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ABSTRACT Protein arginine methyltransferases (PRMTs) catalyse the
transference of methyl groups from S-adenosylmethionine to argi-
nine residues in substrate proteins, a post-translational modification
widespread among eukaryotes. The change in size and hydrophobicity of
the methylated arginine residue impacts on how a protein interacts with
other macromolecules and affects several cellular processes, including
intracellular signaling, DNA replication and repair, and control of gene
expression. As a result, PRMTs became attractive targets for chemother-
apy, and several PRMT inhibitors are going through clinical trials for
cancer treatment. In protozoan parasites, PRMTs play fundamental roles
during development, stage differentiation and infection processes. We
here review the activity and the relevance of PRMTs for the survival of
pathogenic kinetoplastids, apicomplexans and amoebas, highlight dif-
ferences observed between PRMTs expressed in these organisms and
their mammalian orthologues, and suggest that these enzymes can be
exploited to combat parasitic infections. We propose that the arsenal of
inhibitors developed to target mammalian PRMTs could be reassigned to
allow the identification of new scaffolds to be explored as antiparasitic
agents, either as sole chemotherapy or by improving the effectiveness of
current antiparasitic drugs.

doi: 10.16698/mic2026.02.869
Received originally: 10.09.2025;
in revised form: 07.01.2026,
Accepted: 12.01.2026,

Published: 12.02.2026.

Keywords: arginine methyltransferase,
protozoan parasites, kinetoplastid,
apicomplexan, amoeba, antiparasitic
chemotherapy.

Abbreviations:

ADMA - asymmetric w-dimethylarginine,
BSF - bloodstream form,

FLA - free-living amoebae,

KO - knockout,

MMA - monomethylarginine,

NTDs - neglected tropical diseases,
PCF - procyclic forms,

PRMTSs - protein arginine
methyltransferases,

PTM - post-translational modifications,
RBP - RNA-binding proteins,

SAM - S-adenosylmethionine,

SDMA - symmetric w-dimethylarginine.

INTRODUCTION
Protozoan parasites often display complex life cycles encom-
passing several biological forms within many potential hosts.
The transition from one biological form to another is triggered
by environmental cues that culminate in an extensive metabolic
rearrangement that requires fine-tuned gene expression control
at various levels, from modifying the accessibility of chromatin
regions to the sequestration or degradation of RNAs.
Alterations in chromatin accessibility are largely mediated
by the set of dynamic post-translational modifications (PTMs)
that occur at histone tails, including acylations, methylation,
phosphorylation, and ubiquitination, among others, and that
modify the dynamics of histone-DNA interaction to allow
(or block) the access of repair, transcription and replication
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machineries to the DNA double-strand [1]. In protozoans, a
series of histone variants carrying divergent PTMs have been
reported, and their function on DNA replication, transcription
initiation and termination, and DNA damage signaling have
started being dissected in the last decades [2-5].

Moreover, RNA-binding proteins (RBPs) play an essential
role in the control of gene expression by altering transcript fate,
i.e. its processing and rate of nuclear export and translation, as
well as RNA storage and degradation, which is particularly im-
portant for organisms as trypanosomatids that do not possess a
strict control of transcription [6]. PTMs present in RBPs can affect
their stability, intracellular localization and interaction with other
macromolecules, thus altering the dynamics of their interaction
with RNA and the formation of multiprotein complexes [7].
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FIGURE 1 @ Schematic representation of the three major types

of arginine methylation catalysed by PRMTs. While type |, Il and I
PRMTs can catalyse the formation of monomethylarginine (MMA), en-
zymes of types | and Il catalyse the addition of a second methyl group
to the same residue, originating asymmetrical (ADMA) and symmetrical
(SDMA) dimethylarginines.

Among the group of enzymes that modify both histones and
RBPs, we highlight the arginine methyltransferases (PRMTS),
the enzymes which transfer a methyl group from S-
adenosylmethionine to the terminal guanidino nitrogen of
arginine residues augmenting their size and hydrophobicity,
while reducing its ability to form hydrogen bonds, but without
modifying its charge [8]. These enzymes are categorized within
four types, of which types |, Il and Il are widely distributed
among eukaryotes, whereas type IV PRMTs are only present
in fungi and probably in plants. Type |, Il and Ill PRMTs transfer
the methyl group from S-adenosylmethionine (SAM) to one
of the terminal (w) nitrogen atoms of arginine to generate w-
monomethylarginine (MMA). Type | PRMTs can add a second
methyl group to the same nitrogen to form asymmetric w-
dimethylarginine (ADMA) while type Il PRMTs modify the other
w-nitrogen to generate symmetric w-dimethylarginine (SDMA)
(Figure 1). Type IV PRMTs, on the other hand, monomethylate
the internal (§) guanidino nitrogen [9].

