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Malaria is a global health problem that afflicts an
estimated 90 million people worldwide. Significant
improvement in the understanding of Plasmodium life
cycle has been achieved, yet multitude of clinical effects
seen in malaria remains unanswered. MicroRNAs
(miRNAs) have been implicated in the pathogenesis of
malaria. These miRNAs act as post-transcriptional
regulators and control host’s cellular factors needed
for Plasmodium multiplication and suppress immune
responses. Dysregulated miRNA expression has been
linked to malaria pathogenesis through modulation of
signalling pathways involved in processes such as pro-
liferation, metabolism, gene expression and immune
response in the host. In humans, Plasmodium infection
severely affects hepatic functions and erythrocytic life
span while severe infection with P. falciparum can lead
to cerebral pathology. The present review aims to gain
insight into the contribution of miRNAs to the
exo-erythrocytic and erythrocytic stage pathology of
Plasmodium infection and coordinated regulation in
Plasmodium-mediated progression to cerebral patho-

logy.
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MALARIA is caused by a member of one of the most viru-
lent Apicomplexan parasite of the Plasmodium genus'.
Plasmodium is a genus of protista parasite among which
P. falciparum, P. vivax, P. ovale and P. knowlesi cause
human malaria®. Plasmodium is an obligatory parasite
that replicates inside parasitophorous vacuole and exhi-
bits a complex lifecycle alternating between two hosts,
namely an insect vector (primary/definitive host), where
sexual reproduction occurs and a vertebrate host (second-
ary host) the site of asexual reproduction (Figure 1)
Plasmodium life cycle has two phases in the secondary
host, namely exo-erythrocytic phase and erythrocytic
phase. The exo-erythrocytic or the hepatic phase is clini-
cally an asymptomatic stage wherein sporozoite invades
hepatocytes, utilizes host’s hepatic proteins and lipids for
growth and undergoes multiple rounds of replication to
finally produce merosomes containing multiple mero-
zoites (Figure 1)**. Onset of blood stage infection is
marked by the release of merozoites from merosomes in
pulmonary capillaries of lungs’.

*For correspondence. (e-mail: raja.rmrct@gmail.com)
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Malaria is endemic to sub-Saharan African region and
Southeast Asia and remains a major public health issue
globally®. An estimated 8990 million people worldwide
are afflicted with malaria®. In India, malaria accounts for
about 1 million cases annually with half of them due to
Plasmodium falciparum (Pf) infection®’. Majority of
malaria-induced deaths are due to Pf infection that leads
to a major complication known as cerebral malaria®. Pf
infection is a major risk factor for cerebral malaria related
encephalopathy and respiratory distress®. Although infected
host cells have been immensely studied, little is known
about Plasmodium-mediated molecular alterations occur-
ring in the host cell. The present review is based on evi-
dences from multiple studies investigating microRNA
deregulation during stages of malarial infection and at-
tempts to identify plausible mechanism of various Plasmo-
dium-mediated manipulation of host molecular machinery.

RNA interference and microRNAs

MicroRNAs (miRNAs) are small evolutionary-conserved
non-coding RNAs that regulate gene expression through
RNA interference (RNAi)’. RNAi is an evolutionary-
conserved process well evident in eukaryotes that post-
transcriptionally regulate gene expression through RNA
binding proteins (RBPs)'’. RNAi pathway can be trig-
gered by double stranded viral RNA, foreign DNA or
miRNAs. Viral integrated shDNA inserts are transcribed
into long highly structured single strand RNAs (ssRNAs).
These ssRNAs are cleaved by Drosha into smaller precur-
sor shRNAs. Precursor shRNA molecules are transported
to cytoplasm for maturation into siRNA by Dicer protein.
Mature siRNA is loaded into RNA induced silencing
complex (RISC) (Table 1). Of the two strands of siRNA,
one strand is degraded termed as passenger strand and the
other guide strand hybridizes with the target mRNA'"'2.
Perfect match between the siRNA and mRNA target
results in proteolytic cleavage of the target mRNA via
argonaute protein leading to gene silencing Figure 2a
(ref. 12). An imperfect match leads to translation inhibition.
Biogenesis of miRNA is similar to shRNA; maturation of
miRNA requires RNase II enzymes Drosha and Dicer.
Guide strand of the mature miRNAs are then incorporated
into effector RISC complex and hybridizes with 3’
untranslated region (UTR) of target mRNA and causes
either degradation of mRNA by destabilizing mRNA
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Figure 1.

Plasmodium life cycle. Three different stages of Plasmodium life cycle, pre-erythrocytic

or hepatic phase, erythrocytic phase and mosquito phase, are shown. Image adapted from ref. 78.

Table 1.

Function of RNAi components. Functional role of proteins involved in biogenesis and

transport of miRNAs and formation of RISC that is required for miRNA mediated gene regulation

Gene Function

Xpo-5 Ran-GTPase based transporter of pre-miRNA from nucleus to cytoplasm’.

Ago-2 It forms the catalytic portion of RNA induced silencing complex (RISC)”®

Dicer An endoribonuclease required for processing of pre-miRNA into mature miRNA and
facilitates RISC formation”

