAK1), a
promoter of the NF-κB pathway. Int. J. Clin. Exp.
Pathol. 11, 1218–1227.

248. Dkhil M, Abdel-Baki AA, Delić D, Wunderlich F, Sies
H, Al-Quraishy S. 2011 Eimeria papillata:
upregulation of specific miRNA-species in the
mouse jejunum. Exp. Parasitol. 127, 581–586.
(doi:10.1016/j.exppara.2010.11.002)

249. Morita M, Chen J, Fujino M, Kitazawa Y, Sugioka A,
Zhong L, Li XK. 2014 Identification of microRNAs
involved in acute rejection and spontaneous
tolerance in murine hepatic allografts. Sci. Rep. 4,
6649. (doi:10.1038/srep06649)

250. Szabo G, Bala S. 2013 MicroRNAs in liver disease.
Nat. Rev. Gastroenterol. Hepatol. 10, 542. (doi:10.
1038/nrgastro.2013.87)

251. Li LM, Wang D, Zen K. 2014 MicroRNAs in drug-
induced liver injury. J. Clin. Transl. Hepatol. 2,
162–169.

252. Geng C, Dong T, Jin W, Yu B, Yin F, Peng F, Chen G,
Ji C, Ding F. 2018 MicroRNA-98 regulates hepatic
cholesterol metabolism via targeting sterol
regulatory element-binding protein 2. Biochem.
Biophys. Res. Commun. 504, 422–426. (doi:10.1016/
j.bbrc.2018.08.205)

253. Tsang FHC, Au SLK, Wei L, Fan DNY, Lee JMF, Wong
CCL, Ng IOL, Wong CM. 2015 MicroRNA-142-3p and
microRNA-142-5p are downregulated in
hepatocellular carcinoma and exhibit synergistic
effects on cell motility. Front. Med. 9, 331–343.
(doi:10.1007/s11684-015-0409-8)

254. Lin Y et al. 2017 Downregulation of miR-192 causes
hepatic steatosis and lipid accumulation by inducing
SREBF1: novel mechanism for bisphenol A-triggered
non-alcoholic fatty liver disease. Biochim. Biophys.
Acta Mol. Cell Biol. Lipids 1862, 869–882. See
https://pubmed.ncbi.nlm.nih.gov/28483554/ (doi:10.
1016/j.bbalip.2017.05.001)

255. Kluck GEG, Wendt CHC, Imperio GE, Araujo MFC,
Atella TC, Da Rocha I, Miranda KR, Atella GC. 2019
Plasmodium infection induces dyslipidemia and a
hepatic lipogenic state in the host through the
inhibition of the AMPK-ACC pathway. Sci. Rep. 9,
14695. (doi:10.1038/s41598-019-51193-x)

256. Horton JD, Goldstein JL, Brown MS. 2002 SREBPs:
activators of the complete program of cholesterol
and fatty acid synthesis in the liver. J. Clin. Invest.
109, 1125–1131. (doi:10.1172/JCI0215593)

257. Iorio MV, Piovan C, Croce CM. 2010 Interplay
between microRNAs and the epigenetic machinery:
an intricate network. Biochim. Biophys. Acta 1799,
694–701. (doi:10.1016/j.bbagrm.2010.05.005)

258. Holubekova V, Mendelova A, Jasek K, Mersakova S,
Zubor P, Lasabova Z. 2017 Epigenetic regulation by
DNA methylation and miRNA molecules in cancer.
Future Oncol. 13, 2217–2222. (doi:10.2217/fon-
2017-0363)

259. Yao Q, Chen Y, Zhou X. 2019 The roles of microRNAs
in epigenetic regulation. Curr. Opin. Chem. Biol. 51,
11–17. (doi:10.1016/j.cbpa.2019.01.024)

260. Arif KMT, Elliott EK, Haupt LM, Griffiths LR. 2020
Regulatory mechanisms of epigenetic miRNA
relationships in human cancer and potential as
therapeutic targets. Cancers (Basel) 12, 2922.
(doi:10.3390/cancers12102922)

261. Friedman JM, Liang G, Liu CC, Wolff EM, Tsai YC, Ye
W, Zhou X, Jones PA. 2009 The putative tumor
suppressor microRNA-101 modulates the cancer
epigenome by repressing the polycomb group
protein EZH2. Cancer Res. 69, 2623–2629. (doi:10.
1158/0008-5472.CAN-08-3114)