The PRMTs are constituted of six conserved domains: (1)
motif | (VLD/VGXGXG), (2) motif post-I (V/I-X-G/A-X-D/E), (3) mo-
tif 1l (E/K/VDII), (4) double-E loop (SEXMGXXLXXExM), (5) mo-
tif 11l (LK/xxGxxxP) and (6) the THW loop (THWxQ), which are
responsible for substrate binding and stabilization. Moreover,
type | PRMTs possess a generally conserved YFxxY motif in
their N-terminal portion; the equivalent motif in type Il PRMTs is
PLxxN [10].

The altered expression of PRMTs has been correlated
with cancer development and progression, which in turn
propelled the efforts to develop effective and selective PRMT
inhibitors, particularly of type | and type Il PRMTs, and most
notably of PRMT5, some of which are already undergoing
clinical trials, either alone or in combination with traditional
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oncodrugs [11-14]. As the biochemical, physiological
and structural studies on the human PRMTs advance, the
development of more specific and active compounds will
become easier. Nonetheless, a large number of molecules will
unequivocally fail preclinical or clinical tests [15, 16], making ita
golden pot of potential antiparasitic agents.

Although protozoan PRMTs display the same conserved
motifs as mammalian PRMTS, the recent disclosure of their func-
tionality and elucidation of their structures revealed certain pe-
culiarities that may allow the repurposing of already tested hu-
man PRMT inhibitors and serve as scaffold for the development
of specific chemotherapies. Moreover, the recent discovery on
the impact of arginine methylation in core cellular and biological
aspects of pathogenic protists allows the establishment of these
enzymes as attractive drug targets against these pathogens.
Thus, we here review the relevance of PRMT activities for the
survival of protozoan parasites, how PRMT inhibitors can be
used as antiparasitic agents, and propose a reflection on how
the large arsenal of molecules designed to inhibit human PRMTs
could be resignified to combat pathogenic protozoa.

MAMMALIAN AND PROTOZOAN PRMTs

The nine PRMTs identified in humans are responsible for
methylating a vast number of proteins, especially targeting
those related to RNA processing and translation [17]. And
although showing a great substrate overlapping, these nine
proteins display different functional activity, target selectivity
and tissue and intracellular distribution. For instance, while
the human PRMTs 1, 3, 5, and 8 display a preference for
methylating arginine residues contained in arginine- and
glycine-rich motifs, PRMT2 methylates proteins with proline-rich
motifs as well as serine- or arginine- rich motifs, and PRMT4 (also
known as coactivator associated arginine methyltransferase
1 (CARM1)) exhibits a distinct preference for methylating
arginine residues contained in motifs rich in proline, glycine and
methionine [9, 18]. Protozoa, on the other hand, have between
three and six genes (although many still require functional and
biological validation) encoding for PRMTs: of these, all protozoa
express at least two type | and one type Il PRMTs, which is (more
than) enough to cover the whole spectrum of methylarginine
variants found in these eukaryotes. The protozoan PRMTs are
named according to their corresponding human orthologue.

KINETOPLASTID PRMTs

Kinetoplastids are mainly known for harbouring the causative
agents of three of the 20 neglected diseases listed by the World
Health Organization [19]: Chagas’ disease (Trypanosoma
cruzi), leishmaniases (Leishmania spp) and sleeping
sickness (Trypanosoma brucei), all belonging to the family
Trypanosomatidae, which also harbours important veterinary
pathogens, such as Trypanosoma vivax, Trypanosoma
evansi and Trypanosoma congolense. Pathogens of plants
(Phytomonas spp.) and invertebrates (e.g., Crithidia spp. and
Lotmaria spp.) are also present in this family [20].

Kinetoplastid organisms display some particular features
regarding their cellular structure, particularly the presence
of a dense mass of mitochondrial DNA (the kinetoplast),
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and genetic organization, with constitutive transcription
of genes contained within polycistronic units and MRNA
processing by trans-splicing [6]. Remarkably, although histone
variants and histone post-translational modifications determine
regions of start/end of transcription, the control of gene
expression in kinetoplastids relies heavily on post-transcriptional
mechanisms, on which PRMTs play a significant regulatory
role. Moreover, arginine methylation has been identified in
trypanosomatid histones [21-23] and, as in other eukaryotes, is
likely to be involved in gene expression regulation.