TRBP It is a human immunodeficiency virus transactivating response RNA-binding protein,

regulates Dicer”®
Drosha A class 2 RNase III enzyme required for processing long pri-miRNA into pre-miRNA”

transcript or suppresses translation by sequestration into
processing bodies (P-bodies) that have a fundamental role
in mRNA decay Figure 25'"". Contrary to the canonical
function, upon subjecting cells to stress, miRNA interact
with the 5 UTR of mRNA and promote translation'*".
MiR-369-3 (MIMATO0000721) has been shown to recruit
specific ribonucleoproteins such as fragile X mental re-
tardation-related protein 1 and Argonaute 2 to AU rich
element of tumour necrosis factor « and activates transla-
tion contrary to their primary role of repression'®'’. Some
miRNAs were observed to carry distinct hexanucleotide
terminal motifs, like miR-29b, which directs their nuclear
localization'®. Nuclear enrichment of these miRNAs
enables them to affect transcription at promoter level
through direct interaction with complimentary DNA
sequences to form triple helix causing gene silencing.
These evidences suggest that different miRNAs function
at different sub-cellular compartments'®. Moreover, miR-
373 has been shown to bind to CDHI promoter and
stimulate transcription'®. Further, miRNAs regulate epi-
genetic machinery by targeting components of enzymatic
complexes involved in epigenetic regulations®. These
evidences suggest that miRNAs although small, can regu-
late complex functions.
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Recently, microRNAs (miRNAs) have emerged to be
critically implicated in the etiology of numerous diseases
such as HCV infection, HIV, cancer, etc. Meanwhile,
studies have recognized the intricate involvement of
miRNAs and RNAi machinery in the dynamic parasite—
host interaction. List of miRNAs discovered is growing
steadily and until now there are 2578 known miRNAs in
humans®' and more than 1900 miRNAs in mouse**. Each
of these miRNA is predicted to target hundreds of tran-
scripts of protein-coding genes and simultaneously a
single mRNA could be regulated by several miRNAs.
Recent evidences indicate the critical role of miRNAs in
immune response regulation”. Numerous miRNAs have
been identified to be involved in the regulation of innate
and adaptive responses including inflammation, deve-
lopment, differentiation, activation of B and T cells and
antibody switching®*®*. Chen et. al.*® demonstrated that
miRNAs act as regulators of gene expression following
parasitic infections and established their role in immune
response. They demonstrated that Cryptosporidium par-
vum infection regulates let-7-mediated toll-like receptor 4
(TLR4) signalling in cholangiocyte immune response™.
Further, they showed that following C. parvum infection
expression of let-7 and miR-98 are down-regulated that in
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Figure 2.
from refs 11 and 12.

turn lowers the expression of suppressor of cytokine sig-
nalling (SOCS) protein and reduced SOCSI1 protein leads
to lower IFN-y regulation and T-cell differentiation®”2*,
In addition, Toxoplasma gondii has been shown to inhibit
host cell apoptosis by STAT3-mediated upregulation of
anti-apoptosis miRNAs?’. Furthermore, miRNAs are also
known to regulate growth, stress response, metabolism,
infection and gene expression in both liver’®?* and
brain®*3® — two organs that are critically involved in the
pathogenesis of malaria.

MicroRNAs in malaria

Several studies aimed at understanding the influence of
malaria parasites on host’s miRNA expression profile
have revealed disruption of cellular homeostasis due to
infection. This is challenged by the change in cellular
miRNA expression to inactivate the parasite proteins or
host factors critical for parasite survival’**. Accumulating
evidences point to exploitation of the host RNAi machinery
by the pathogens to manipulate miRNA expression
favouring their growth and survival as seen in Toxoplas-
ma and Cryptosporidium, members of Apicomplexan
phylum®’. Moreover, it is important to note that Cryptos-
poridium lacks a functional RNAi machinery, yet, suc-
cessfully manipulates host miRNA expression enabling
its survival’”*’. Interestingly, few viruses are also known
to encode viral microRNAs that lack functional compo-
nents of RNAi machinery. It was found that murine j-
herpes virus MHV68 synthesizes viral precursor-miRNAs
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RNAIi machinery. Mechanism of action of siRNA (a) and of miRNAs (b). Image adapted

(pre-miRNAs) independent of Drosha by using tRNase 3
endonuclease; tRNaseZ, the viral pre-miRNAs are then
processed by host Dicer in the cytoplasm*®*'. Further,
Plasmodium genome encodes a number of putative pro-
teins that contain domains similar to that found in human
RNase, indicating the existence of similar mechanism in
Plasmodium. Furthermore, evidence of miRNA biogene-
sis from cytoplasmic RNA viruses suggests that a low
fraction of miRNAs may be processed by the host RNAi
machinery available to Plasmodium during host cell
mitosis during nuclear membrane cleavage’’. However,
we were unable to find any experimental evidence to
support this observation. It has been observed in a num-
ber of studies that Pf infection leads to enhanced activa-
tion of mitogen-activated protein kinase/extracellular
signal-regulated kinases (MAPK/ERK) involved in in-
flammatory response®. It was observed by Paroo et al.*
that TRBP is phosphorylated by MAPK/ERK pathway
and phosphorylation of TRBP regulates the recruitment
of Dicer complex to Ago-2 that enhances miRNA matura-
tion*. Ago-2 is also regulated via phosphorylation
through MAPK*®. Furthermore, expression of transform-
ing growth factor-beta (TGF-/£) in malaria regulates the
pro-inflammatory cytokines*. TGF-2 is also involved in
the recruitment of SMAD proteins that interacts with
RNA helicase p68 (DDX5) in Drosha complex suggesting
its role in miRNA biogenesis*’.

In general the parasite transcripts remain protected
from degradation by RNAi machinery in parasitophorus
vacuole. Further, with the presence of internal ribosome
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entry site (IRES) the canonical mode of action of
miRNAs, i.e. decapping, becomes redundant. So it is not
clear why Plasmodium needs or choose to manipulate
host RNAi machinery. The only plausible explanation
comes from identification of non-canonical mechanisms
adopted by miRNAs in the absence of RNAi machinery
(discussed later). The ability of miRNA to integrate
itself into parasite transcripts through mechanisms
unknown is suggestive of co-evolution of the host and
Plasmodium.

Plasmodium downregulates certain miRNAs with the
potential of inhibiting parasitic translation, down-regulates
miRNAs that target host cell proliferation, metabolism
and survival, while it upregulates miRNAs that target
proteins involved in immune response. These findings
indicate a high probability that by orderly manipulation
of both MAPK/ERK and TGF-g pathways, Plasmodium
may manipulate expression of miRNAs to favour its
growth and survival.