262. Cao P, Deng Z, Wan M, Huang W, Cramer SD, Xu J,
Lei M, Sui G. 2010 MicroRNA-101 negatively
regulates Ezh2 and its expression is modulated by
androgen receptor and HIF-1alpha/HIF-1beta. Mol.
Cancer 9, 108. (doi:10.1186/1476-4598-9-108)

263. Sasaki D et al. 2011 Overexpression of enhancer of
zeste homolog 2 with trimethylation of lysine 27 on
histone H3 in.adult T-cell leukemia/lymphoma as a
target for epigenetic therapy. Haematologica 96,
712–719. (doi:10.3324/haematol.2010.028605)

264. Lu H, Lei X, Liu J, Klaassen C. 2017 Regulation of
hepatic microRNA expression by hepatocyte nuclear
factor 4 alpha. World J. Hepatol. 9, 191–208.
(doi:10.4254/wjh.v9.i4.191)

265. Varambally S et al. 2008 Genomic loss of microRNA-
101 leads to overexpression of histone
methyltransferase EZH2 in.cancer. Science 322,
1695–1699. (doi:10.1126/science.1165395)

266. Sadakierska-Chudy A. 2020 MicroRNAs: diverse
mechanisms of action and their potential
applications as cancer epi-therapeutics. Biomolecules
10, 1285. (doi:10.3390/biom10091285)

267. Huang D, Wang X, Zhuang C, Shi W, Liu M, Tu Q, Zhang
D, Hu L. 2016 Reciprocal negative feedback loop
between EZH2 and miR-101-1 contributes to miR-101
deregulation in hepatocellular carcinoma. Oncol. Rep.
35, 1083–1090. (doi:10.3892/or.2015.4467)

268. Nutt SL, Keenan C, Chopin M, Allan RS. 2020 EZH2
function in immune cell development. Biol. Chem.
401, 933–943. (doi:10.1515/hsz-2019-0436)

269. De Menezes MN et al. 2019 IL-1α promotes liver
inflammation and necrosis during blood-stage
plasmodium chabaudi malaria. Sci. Rep. 9, 7575.
(doi:10.1038/s41598-019-44125-2)

270. Moro L et al. 2016 Placental microparticles and
microRNAs in pregnant women with plasmodium
falciparum or HIV infection. PLoS ONE 11,
e0146361. (doi:10.1371/journal.pone.0146361)

271. Bullerdiek J, Flor I. 2012 Exosome-delivered
microRNAs of «chromosome 19 microRNA cluster» as
immunomodulators in pregnancy and tumorigenesis.
Mol. Cytogenet. 5, 27. (doi:10.1186/1755-8166-5-27)

272. Miura K et al. 2014 Circulating levels of maternal
plasma cell-free pregnancy-associated placenta-
specific microRNAs are associated with placental
weight. Placenta 35, 848–851. (doi:10.1016/j.
placenta.2014.06.002)
273. Dong F, Zhang Y, Xia F, Yang Y, Xiong S, Jin L,
Zhang J. 2014 Genome-wide miRNA profiling of
villus and decidua of recurrent spontaneous
abortion patients. Reproduction 148, 33–41.
(doi:10.1530/REP-14-0095)

274. Van Loon W et al. 2020 MiRNA-146a polymorphism
was not associated with malaria in Southern India.
Am. J. Trop. Med. Hyg. 102, 1072–1074. (doi:10.
4269/ajtmh.19-0845)

275. Wang J et al. 2012 A comparative study of
small RNAs in Toxoplasma gondii of distinct
genotypes. Parasit. Vectors 5, 186. (doi:10.1186/
1756-3305-5-186)

276. Saçar MD, Bağcı C, Allmer J. 2014 Computational
prediction of microRNAs from Toxoplasma gondii
potentially regulating the hosts’ gene expression.
Genomics Proteomics Bioinform. 12, 228–238.
(doi:10.1016/j.gpb.2014.09.002)

277. Acar İE, Saçar Demirci MD, Groß U, Allmer J. 2017
The expressed microRNA-mRNA interactions of
Toxoplasma gondii. Front. Microbiol. 8, 2630.
(doi:10.3389/fmicb.2017.02630)

278. Cai Y, Chen H, Jin L, You Y, Shen J. 2013 STAT3-
dependent transactivation of miRNA genes
following Toxoplasma gondii infection in
macrophage. Parasit. Vectors 6, 356. (doi:10.1186/
1756-3305-6-356)