These parasites possess five genes encoding for canonical
PRMTs that are orthologues of the human PRMTs 1, 3, 5, 6 and
7 (Figure 2). The several studies performed on these enzymes
have proposed that (1) PRMT1 forms a heterocomplex with the
inactive PRMT3 to create the most catalytically active type |
PRMT in trypanosomatids, (2) PRMT5 is the only type Il PRMT
present in trypanosomatids, (3) PRMT6 is a type | PRMT with a
narrow substrate range, and (4) PRMT7 is the only type IIl PRMT
in these parasites [24]. It is worth saying that the potential exis-
tence of anon-canonical type Il PRMT in Leishmania braziliensis
has been recently proposed [25], but it still awaits identification
and functional characterisation.

Nevertheless, it has been shown that the impairment of
PRMT functions in Trypanosoma and Leishmania parasites can
have profound biological effects, which allows us to propose
this group of enzymes as potential drug targets against the
diseases caused by these organisms. Furthermore, identifying
potent inhibitors for trypanosomatid PRMTs could extrapolate
the medical sphere and positively impact agriculture by their
applicability on the treatment of crop infections by Phytomonas
spp. [27], and on the preservation of bee colonies from
infections by Crithidia spp. and Lotmaria spp. [28], which in
turn benefits pollination (and, by extension, fruticulture) and
honey production.

Trypanosoma

All five T. brucei PRMTs have been substantially studied,
and functional and structural differences in comparison
to their human counterparts have been disclosed, which
would allow the specific targeting of these enzymes.
Importantly, the chemotherapy against T. brucei infections
in humans and livestock is largely based on eight drugs
or drug combinations (Pentamidine, Suramin, Diminazene,
Isometamidium, Fexinidazole, Melarsoprol, Eflornithine, and
Eflornithine + Nifurtimox) that suffer from high toxicity and
recurring appearance of resistant parasites, which reinforces
the need for the constant pursue of safer and more effective
therapies [29, 30]. This continuous development is of particular
importance for Chagas’ disease, as the chemotherapy against
T. cruzi is based on only two highly toxic drugs (benznidazole
and nifurtimox) that are largely inefficient during the chronic
phase of the disease. Although no study has been performed in
any Trypanosoma species other than T. brucei so far, arginine
methylation in both histone and non-histone proteins have been
mapped in T. cruzi [21, 31], and different from what is observed
in humans with methylated arginines generally occurring within
arginine-glycine rich motifs, in T. cruzi methylated arginines
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seem to be generally preceded by a cysteine [31], potentially
indicating relevant differences in substrate binding between
human and T. cruzi PRMTs.

It has been shown that the knockout (KO) (but not
the knockdown) of TbPRMT1 reduced the growth of
bloodstream forms (BSF) in vitro and virulence in mice [32, 33].
Interestingly, whereas the human PRMT1 usually forms homo-
oligomeric structures, the T. brucei counterpart forms a ring-
like heterodimer with TbPRMT3, and two heterodimers are
symmetrically arranged to form the heterotetrameric active
enzymatic unit of TbPRMT 1. Tetramerization is mostly mediated
by van der Waals interactions [34], which likely indicates a
dynamic rate of formation and dissolution of this heterotetramer.
Thus, although the heterotetrameric profile of TbPRMT1
presents a valuable difference in comparison to the mammalian
enzyme, it seems unlikely that a chemical probe would be able
to covalently bind to this region and impede tetramerization
for long enough to impact parasite fitness. All the same, if
achievable, interfering with tetramerization of TOPRMT 1 should
be a safe approach, as it is unlikely to target the host enzyme.

TbPRMT3 lacks double-E and THW conserved domains
(Figure 2), which renders this protein catalytically inactive.
Nonetheless, it has been shown that TOPRMT1 and TbPRMT3
are necessary for the stability of each other, and the knockdown
of either of them leads to an accumulation of intracellular
MMA and decrease in ADMA [32, 35]. Thus, given the prozyme
profile of TbPRMT3 within this protein complex, TOPRMT1
and TbPRMT3 have been renamed to TbPRMT18V and
TbPRMT1PRO, respectively [36]. Yet, although catalytically
inactive, TOPRMT1PRO is essential for TOPRMT1 activity as it
seems to play a significant role in substrate recognition and
binding: heterotetramers containing a truncated TOPRMT 17RC
that lacks amino acids 41-52 are unable to bind substrate
correctly and, thus, are inactive [34]. Noteworthy, the N-
terminal region of TbPRMT1PRO highly diverges from its
human counterpart, and might become a potential target
for chemotherapy.