MicroRNAs in exo-erythrocytic stage of
malaria — hepatic pathology

Clinically asymptomatic hepatic stage of malaria is criti-
cal to both the parasite as well as host and provides ample
targets for the development of therapeutic molecules and
vaccine. Although hepatic stage is the most studied stage
and crucial, the dynamic interactions between host hepa-
tocytes and parasite remain poorly understood. Recently,
Deli¢ et al.*® provided the experimental evidence of
murine hepatic reprogramming of miRNA expression by
Plasmodium chabaudi. They observed that mice were
able to survive primary infection with P chabaudi and
when re-challenged, 80% mice self-healed and sur-
vived*. They found that protective immunity in mice
against P. chabaudi was associated with up-regulation of
3 miRNAs (miR-26b, MCMV-miR-M23-1-5p and miR-
1274a) and down-regulation of 16 miRNAs (miR-101b,
let-7a, let-7g, miR-193a-3p, miR-192, miR-142-5p, miR-
465d, miR-677, miR-98, miR-694, miR-374%*, miR-450b-
5p, miR-464, miR-377, miR-20a* and miR-466d-3p)
(Table 2)**. Among these downregulated miRNAs, miR-
142-5p is known to target T cell activation and differen-
tiation thus inducing immune response*~’. Furthermore,
downregulated miR-192-3p regulates tumour specific
hypermethylation® and miR-101b regulates de novo
DNA methylation by targeting DNA methyltransferase
3A (DNMT3A)*. The self-healing observed in re-
infected mice was associated with increased levels of cir-
culating IgG2a and IgG2b antibodies and thus evidence
to induction of protective immunity***. Therefore, P.
chabaudi induced sustained alteration of hepatic miRNA
profile coincides with gain of protective immunity that
may be due to epigenetic regulation of gene expression.
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Hammerschmidt-Kamper™® investigated influence of
P. berghei (Pb) NK65 on host hepatic RNAi machinery
using wild type (WT), radiation attenuated (RAS) and
genetically attenuated parasite (GAP) at 24 and 40 h
post infection. Influence of PINK65 WT, RAS and GAP
strains on RNAi machinery was evaluated by transcrip-
tion and protein expression analysis of RNAi component
(exportin-5, argonaute, Dicer and Drosha). Table 3 clear-
ly indicates significant down-regulation of RNAi compo-
nents induced by attenuated parasite strain.

MiRNA expression profiling of PbNK65 WT, GAP
and RAS infected livers at 24 and 40 h post-infection
revealed 33 dysregulated miRNAs (20 miRNAs upregu-
lated and 13 miRNAs down regulated; Table 2)**. It is
interesting to note that the number of miRNAs down
regulated were relatively low compared to upregulated
ones. In fact, only miR-21 has been consistently upregu-
lated in all experimental conditions (Figures 3 and 4)**. Bio-
informatic analysis of dysregulated miRNAs revealed
pathways affected which included apoptosis, DNA dam-
age, immune response, cell adhesion, lipid metabolism
and signal transduction™. In general, miR-21 is classified
as ‘OncomiR” as its dysregulation leads to cancer™. Thus,
identification of a similar functional correlation to
miR-21 will be of critical importance to the infection
process in malaria.

Upregulated miR-21 and miR-25 in WT 24 h post
infection are known to regulate innate immune response™.
Moreover, miR-21 regulates apoptosis>’, antigen activated
CD8+ T cell population and regulates TLR signalling
involved in innate immune response’’, whereas miR-25
regulates TNF-o indicating a role in inflammatory
responses”".

However, it is intriguing to know why cells promote a
varied change in miRNA signature that makes it suscept-
ible to pathologic outcomes. Study revealed that infection
with attenuated parasite leads to significant down-
regulation of RNAi machinery components, exportin-5
(Xpo-5), argonaute (Ago), Dicer, Drosha and TRBP and
concomitant protein levels. Although studies investigat-
ing parasite influences on RNAi machinery are scarce,
studies evaluating viral influences on RNAi machinery
have clearly demonstrated reduced transcription and
translation of Drosha in cells infected with Hepatitis B
virus® and low Dicer transcription in hepatocellular
carcinoma®. These results incriminate sensitivity of
RNAIi machinery to cellular invasion by parasites. But the
fundamental question that remains to be answered is why
WT parasitic infections fail to down-regulate RNAi ma-
chinery that is observed in attenuated Plasmodium
strains. The only plausible explanation that emanates
is that parasite and host during evolution may have co-
adapted to favour their joint survival, thus suggesting that
Plasmodium infection may be multi-factorial interaction
involving hepatocytes and parasite.

CURRENT SCIENCE, VOL. 115, NO. 12, 25 DECEMBER 2018
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Table 2. List of miRNAs involved in response to malarial infection