279. Thirugnanam S, Rout N, Gnanasekar M. 2013
Possible role of Toxoplasma gondii in brain cancer
through modulation of host microRNAs. Infect.
Agent Cancer 8, 8. (doi:10.1186/1750-9378-8-8)

280. Cai Y, Shen J. 2017 Modulation of host immune
responses to Toxoplasma gondii by microRNAs.
Parasit. Immunol. 39. (doi:10.1111/pim.12417)

281. Li S, Yang J, Wang L, Du F, Zhao J, Fang R. 2019
Expression profile of microRNAs in porcine alveolar
macrophages after Toxoplasma gondii infection.
Parasit. Vectors 12, 65. (doi:10.1186/s13071-019-
3297-y)

282. Saçar Demirci MD, Bağcı C, Allmer J. 2016
Differential expression of Toxoplasma gondii
microRNAs in murine and human hosts. In Non-
coding RNAs and inter-kingdom communication (eds
AL Leitão, FJ Enguita), pp. 143–159. Cham,
Switzerland: Springer International Publishing. See
http://link.springer.com/10.1007/978-3-319-39496-
1_9.

283. Cai Y et al. 2014 Toxoplasma gondii inhibits
apoptosis via a novel STAT3-miR-17-92-Bim
pathway in macrophages. Cell Signal. 26,
1204–1212. (doi:10.1016/j.cellsig.2014.
02.013)

284. Menard KL, Haskins BE, Denkers EY. 2019 Impact of
Toxoplasma gondii infection on host non-coding
RNA responses. Front. Cell Infect. Microbiol. 9, 132.
(doi:10.3389/fcimb.2019.00132)

285. Hernández-de-Los-Ríos A, Murillo-Leon M, Mantilla-
Muriel LE, Arenas AF, Vargas-Montes M, Cardona N,
de-la-Torre A, Sepúlveda-Arias JC, Gómez-Marín JE.
2019 Influence of two major Toxoplasma Gondii
virulence factors (ROP16 and ROP18) on the
immune response of peripheral blood mononuclear
cells to human toxoplasmosis infection. Front. Cell

http://dx.doi.org/10.1186/1471-2180-13-104
http://dx.doi.org/10.1016/j.exppara.2010.11.002
http://dx.doi.org/10.1038/srep06649
http://dx.doi.org/10.1038/nrgastro.2013.87
http://dx.doi.org/10.1038/nrgastro.2013.87
http://dx.doi.org/10.1016/j.bbrc.2018.08.205
http://dx.doi.org/10.1016/j.bbrc.2018.08.205
http://dx.doi.org/10.1007/s11684-015-0409-8
https://pubmed.ncbi.nlm.nih.gov/28483554/
https://pubmed.ncbi.nlm.nih.gov/28483554/
https://doi.org/10.1016/j.bbalip.2017.05.001
https://doi.org/10.1016/j.bbalip.2017.05.001
http://dx.doi.org/10.1038/s41598-019-51193-x
http://dx.doi.org/10.1172/JCI0215593
http://dx.doi.org/10.1016/j.bbagrm.2010.05.005
http://dx.doi.org/10.2217/fon-2017-0363
http://dx.doi.org/10.2217/fon-2017-0363
http://dx.doi.org/10.1016/j.cbpa.2019.01.024
http://dx.doi.org/10.3390/cancers12102922
http://dx.doi.org/10.1158/0008-5472.CAN-08-3114
http://dx.doi.org/10.1158/0008-5472.CAN-08-3114
http://dx.doi.org/10.1186/1476-4598-9-108
http://dx.doi.org/10.3324/haematol.2010.028605
http://dx.doi.org/10.4254/wjh.v9.i4.191
http://dx.doi.org/10.1126/science.1165395
http://dx.doi.org/10.3390/biom10091285
http://dx.doi.org/10.3892/or.2015.4467
http://dx.doi.org/10.1515/hsz-2019-0436
http://dx.doi.org/10.1038/s41598-019-44125-2
http://dx.doi.org/10.1371/journal.pone.0146361
http://dx.doi.org/10.1186/1755-8166-5-27
http://dx.doi.org/10.1016/j.placenta.2014.06.002
http://dx.doi.org/10.1016/j.placenta.2014.06.002
http://dx.doi.org/10.1530/REP-14-0095
http://dx.doi.org/10.4269/ajtmh.19-0845
http://dx.doi.org/10.4269/ajtmh.19-0845
http://dx.doi.org/10.1186/1756-3305-5-186
http://dx.doi.org/10.1186/1756-3305-5-186
http://dx.doi.org/10.1016/j.gpb.2014.09.002
http://dx.doi.org/10.3389/fmicb.2017.02630
http://dx.doi.org/10.1186/1756-3305-6-356
http://dx.doi.org/10.1186/1756-3305-6-356
http://dx.doi.org/10.1186/1750-9378-8-8
http://dx.doi.org/10.1111/pim.12417
http://dx.doi.org/10.1186/s13071-019-3297-y
http://dx.doi.org/10.1186/s13071-019-3297-y
http://link.springer.com/10.1007/978-3-319-39496-1_9
http://link.springer.com/10.1007/978-3-319-39496-1_9
http://link.springer.com/10.1007/978-3-319-39496-1_9
http://dx.doi.org/10.1016/j.cellsig.2014.02.013
http://dx.doi.org/10.1016/j.cellsig.2014.02.013
http://dx.doi.org/10.3389/fcimb.2019.00132