It is also noteworthy saying that the KO of TbPRMT 18N
caused a large remodelling in the proteome of T. brucei BSF,
particularly regarding energy metabolism pathways, with a re-
duction in the levels of glycolytic enzymes and a prominent
increase in enzymes participating in proline degradation and in
the tricarboxylic acid cycle [33]; these pathways are normally
utilized by procyclic forms (PCF) to cope with the small amounts
of glucose in its natural environment, the gut of tsetse flies.
Adaptations in the proteome to fit a procyclic-like metabolism
were also noted in T. brucei BSF exposed to suramin. Remark-
ably, TOPRMT 18N and TbPRMT 17RC were only minorly under-
expressed in suramin-exposed cells [37]. Thus, it is possible to
speculate thata TbPRMT 1 inhibitor would have an additive/syn-
ergistic effect with suramin, which would allow a reductionin the
dose, and therefore in the toxicity, of this drug. Yet, this hypothe-
sis would still require experimental evidence.

In addition, diamidine drugs as pentamidine, isometamid-
ium and diminazene aceturate have been shown to accumulate
within the mitochondria, and decrease in mitochondrial
membrane potential is a rather common initial adaptation in
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FIGURE 2 @ Global alignment of PRMT amino acid sequences from hu

man and trypanosomatids highlighting conserved motifs. Sequences from

Homo sapiens (h), T. brucei (Tb), T. cruzi (Ter), T. congolense (Tco), L. major (Lmyj), L. braziliensis (Lbr) and L. donovani (Ld) were aligned using Geneious
Prime software v.2025.1.3 with Clustal Omega [26]. Sequence IDs are provided in Supplementary Table 1.

drug resistant T. brucei and T. congolense strains [30, 38, 39].
Therefore, it seems reasonable to think that the inhibition
of TbPRMT1 activity, with increased mitochondrial activity,
would elevate the accumulation of these drugs inside the
mitochondrion and potentiate their effect; experimental
confirmation of improvement of drug potency when in
combination with a trypanosome PRMT1 inhibitor is still
required. Yet, at this moment, it seems plausible to speculate
that finding a specific inhibitor of TOPRMT 1 could be beneficial
either as sole chemotherapy or as part of a combined therapy
with the currently used drugs, enabling the use of lower doses
and/or the shortage of treatment regimens, thus reducing
toxicity and improving adhesion to the treatment. Importantly,
the elevated veterinary use of isometamidium and diminazene
aceturate (associated with poor dosage and low drug quality)
in endemic areas for African Animal Trypanosomiasis led to
an increase in reports of drug resistance [40,41], therefore
identifying chemotherapeutical agents that (at least) potentiate
the currently used drugs is of utmost importance.
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Moreover, drugs such as nifurtimox and benznidazole (both
used as the frontline treatment of Chagas’ disease; and nifur-
timox is used in combination with eflornithine against sleep-
ing sickness) could also benefit from combinations with PRMT-
inhibitors: the trypanosome PRMT5 has been immunoprecipi-
tated associated with tryparedoxin peroxidase [42], a key en-
zyme in the redox metabolism of trypanosomes [43], and might
play a role in regulating enzyme functionality. Although the in-
fluence of (potential) arginine methylation on tryparedoxin per-
oxidase remains to be tested, a dysfunctionality caused by the
loss of PRMT5 activity could perhaps potentiate the effect of
nifurtimox and benznidazole, given both these drugs act by
increasing oxidative and nitrosative stress in the parasites.

Importantly, TOPRMT5 is the only type Il enzyme expressed
in this parasite, as well as the largest T. brucei PRMT, yet the
least studied of them and the only one whose structure has not
been formally solved. Nevertheless, TOPRMT5 displays peculiar
features: it possesses an elongated N-terminal domain which
does not contain any known domains (Figure 3A), and unlikely
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FIGURE 3 ® Comparison of domain disposition and predicted structure of PRMT5 in humans and in trypanosomatid and apicomplexan parasites.
(A) Schematic representation of motifs and relevant regions of PRMT5. N-terminal domains are shown with grey boxes, SAM-binding domains are shown
in dark blue, and g-barrel domains are shown in dark green. Numbers within the boxes show the size of each domain. Regions forming a TIM-barrel (purple)
and dimerization arms (light blue), as well as substrate binding regions (double E loop (light green) and THW motif (yellow)) are displayed. (B) AlphaFold2-
predicted structure of PRMT5 in H. sapiens (h), T. brucei (Tb), L. major (Lmyj), P. falciparum (Pf), and T. gondii (Tg). Sequences were obtained from Genbank,
TritrypDB [44], PlasmoDB [45], or ToxoDB [46] and submitted to AlphaFold [47] server for structure prediction. Predicted Aligned Error plots are shown
below each structure.
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the mammalian PRMT5, it does not require any co-factor for its
activity [42]. Comprehending the molecular divergences that
allow TbPRMT5 to function without the presence of any as-
sociated protein, and further understanding the role played by
the extended N-terminal domain of TOPRMT5 might enable the
development of specific inhibitors.