microRNA Accession no Sequence Function Reference
miR-369-3p MIMATO0000721 AAUAAUACAUGGUUGAUCUUU Regulates TNFa 17
miR-98 MI0000100 UGAGGUAGUAAGUUGUAUUGUU Regulates SOCS1, IFNy and T-cell 27,28
differentiation
miR-26b MI00000575 UUCAAGUAAUUCAGGAUAGGU Regulates TNFo/NF-«B signalling and 80
IL-6 expression
MCMV-miR-M23-1-5p MIMAT0005542 CUCGGUACGGACGGGGAACCGU Regulates dendritic cell activation 81
miR-1274a Dead miRNA Unknown function
miR-101b MI0000649 UCGGUUAUCAUGGUACCGAUGCU  DNA methylation 52
let-7a MI0000060 UGAGGUAGUAGGUUGUAUAGUU Regulates TLR-4, IL-6 and 10 82,83
let-7g MI0000433 UGAGGUAGUAGUUUGUACAGUU TNF ¢ induction 84
miR-193a-3p MIMATO0000459 AACUGGCCUACAAAGUCCCAGU Regulates NF-xB pathways and inflammation 85
miR-192-3p MIMATO0017012 CUGCCAAUUCCAUAGGUCACAG Tumour specific hypermethylation 51
miR-142-5p MIMATO0000154 CAUAAAGUAGAAAGCACUACU Regulates IL-6, IL6ST, TLR2, PGE2 and TNF 86
miR-465d MIMATO0029880 UAUUUAGAAUGGUACUGAUGUGA LPS regulated innate immune response 87
miR-677 MIMATO0003451 UUCAGUGAUGAUUAGCUUCUGA Regulates lymphocyte maturation at common 88
lymphoid progenitor stage
miR-694 MIMATO0003474 CUGAAAAUGUUGCCUGAAG Regulates Mapls and IL-6 and inflammatory 89, 90
response
miR-374%* MIMAT0003728 GGUUGUAUUAUCAUUGUCCGAG Regulates regulatory T cells by IL-10 91
miR-450b-5p MIMATO0003511 UUUUGCAGUAUGUUCCUGAAUA Regulates IL-27 and JAK/STAT pathway 92
in dendritic cells
miR-464 Dead miRNA Unknown function
miR-377 MIMATO0000741 AUCACACAAAGGCAACUUUUGU Regulates NF-xB pathways by E2F3 and 93
MAP3K7
miR-20a* MIMATO0004627 ACUGCAUUACGAGCACUUAAAG Regulates TCR signalling and cytokine 94
production
miR-466d-3p MIMATO0004931 UAUACAUACACGCACACAUAG Regulates Nfat5 signalling 95
miR-21 MIMATO0000530 UAGCUUAUCAGACUGAUGUUGA Innate immune response 56, 57
miR-25 MIMATO0000652 CAUUGCACUUGUCUCGGUCUGA Innate immune response 56,57
let-7i MIMATO0000122 UGAGGUAGUAGUUUGUGCUGUU Innate immune response, TLR4 56, 57
miR-27a MIMATO0000537 UUCACAGUGGCUAAGUUCCGC Inflammatory response 58,59
miR-150 MIMAT0000160 UCUCCCAACCCUUGUACCAGUG Regulates Myc-b, Lymphocyte development, 56, 57, 63
immune response
miR-126 MIMATO0000137 CAUUAUUACUUUUGGUACGCG Regulates vascular cell adhesion molecule 1 63
miR-210 MIMATO0000658 CUGUGCGUGUGACAGCGGCUGA Regulates HIFa 63
miR-155 MIMATO0000165 UUAAUGCUAAUUGUGAUAGGGGU Regulates blood brain barrier integrity 96
miR-451 MIMATO0001631 AAACCGUUACCAUUACUGAGUU Inhibition of parasite growth 71
miR-223 MIMATO0004570 CGUGUAUUUGACAAGCUGAGUU Inhibition of parasite growth 71
Table 3. Influence of PbNK65 WT, RAS and GAP strains on RNAi components. Transcription
expression analysis of RNAi component (Xpo-5, Ago-2, Dicer, TRBP and Drosha) was expressed as fold
change based on the study of Hammershmidt-Kamper®. The changes are represented by black arrow-
downregulated ({) while protein expression of only Xpo-5 and Drosha was available, expressed as
percentage and represented by red arrow-downregulated (4). Parallel arrow (—) represents slight change
and double arrows (34) represent strong change
Gene WT GAP RAS Time post infection (h)
Xpo-5 $30-70% - 430-70% 24
130-70% { 8 fold, > 18 fold, 44 40
Ago-2 24
- 40
Dicer 24
42-3 fold 12-3 fold 12-3 fold 40
TRBP 24
42-3 fold 12-3 fold 40
Drosha 151% {2 fold {2 fold, 164% 24
13-4 fold, $20-25% 13-4 fold, 120-25% | 3-4 fold, 20-25% 40
CURRENT SCIENCE, VOL. 115, NO. 12, 25 DECEMBER 2018 2223
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Differential and overlapping expression of upregulated hepatic miRNAs between PbNK65

WT, GAP and RAS at both 24 h and 40 h post infection. a, Hepatic miRNA expression profile 24 h post
infection with PbNK65 WT, GAP and RAS. b, Hepatic miRNA expression profile 40 h post-infection
with PbNK65 WT, GAP and RAS. Data taken from ref. 54.
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Figure 4. Differential and overlapping expression of downregulated hepatic miRNAs between PbNK65
WT, GAP and RAS at both 24 h and 40 h post infection. a, Hepatic miRNA expression profile 24 h post
infection with PbNK65 WT, GAP and RAS. b, Hepatic miRNA expression profile 40 h post infection
with PbNK65 WT, GAP and RAS. Data taken from ref. 54.

MiRNAs in cerebral pathology

Cerebral pathology in malaria is a complex and multi-
factorial phenomenon which involves apoptosis, immune
modulation and inflammation®, cytoadherence®® and
hypoxia. Role of miRNAs in cerebral pathology was tested
using murine experimental cerebral malaria (ECM) model.
It was observed that six miRNAs (let-7i, miR-27a,
miR-150, miR-126, miR-210 and miR-155) showed dy-
sregulation of which only let-7i, miR-27a and miR-150
showed significantly altered expression® (Tables 2 and
4). Members of let-7 family are known to modulate in-
nate immune response®®. In ECM model, let-7i was upregu-
lated that has earlier been shown to induce immune
response in cholangiocytes by regulation of toll-like
receptor 4 (TLR4) translation®®. MicroRNA Let-7i
(MI0000434) is also important for LPS induced dendritic