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210395

25
Infect. Microbiol. 9, 413. (doi:10.3389/fcimb.2019.
00413)

286. Yamamoto M et al. 2009 A single polymorphic
amino acid on Toxoplasma gondii kinase ROP16
determines the direct and strain-specific activation
of Stat3. J. Exp. Med. 206, 2747–2760. (doi:10.
1084/jem.20091703)

287. Goebel S, Gross U, Lüder CG. 2001 Inhibition of host
cell apoptosis by Toxoplasma gondii is accompanied
by reduced activation of the caspase cascade and
alterations of poly(ADP-ribose) polymerase
expression. J. Cell Sci. 114(Pt 19), 3495–3505.
(doi:10.1242/jcs.114.19.3495)

288. Hu RS, He JJ, Elsheikha HM, Zhang FK, Zou Y, Zhao
GH, Cong W, Zhu XQ. 2018 Differential brain
microRNA expression profiles after acute and chronic
infection of mice with Toxoplasma gondii oocysts.
Front. Microbiol. 9, 2316. (doi:10.3389/fmicb.2018.
02316)

289. Gruszka R, Zakrzewska M. 2018 The oncogenic
relevance of miR-17-92 cluster and its paralogous
miR-106b-25 and miR-106a-363 clusters in brain
tumors. Int. J. Mol. Sci. 19, E879. (doi:10.3390/
ijms19030879)

290. Franco M, Shastri AJ, Boothroyd JC. 2014 Infection
by Toxoplasma gondii specifically induces host c-
Myc and the genes this pivotal transcription factor
regulates. Eukaryot. Cell 13, 483–493. (doi:10.1128/
EC.00316-13)

291. O’Donnell KA, Wentzel EA, Zeller KI, Dang CV. 2005
Mendell JT. c-Myc-regulated microRNAs modulate
E2F1 expression. Nature 435, 839–843. (doi:10.
1038/nature03677)

292. Fang LL, Wang XH, Sun BF, Zhang XD, Zhu XH, Yu
ZJ, Luo H. 2017 Expression, regulation and
mechanism of action of the miR-17-92 cluster in
tumor cells (Review). Int. J. Mol. Med. 40,
1624–1630.

293. Leung JY, Ehmann GL, Giangrande PH, Nevins JR.
2008 A role for Myc in facilitating transcription
activation by E2F1. Oncogene 27, 4172–4179.
(doi:10.1038/onc.2008.55)

294. Wong ZS, Sokol-Borrelli SL, Olias P, Dubey JP, Boyle
JP. 2020 Head-to-head comparisons of Toxoplasma
gondii and its near relative Hammondia hammondi
reveal dramatic differences in the host response and
effectors with species-specific functions. PLoS
Pathog. 16, e1008528. (doi:10.1371/journal.ppat.
1008528)

295. Grundhoff A, Sullivan CS. 2011 Virus-encoded
microRNAs. Virology 411, 325–343. (doi:10.1016/j.
virol.2011.01.002)

296. Yan L, Li Q, Sun K, Jiang F. 2020 MiR-4644 is
upregulated in plasma exosomes of bladder cancer
patients and promotes bladder cancer progression
by targeting UBIAD1. Am. J. Transl. Res. 12,
6277–6289.