2224

cell maturation by regulation of SOCS1 (Tables 2 and
4)*.SOCS1 reduces LPS-mediated IL-6 production by
regulating JAK/STAT pathway®. In T cells, let-7i upre-
gulation correlated with increased IFN-y expression
through inhibition of TLR4 and induced Thl-mediated
immune response®. MiR-27a is known to regulate di-
verse cellular functions such as apoptosis, mitochondrial
membrane potential and sensitivity to TNF . It also regu-
lates the expression of fas associated death domain
(FADD) required for T cell proliferation and NF-xB sig-
nalling, thus regulating inflammatory response®’. Over-
expression of miR-27a causes TNF-a mediated apoptosis
through extrinsic death pathway®’. Moreover, upregulation
of miR-27a in CD8+ T cells suggests their role in T cell
development®® (Tables 2 and 4). Finally, miR-150 is
known to regulate proliferation, development and diffe-
rentiation of B and T cells by targeting transcription

CURRENT SCIENCE, VOL. 115, NO. 12, 25 DECEMBER 2018



REVIEW ARTICLE

(pruo))

(1000°0) ose31|
urojoxd unnbiqn ¢g Ayolp

(000°0)
7 syeadar O yum JvDHIY

(000°0)
1$¢€ urozoad 103ury oury

(900°0)
| 9SBUINOSeULY dSeULY

urojold pajeAnoe-udSoIN

(L+00°0)

1 YOLI QuIUISIe/QULIdS

pue Jnow Suipulq VNJ
‘(0d&y HDDD) 103uy douz

(66) Arwuey auagoouo
SV oquiew VgV

(00D 1
wEEE:Oo urewop 7HA

(oo1)
g Sojowoy gz-ury

(001) T x0q H/AVAAQ
Sururejuod ‘e A[rweyqns
‘unewodyod Jo 1ojendal

juopuadop-unoe pojeroosse
-XLjRW ‘pARI-INS/IMS

(z8) T urewop
s1qoydopAy yor-ourd)sL)

(0o01) €1
Iquaw ‘(19110dsuen

9s0on[3 pajejI[Ioe])

(69°7-) 1 Joquoaw )z 2d4y
‘Sunzodsueny ++8) ‘Osed 1V

(81°1-) 1 urajord
FunoeIouI 4 UOTNONAY

(¢6'7-) 8¢ owely Suipear
uado {1 awosowoIy)

(69°2-) T300U-LV
dnoi3 Ayjiqow y3ry

(98'7-) 1 urofeooruuLlg

(PT¢-) e10q

(£6°0-) 981 owey Surpear
uodo | swosowory)

(s6'0-) d
103da001 £ [ urynajIou]

(L9°7) TYooy-1v
dnoi3 Ayiqow ySry

(L9°7) Tyooy-1v
dnoi3 Ayjiqow ySry

(86°0-) T 103003
Aquasse xa[dwod
oseud3oIpAyap djeuroong

punoj s3a81e)
pajoIpard ON "V NYIW [BIIA

(0190
opndadAjod (pajoaaip

DVIOVOLODVIVIILLVVIIODLD

LOVIOIIDILOVVVIVLIOIDDILOVY

LLOVOVIDLLLDOVLOVLIOOVDOL

LLOVLVIOLLODVIDVILODVOL

LODLVOIIVLIODLVIOLVLLODDL
VNYW peaqg

LDODOVVDHHDOIVOHOIVILODILD

dg-z61-yru

dg-egor-gru

8.-191

BL-19]

qror-ytu
BpLCI-Iud

dg-1-TN-JIU-AINDIN

10812} pajorpard oN T AJiwey 1oLLed 9In[og Ioydepe oseury paje[dI-0zdLS  VNA) 111 (VNY) oserouwkjod LDOVILVOOVIOLLVVLIOVVOLL q9¢-yru
(001) T x0q H/AVAAQ
Sururejuod ‘e A[rwueyqns
(100°0) T surewop ‘unewoyod Jo 1ojendal
91| urngojSounwwi juopuadop-unoe pojeroosse (0" ¢—) Sojowoy (L9'7-) Tooy-1V
pue syeador yorr sutonag -XLIRW ‘PARI-INS/IMS ¢ aseorjoy uonest[dor YN dnoig Ayjiqow ySig LLOLLVIDLLOVVIOVLODVOL 86yt
(8100°0) ST Sururejuod (#8) 1 10301] (zg'8—) 7 duadopnasd 103dooar (96°0—) [ 101eAIIOROD
od£y-H)HH(Q 108u1y ourz SUDUI[SSOID UIOB-O[NQNIOIOI  OYI[-UI[nqo[Sounuwl 9}A00NoT  103dodal 189[oNnuU YoLI-dul[0I] LLLDLVDOLLODLVOVIVVLVV de-g9g-gru
(enfea-g) 0°z qremyru (21095 3938183) g@yru (21008 YA SYIW) epueyrur (9100G++paiydrom douanbag VNYJoIo1u

QATR[NWND) ULdS 19318 ]

001 CITEAITT JT0Z/Sdde/5 P S10q [0 PIoy-Tun Wt MMM //-d17T]) soud3 10316} Ay} pue VN JIW UdomM1dq sdyis ulired [enuod soreduroo wiyirodye yrem yru

'SouaS 19818) YN YIW PoljLIdA A[[eiudwiiadxa yym s31981e) YNYIW Sayo1eds os[e ] "(z'oueosiodie], pue ['ZPLIAYVNY ‘A TZVNY ‘VIId ‘7ielodld ‘depyvNyIw ‘dewrygru ‘gpa gyl ‘o3pugaiu
‘epueyIW ‘SAD-LOPIW-YNVIA 0'vA LOWIU-YNVIA) sowwersord uonorpaid 10818 VNYW-VNYIW SUnSIxd g wolj sa31s Surpurq v NI saredwos wesgod syrep i - (SI07qpart;/dnt) uonorpard

oYy Jo Ayonyroads oy st 10ySIy ‘0109s o316y pajorpaid oyy JoySIH ‘[OpPOwW [BJIISHEIS pue SAUIYorW I10309A j1oddns uo poseq sjeSier yNYIw siorpard weiSord gayrw