297. Ferland G. 2012 Vitamin K and the nervous system:
an overview of its actions. Adv. Nutr. 3, 204–212.
(doi:10.3945/an.111.001784)

298. Taganov KD, Boldin MP, Chang KJ, Baltimore D.
2006 NF-kappaB-dependent induction of microRNA
miR-146, an inhibitor targeted to signaling proteins
of innate immune responses. Proc. Natl Acad. Sci.
USA 103, 12 481–12 486. (doi:10.1073/pnas.
0605298103)

299. Subauste CS, Andrade RM, Wessendarp M. 2007
CD40-TRAF6 and autophagy-dependent anti-
microbial activity in macrophages. Autophagy 3,
245–248. (doi:10.4161/auto.3717)

300. Yang CS, Yuk JM, Lee YH, Jo EK. 2015 Toxoplasma
gondii GRA7-induced TRAF6 activation contributes
to host protective immunity. Infect. Immun. 84,
339–350. (doi:10.1128/IAI.00734-15)

301. Sanecka A, Frickel EM. 2012 Use and abuse of
dendritic cells by Toxoplasma gondii. Virulence 3,
678–689. (doi:10.4161/viru.22833)

302. Zhou R, Hu G, Gong AY, Chen XM. 2010 Binding of
NF-kappaB p65 subunit to the promoter elements is
involved in LPS-induced transactivation of miRNA
genes in human biliary epithelial cells. Nucleic Acids
Res. 38, 3222–3232. (doi:10.1093/nar/gkq056)

303. Tryndyak VP, Ross SA, Beland FA, Pogribny IP. 2009
Down-regulation of the microRNAs miR-34a, miR-
127, and miR-200b in rat liver during
hepatocarcinogenesis induced by a methyl-deficient
diet. Mol. Carcinog. 48, 479–487. (doi:10.1002/mc.
20484)

304. Dupont T et al. 2016 Selective targeting of BCL6
induces oncogene addiction switching to BCL2 in B-
cell lymphoma. Oncotarget 7, 3520–3532. (doi:10.
18632/oncotarget.6513)

305. Ang L et al. 2017 Expression of and correlation
between BCL6 and ZEB family members in patients
with breast cancer. Exp. Ther. Med. 14, 3985–3992.

306. Scott CL, Omilusik KD. 2019 ZEBs: novel players
in immune cell development and function.
Trends Immunol. 40, 431–446. (doi:10.1016/j.it.
2019.03.001)

307. Wu X et al. 2016 Transcription factor Zeb2 regulates
commitment to plasmacytoid dendritic cell and
monocyte fate. Proc. Natl Acad. Sci. USA 113,
14 775–14 780. (doi:10.1073/pnas.1611408114)

308. Pepper M, Dzierszinski F, Wilson E, Tait E, Fang Q,
Yarovinsky F, Laufer TM, Roos D, Hunter CA. 2008
Plasmacytoid dendritic cells are activated by
Toxoplasma gondii to present antigen and produce
cytokines. J. Immunol. 180, 6229–6236. (doi:10.
4049/jimmunol.180.9.6229)

309. Zhou W, Wang DD, Tang H. 2018 Plasmacytoid
dendritic cells inhibit Toxoplasma gondii infection
induced cytokine storm. J. Immunol. 200(1
Supplement), 168.10–168.10.

310. Andrade RM, Wessendarp M, Gubbels MJ, Striepen
B, Subauste CS. 2006 CD40 induces macrophage
anti-Toxoplasma gondii activity by triggering
autophagy-dependent fusion of pathogen-
containing vacuoles and lysosomes. J. Clin. Invest.
116, 2366–2377. (doi:10.1172/JCI28796)

311. Lee HK, Lund JM, Ramanathan B, Mizushima N,
Iwasaki A. 2007 Autophagy-dependent viral
recognition by plasmacytoid dendritic cells.
Science 315, 1398–1401. (doi:10.1126/science.
1136880)

312. Pierog PL, Zhao Y, Singh S, Dai J, Yap GS,
Fitzgerald-Bocarsly P. 2018 Toxoplasma gondii
inactivates human plasmacytoid dendritic cells by
functional mimicry of IL-10. J. Immunol. 200,
186–195. (doi:10.4049/jimmunol.1701045)

313. Ban YL, Kong BH, Qu X, Yang QF, Ma YY. 2008 BDCA-
1+, BDCA-2 + and BDCA-3 + dendritic cells in early
human pregnancy decidua. Clin. Exp. Immunol. 151,
399–406. (doi:10.1111/j.1365-2249.2007.03576.x)

314. An NN, Shawn J, Peng JP, Wu MD, Huang LG. 2018
Up-regulation of miR-190b promoted growth,
invasion, migration and inhibited apoptosis of Wilms’
tumor cells by repressing the PTEN expression. Eur.
Rev. Med. Pharmacol. Sci. 22, 961–969.