" 5( D10 BUIOTI T MMM /77T

2109s uone[ngo1r umop Aq Supjuel 10J poylow JuruIed] JUIYJBW B ST YOIYM SAI00S YASYIW sosn ] "YNYIW dY} Jo uoidal pads pue sdudd dy) Jo YILN ,€ Y udamidq Auejudwrdwod

s1opisuod weidord epueyru

*,(/BI07UR5S1981R)//7NY) 2100G++1XAIU0D JYF1oM dAnR[WND YSIY (PIM PAudsaid 918 UOHOBINUL IOW [ 10 IOW § OO UM SIS PIAIISUOD AJuo — uedGRSIe],

MW pue g@yYiwW ‘epueyiul ‘UedoS1o8ie] A[oWeU ‘SWILIOF[e JUAIQJJIP U0 PIseq SaIemijos uondrpaid 1031e) YNYIW JUSIQJJIP INOJ Pasn A\ "9[qe) Ay Ul pajuasaid are s9109s 1SAYIIY (M
s31081e) pajoIpald oyp AJUO 0s (A[qRIOPISUOI PILIBA SIIBMIJOS WIOIJ S)NSAI ‘U0NdIPaId 10J s1ojowrered JUOIIJIP SISN 9I1BMIJOS AIDAD 90UIS “SYNYIW dA10ddsal Jo s1o31e) souad pajorpaid Suimoys  “p d[qe],

2225

CURRENT SCIENCE, VOL. 115, NO. 12, 25 DECEMBER 2018



REVIEW ARTICLE

(pruoD)
(1000°0)
8¢ urejoid raguly ouryz (001) 9nosjow 69aD (L9 ¢-) aInoR[OW 69D (LLT-) 9mos[ow 69aD  VOLOLODDIOLOLLOVIDLLYD sy
(200°0) L 101do0a1 (66) 1 ose3y| (€9'2-) (ouoFopnoasd) (zL'0-) L9¢
QUIOWDYO oW D-D urajord unmbiqn ¢ ourfjag ¢ A10$5000€ [aUURYD OPLIO[YD uajord 128Uy oulz  VOLLOLVOILIVOVOLVLIOOVL [g-ygru
(€9€) v
9ouonbas oy1]-103dooa1
(000°0) ¢¥ Sururejuod (001) (errydosoi) QUOWLIOY “dYI[-UIoNwW (z9'¢-) s puedy|
urewop g g pue 1o3uty oury Sojowoy jdwayun “Sururejuod a[npows o¥I[-4NH (now D-x-D) duryowayd DVLVIVOVIDIVOVLVIVIVL de-pggp-yrur
(0z'1-) T urewop
(000°0) § s1122 L (001) T Toquidwr (0t €-) T Tequow Surpuiq [ewosoa[onu
Pa1BATIOE JO 10108 JBI[ONN ‘8¢ Aqrurey JaLied 2Injog ‘8¢ AJruey JaLied 2njog dnois Anjiqow Y81y OVVV.LLOVODVOIVILYIDLIOV +BOT-YIW
(1000°0)
L dseuny juopuadop-urjoko (001) 1 103dod21 1E[N[2D O (L9T) L9¢ (£8°0-) eydie ‘1 10308)
snnosnur SN dnoi3qns sniiA e[ SUI[d] urojoad 108ury ourz  uondiosuer) Xoqoawoy NI IOLLLLOVVODOVVVIOVIVIOLV LLE- g
YNy peaq oy
9T¥) 9
Joquiow ‘(19)10dsuer}od (8L°0-)
eydsoyd oruediour 1 1031qIyul T 9seury
(000°0) (001) Aqturey 2uagoouo judpuadap-wnipos) urojoid yuopuadap
[ urjoid arowonua) SV R_quow ‘01gvy L1 Ajiurey JoLired anjog -urnpowes/wnioe)  VIVVOLODLLOLVIOVODLLLL dg-qosp-ygru
(800°0) (L9°0-) 8¢ swey
T UIBWOP 9ANORINUI oL 1V (66) 10108y uonduosuer) [ A X (¥9°'7-) 1 10308y ONI[-pLH  Sulpear uado ¢ swosowory)  HYHIILOLLYOLV.LLVIDLLOD *PLE-YIW
(¢6¢-) d
(1000°0) (0oo1) Toquidw ‘G| AjLreqiuis (99'0-) 3 Joquiow
¢ urojoxd parear urydons£q urojord Surpuiq YNQ uos soudnbas yim Ajruwef ‘Ajrurey osejeyns|Ary DVVOHLOIDLLOLYVVVOLD P69-yIw
(0100°0) 1 ure301d (001) 9 Surureyuod (10°¢-) v ose[Ayjowop L) dn
Surpuiq oseury urewop-¢Hs -1eador gv[ [eiao[noey oyy100ds-(3y) outsAT X0qoowoy ¢ sse[o N0d  VOLOLLODVLLYDLVOLOVOLL LLY9-gIw
(1000°0) TH (66) T uror01d (56°0-) 101dodar
9SBA[ONUOQLI BZYISBUY QUBIqUIOW POJRIOOSSE-O[IISIA urojordodiy pajenuns sisjodi]  VOLOLYDOLOVIODLYVOVLILLVL PSoy-drw
(000°0) T ©10q 1uUNqns (001) T 1oquidw Ajruwrey HOA (¢¢'p-) 1 asereydsoyd (¥8°0-) T Ioquiowr AJrurey
Suniodsuen 43/+eN 9SeJ LV ‘urorord 1oJury ouryz ajeydsoyd-1-sursoguryds D04 ‘urgord w3uyy outz - 1OVIOVIDVVVOVIOVVVLVD dg-zp1-yru
(enjea-g) 0°Z qremyru (21098 10310)) g@yrw (21095 YA SYIW) epueyiu (2109G++pajydrom douonbog VNJoIIw

oAlR[NWND) UedS 1o5Ie],

(pruo)) *a1qelL

CURRENT SCIENCE, VOL. 115, NO. 12, 25 DECEMBER 2018

2226



REVIEW ARTICLE

(£000°0) 1 T0308§
uonduosuery pajerdosse 7109

(0000°0)
1 Suturejuod urewop

paje1dosse-INSA /D9 L

(1000°0)
71 10joe} uonduosuer],

(0100°0)
DT 1019€] I100UBYUD AJAI0AIN

(z100°0)
1 nungns xo[dwos DS,

(0000) 1
juouodwod Juronpal

QUIIXOPIWE [RLIPUOYIOIIA
(1000°0) € eydye ouueyd
po1esd opnos[onu dI[9L)