315. Castro FL et al. 2019 MicroRNAs 145 and 148a are
upregulated during congenital Zika virus infection.
ASN Neuro. 11, 1759091419850983. (doi:10.1177/
1759091419850983)

316. Pei X, Li Y, Zhu L, Zhou Z. 2020 Astrocyte-derived
exosomes transfer miR-190b to inhibit oxygen and
glucose deprivation-induced autophagy and
neuronal apoptosis. Cell Cycle 19, 906–917. (doi:10.
1080/15384101.2020.1731649)

317. Blake DJ, Forrest M, Chapman RM, Tinsley CL,
O’donovan MC, Owen MJ. 2010 TCF4,
schizophrenia, and Pitt-Hopkins syndrome. Schizophr
Bull. 36, 443–447. (doi:10.1093/schbul/sbq035)

318. He JJ, Ma J, Wang JL, Xu MJ, Zhu XQ. 2016 Analysis
of miRNA expression profiling in mouse spleen
affected by acute Toxoplasma gondii infection.
Infect. Genet. Evol. 37, 137–142. (doi:10.1016/j.
meegid.2015.11.005)

319. Meira-Strejevitch CS et al. 2020 Ocular
toxoplasmosis associated with up-regulation of
miR-155-5p/miR-29c-3p and down-regulation of
miR-21-5p/miR-125b-5p. Cytokine 127, 154990.
(doi:10.1016/j.cyto.2020.154990)

320. Pereira IDS, Maia MM, da Cruz AB, Telles JPM, Vidal
JE, Gava R, Meira-Strejevitch CS, Pereira-Chioccola
VL. 2020 Plasma extracellular microRNAs are related
to AIDS/cerebral toxoplasmosis co-infection. Parasit.
Immunol. 42, e12696. See https://onlinelibrary.
wiley.com/doi/10.1111/pim.12696. (doi:10.1111/
pim.12696)

321. Ojha CR, Rodriguez M, Dever SM, Mukhopadhyay R,
El-Hage N. 2016 Mammalian microRNA: an
important modulator of host-pathogen interactions
in human viral infections. J. Biomed. Sci. 23, 74.
(doi:10.1186/s12929-016-0292-x)

322. Sadovsky Y, Mouillet JF, Ouyang Y, Bayer A, Coyne
CB. 2015 The function of TrophomiRs and other
microRNAs in the human placenta. Cold Spring
Harb. Perspect. Med. 5, a023036. (doi:10.1101/
cshperspect.a023036)

323. Anthiya S, Griveau A, Loussouarn C, Baril P, Garnett
M, Issartel J-P, Garcion E. 2018 MicroRNA-based
drugs for brain tumors. Trends Cancer 4, 222–238.
(doi:10.1016/j.trecan.2017.12.008)

324. Van Der Ree MH, Van Der Meer AJ, Van Nuenen AC,
De Bruijne J, Ottosen S, Janssen HL, Kootstra NA,
Reesink HW. 2016 Miravirsen dosing in chronic
hepatitis C patients results in decreased microRNA-
122 levels without affecting other microRNAs in
plasma. Alimentary Pharmacol. Therapeut. 43,
102–113. (doi:10.1111/apt.13432)