(000°0)
1¥€ urojoad 13ury oury

(001) osed1 urojord unibiqn
¢q ‘L Sururejuod urewop
yeadar g pue xoq-

(001) ¢ oses urdrord
uninbiqn ¢g Sururejuod
utewop ATy pue LOAH

(86) oseury
urodyoayo 7O [aIM

(66) 1 o11-101dooar
10198 y3Mo0I3 ISe[qoIql]

(86) ¢ surewop
1eadar unkyue pue ynowr N

(86) ¥ Surureyuoo
urewop g 1g pue 103uy ourz

(001) (eriydoso(y)
 Sojowoy 1udsqe sakg

(001) 1 x0q H/AVAA
Sururejuos ‘e Ajrweyqns
‘unewolyo Jo 10je[n3al

juapuadap-urjoe pajeroosse

-X1eu ‘paredi- INS/IMS

(L9¢) L
Sururejuod urewrop
jeador gm pue xoq-J

(0€°1-) 8 “2dAy e10q
‘qunqns (uredoioew
‘owosold) swoses)olrd

(1t°¢-) v Sojouwoy
1 uonouny uroud[is-nue SV

(se1) €

‘PaIeIO0SSE-UOLIPUOY OO0}
‘10308] Suronpur-sisoydody
(1Z'1-) £V x0qoswoy

(17°¢-) (ueiae)

Sojowoy ouo30ou0 [eIIA

SISOISB]qO[oAWqAW- A

(bp'€-) 1 Uy

(LL'T) TY00Y-LY
dnoi3 Ajiqow ySry

(enfea-4) 0° Aremyrw

(o100s 1031%)) gOyrw

(21005 YA SYIUW) epUBYIUW

2227

(50" 1-) 9se31] ureyord
unmbiqn ¢7 ¢/ Surure;uod

urewop jeadar A pue x0q- LLOVOLODOVVIOVOLLLVIDLOD

(£60-) (erydosoi(y)

[ parear paddys-ppOo LLOVOLOVLLYDOV.LLODIVVY

assg ueord p3uyy ourz - [HOHOVIVOIOLLYVIODLVVLL

(£6°0—) QwAzud

Ajquissse xoysnpo mydins-uorl  YHLIHNDIDVIVOLOLOIDIOLD

(85°0-) zd urxord DOOOVIDOLLLIDOVLLVLLVD

Sojowoy ouo30ou0 [eIIA
SIS0)SB[QO[oAW UBIAR qAWI- A

(80°1-) ¢ Sururejuod
UIBWOP [103-p3[100 pUe d[YD

DLOVIOVILOLLIDOVVIIILOL

DDDDLLOVVLOODDILOVIVOLL

(L9T-) THo0y-LY
dnois Aypiqow yStH  LLOLOOLOLLIOVIOVLIOOVOL
(9100S++paySrom
dAT)R[NWIND) UBDS Jo3Ie],

CURRENT SCIENCE, VOL. 115, NO. 12, 25 DECEMBER 2018



REVIEW ARTICLE

factor c-myb that regulates lymphocyte development®.
Thus upregulation of miR-150 leads to negative regula-
tion of B and T cells and contributes directly to a fatal
outcome by mounting an inefficient immune response
(Tables 2 and 4).

MicroRNAs in erythrocytic stage of malaria

It is well known that homozygous sickle cell erythrocytes
(HbSS) are resistant to Pf infection when compared to
normal homozygous haemoglobin carrying (HbAA) eryt-
hrocytes’’. LaMonte et al.”' studied the role of miRNAs
in this protection phenomenon and established that miR-
NAs are the intrinsic factors that contribute to resistance
towards Pfin homozygous (HbSS) or heterozygous sickle
trait (HbAS) carrying erythrocytes’'. They observed that
during blood stage of Pf infection miR-451, let-7i and
miR-223 translocate inside the parasite (Tables 2 and 4).
MiR-451 and let-7i reduced the parasite growth by inte-
grating into the parasite messenger RNA thereby
disrupting ribosome loading, leading to translation inhibi-
tion’'. Furthermore, LaMonte et al.”' found that parasi-
tized erythrocytes in HbAS or HbSS genotyped
individuals were resistant to malaria through translation
inhibition of some crucial parasite genes. It is interesting
to note that although erythrocytes lack RNAi machinery
and are enucleated and hence ineffective to alter miRNA
levels, Plasmodium fails to survive in haemoglobin
variant erythrocyte. It is argued that variant haemoglobin
carrying erythrocytes due to sickling ability under low
oxygen tension rupture and thus have short life span and
are replaced by new erythrocytes faster than individuals
carrying normal erythrocytes. These erythrocytes being
fairly young may still contain residual miRNAs synthe-
sized during nucleated reticulocyte and earlier stages that
becomes available to interact with Plasmodium genes and
integrates to block translation. The above presented evi-
dences indicate that resistance to Plasmodium infection
in HbAS/HDbSS erythrocytes may be due to inability of
Plasmodium to adopt itself to the molecular environment
of low variant haemoglobin gene carrying erythrocytes.

Non-coding RNAs in Plasmodium

Experimental evidences indicate absence of any
transcription factors or RNAi machinery essential for
miRNA-mediated gene regulation in Pf. However, silico
screening of Pf genome by Mourier et al.”” revealed 33
novel non-coding RNA (ncRNAs) transcripts expressed
during erythrocytic phase of Pf growth cycle’®. Interes-
tingly, presence of ncRNAs in Pf genome suggests gene
regulation by unknown mechanism unique to Plasmo-
dium spp. Identification of novel ncRNAs in erythrocytic
stage of Pf genome indicates that more ncRNAs with crit-

2228

ical roles will be identified in other stages of growth in
Pf genome. Due to lack of functional studies, cellular
roles of these ncRNAs remain unknown.

Of note, transactive response (TAR) DNA binding pro-
tein-43 (TDP-43) is known to be a component of Drosha
complex, suggesting their involvement in miRNA
processing”®. Structurally, TDP-43 closely resembles he-
terogenous ribonucleoproteins (hnRNPs) and is intricate-
ly involved in RNA biogenesis through regulation of
transcription, splicing, transport and translation’*’> TDP-
43 contains two RNA recognition motifs (RRMs), viz.
RRMI1 and RRM2 (ref. 77). RRM1 of TDP-43 is respon-
sible for binding to single stranded RNA with structural
specificity of minimum penta UG repeats’®. TDP-43 is also
involved in RNA transport through nucleo-cytoplasmic
shuttling”’. We looked for TDP-43 homologs in Pf and
found PF3D7 0414500 with 42% identity and conserved
RRMI1 and RRM2 domains. Presence of TDP-43 homo-
log in Pf proteome indicates that Pf~mediated manipula-
tion of host RNA expression could be through multiple
mechanisms. The ability of TDP-43 to bind single
stranded RNA and their nucleo-cytoplasmic shuttling
indicates that miRNA translocation into PV could be
mediated via TDP-43. Furthermore, role of TDP-43 in
miRNA maturation and structural specificity explains
selective transport and selective dysregulation of certain
miRNAs.

Although it is well-known that Plasmodium lacks a
functional RNAi machinery, malaria parasite metabolic
pathway database (PlasmoDB) indicate links of TDP-43
with P-body. Additionally, it also revealed the presence
of numerous human homologs of effector proteins
involved in mRNA decay such as mRNA decapping en-
zyme (PF3D7 _1032100), exoribonuclease (PF3D7_
0909400), etc. It is interesting to note that mRNA decay
is one of the mechanisms through which miRNA de-
grades/suppresses mRNA translation. So it is unclear why
proteins involved in mRNA decay process are expressed
in Pfwhen RNAI process itself is lacking in Plasmodium.
So far, there is no experimental evidence to support our
bioinformatic findings.

Conclusion

The present review discussed the role of the RNAIi in
pathogenesis through disruption of cellular homeostasis.
Here studies listed have shown response caused by
various stresses. Studies investigating crucial roles of
miRNAs are lacking, yet essential to arrive at conclusive
inferences.

Investigation on miRNA expression in Plasmodium
infection report a non-overlapping miRNA signature
indicating variable response to different Plasmodium
strains rather than a generalized response. However, indi-
rect evidences show that Plasmodium invasion alters

CURRENT SCIENCE, VOL. 115, NO. 12, 25 DECEMBER 2018



REVIEW ARTICLE

miRNA profile in such a way that it dampens host im-
mune response necessary to eliminate parasites. Further,
studies have revealed that parasitic invasion alters
miRNA expression that negatively regulates activation,
differentiation and proliferation of B and T cells, inflam-
matory cytokines and signalling pathways.

To summarize, we have presented three key phenomena
observed during Plasmodium infection. MiRNAs are able
to pass parasitophorus membrane. They act by both
canonical and non-canonical mechanisms. Plasmodium
manipulates miRNAs to ensure its protein synthesis and
growth while suppressing host immune response and pre-
venting host cell apoptosis through modulation of cell
signalling pathways.

Malaria being a third world disease is relatively less
studied, the problem is further compounded by technical
challenges to study role of microRNAs during malaria.
Initial challenges include difficulty to obtain contamina-
tion-free actively replicating parasites. Further P. falcipa-
rum blood-stage infection in chimeric mice generates
around 1% parasitemia which is not sufficient to study.
Thus numerous infected mice are required to obtain suffi-
cient amount of parasites for the study. Since malaria has
hepatic and blood stage, different strains of parasite are
required to study the stages in animal models. Further it
is difficult to establish a precise and efficient cerebral
malarial model in animals that could efficiently mimic
complexity of human host. Besides these, studying
miRNAs has its own technical challenges. miRNAs con-
stitute only a small fraction of the total RNA pool, thus
extracting miRNA in pure form is difficult. The problem
is further aggravated by the fact that Plasmodium para-
sites shed out RNA and proteins as extracellular vesicles
called exosomes. Further it is difficult to prevent miRNA
degradation by RNases. As most miRNAs are identified
bioinformatically, they need to be experimentally vali-
dated for their expression. Thereafter target gene needs to
be identified. Since an miRNA can target multiple
mRNAs and multiple miRNAs can target single mRNAs,
experimental validation of miRNA-mRNA interaction
could lead to misleading results. Lastly in the absence of
stable and verified endogenous controls it is difficult to
normalize the miRNA data.

Interestingly, the presence of ncRNAs in Pf may play a
crucial role in gene regulation either by hijacking host
RNAi machinery or by employing a novel mechanism
unique to Plasmodium. Lastly, there are ample indirect
evidences that point to the fact that Plasmodium spp.
manipulates host RNAi machinery. This interaction with
host RNAi machinery and/or its components needs to be
proven experimentally to arrive at conclusive evidence to
implicate Plasmodium of the alleged manipulation.
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