http://dx.doi.org/10.3389/fcimb.2019.00413
http://dx.doi.org/10.3389/fcimb.2019.00413
http://dx.doi.org/10.1084/jem.20091703
http://dx.doi.org/10.1084/jem.20091703
http://dx.doi.org/10.1242/jcs.114.19.3495
http://dx.doi.org/10.3389/fmicb.2018.02316
http://dx.doi.org/10.3389/fmicb.2018.02316
http://dx.doi.org/10.3390/ijms19030879
http://dx.doi.org/10.3390/ijms19030879
http://dx.doi.org/10.1128/EC.00316-13
http://dx.doi.org/10.1128/EC.00316-13
http://dx.doi.org/10.1038/nature03677
http://dx.doi.org/10.1038/nature03677
http://dx.doi.org/10.1038/onc.2008.55
http://dx.doi.org/10.1371/journal.ppat.1008528
http://dx.doi.org/10.1371/journal.ppat.1008528
http://dx.doi.org/10.1016/j.virol.2011.01.002
http://dx.doi.org/10.1016/j.virol.2011.01.002
http://dx.doi.org/10.3945/an.111.001784
http://dx.doi.org/10.1073/pnas.0605298103
http://dx.doi.org/10.1073/pnas.0605298103
http://dx.doi.org/10.4161/auto.3717
http://dx.doi.org/10.1128/IAI.00734-15
http://dx.doi.org/10.4161/viru.22833
http://dx.doi.org/10.1093/nar/gkq056
http://dx.doi.org/10.1002/mc.20484
http://dx.doi.org/10.1002/mc.20484
http://dx.doi.org/10.18632/oncotarget.6513
http://dx.doi.org/10.18632/oncotarget.6513
http://dx.doi.org/10.1016/j.it.2019.03.001
http://dx.doi.org/10.1016/j.it.2019.03.001
http://dx.doi.org/10.1073/pnas.1611408114
https://doi.org/10.4049/jimmunol.180.9.6229
https://doi.org/10.4049/jimmunol.180.9.6229
https://doi.org/10.1172/JCI28796
http://dx.doi.org/10.1126/science.1136880
http://dx.doi.org/10.1126/science.1136880
https://doi.org/10.4049/jimmunol.1701045
http://dx.doi.org/10.1111/j.1365-2249.2007.03576.x
http://dx.doi.org/10.1177/1759091419850983
http://dx.doi.org/10.1177/1759091419850983
http://dx.doi.org/10.1080/15384101.2020.1731649
http://dx.doi.org/10.1080/15384101.2020.1731649
http://dx.doi.org/10.1093/schbul/sbq035
http://dx.doi.org/10.1016/j.meegid.2015.11.005
http://dx.doi.org/10.1016/j.meegid.2015.11.005
http://dx.doi.org/10.1016/j.cyto.2020.154990
https://onlinelibrary.wiley.com/doi/10.1111/pim.12696
https://onlinelibrary.wiley.com/doi/10.1111/pim.12696
https://onlinelibrary.wiley.com/doi/10.1111/pim.12696
http://dx.doi.org/10.1111/pim.12696
http://dx.doi.org/10.1111/pim.12696
http://dx.doi.org/10.1186/s12929-016-0292-x
http://dx.doi.org/10.1101/cshperspect.a023036
http://dx.doi.org/10.1101/cshperspect.a023036
http://dx.doi.org/10.1016/j.trecan.2017.12.008
http://dx.doi.org/10.1111/apt.13432

	MicroRNAs: master regulators in host–parasitic protist interactions
	Introduction
	MicroRNAs
	Location and organization of the miRNA genes
	Biogenesis of miRNAs
	Canonical pathway
	Non-canonical pathways
	Drosha/DiGeorge Syndrome Critical Region 8 (microprocessor)-independent pathways
	Mirtrons
	5′-capped microRNAs or exportin-1-dependent microRNAs
	Small nucleolar RNAs-derived microRNAs pathway
	tRNA viral- derived microRNAs

	Dicer-independent pathways
	Terminal uridylyl transferases-dependent pathways


	Subcellular localization of miRNAs and attribute functions
	Intracellular miRNAs
	Cytoplasm
	Nucleus
	Mitochondria
	Endoplasmic reticulum
	Processing bodies
	Golgi apparatus

	Extracellular miRNAs

	MicroRNAs in the host–parasite interaction
	miRNAs in infections caused by kinetoplastids
	miRNAs in Trypanosoma cruzi–host interactions

	miRNA in host–leishmania interaction
	Leishmania donovani
	Leishmania major

	Other leishmania species
	miRNA in apicomplexa infections
	miRNA in host–plasmodium interaction
	Cerebral malaria
	Non-cerebral malaria
	miRNA in host–Toxoplasma gondii interaction


	Conclusion and possible trends for future research
	Authors' contributions
	Conflict of interest declaration
	Funding
	References