As for TbPRMTG, the disclosure of its structure revealed
the presence of some interesting features: the presence of
four insert sequences (which are conserved across species of
trypanosomatids), a truncated C-terminus, and an active site
that is remodelled upon S-adenosylhomocystein (SAH) binding
to allow correct arginine substrate orientation. Importantly,
the remodelling of the active site involves residues that
are conserved in type | PRMTs and might be a common
feature of these proteins [48], and thus it seems unlikely that
blocking either SAM binding or the structural rearrangement
thereafter constitute valuable drug targets. Nonetheless, it has
been shown that the knockdown of TbPRMT6 compromises
cytokinesis and reduces parasite multiplication (of both BSF
and PCF) in vitro [49], however further studies are still necessary
to confirm whether the knockdown (or KO) of TOPRMT6 would
also impact parasite fitness in vivo and elevate this enzyme to
the position of an actual drug targetin T. brucei.

Finally, TbPRMT7 seems to be the least promising
druggable T. brucei PRMT, given (1) its knockdown did not
seem to cause any loss of fitness in vitro and (2) the loss of
its ‘monomethylation only’ function could be rescued by the
activity of other PRMTs, particularly TOPRMT1 [35].

Leishmania

To date, five canonical PRMT encoding genes have been iden-
tified in the Leishmania genomes. While only a single compre-
hensive study has been recently accomplished in Leishmania
braziliensis, most of the efforts have been directed to the charac-
terisation of Leishmania major PRMT7, particularly regarding its
role inthe control of gene expression and in the Leishmania-host
interaction.

Similarto T. brucei, LbrPRMT1 and LbrPRMT3 seem to actin
conjunction to form the most active type | PRMT in L. braziliensis,
and the KO of either protein causes an intracellular accumu-
lation of MMA and a diminution in ADMA [25]. One important
difference, however, relies on the conservation of the double
E loop in LbrPRMT3 (Figure 2), which opens the possibility of
this enzyme being somewhat active per se, but given the lack of
conservation observed for the THW domain, this will still require
functional confirmation. Moreover, the mechanism by which
LbrPRMT1 and LbrPRMT3 may interact and the arrangement of
this potential quaternary structure is still unknown, and hence
precludes any speculation on its druggability.

Nevertheless, even if LorPRMT1 and LbrPRMT3 form a het-
erocomplex, it seems likely that they also perform different func-
tions as isolated proteins: the KO of LbrPRMT1, but not of Lbr-
PRMTS, drastically reduced the percentage of infected cells as
well as the number of amastigotes per cell in in vitro infection
assays [25]. Yet, we observed that the KO of either protein im-
paired L. braziliensis amastigogenesis in vitro [25], possibly be-
cause the variety of cues that trigger intracellular parasite differ-
entiation act via pathway(s) independent of LbrPRMT3 activity.
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Alternatively, it is possible that, in the absence of LbrPRMTS3,
LbrPRMT1 still retains a basal level of activity that is sufficient to
trigger differentiation inside the macrophage, or it is also possi-
ble that LbrPRMT1 performs moonlighting functions necessary
forintracellular amastigote formation, which are independent of
LbrPRMT3. Thus, it seems that inhibiting LbrPRMT 1 itself would
be a more attractive strategy than trying to impede a potential
LbrPRMT1:LbrPRMT3 dimerization.

Concordantly with the need of the major type | PRMT for ef-
ficient cellinfection and amastigote survivalin L. braziliensis, the
only knowntype Il PRMT expressed in L. braziliensis (LbrPRMT5)
is also required for efficient cell infection and amastigote mul-
tiplication in vitro. Moreover, although the pattern of proteins
harbouring symmetrically dimethylated arginine residues was
slightly altered upon the KO of LbrPRMT5 [25], there was no
major reduction in the intracellular levels of SDMA. One impor-
tant limitation to be highlighted is the potential promiscuity of
the anti-SDMA antibodies in extracts of Leishmania. Therefore,
a more comprehensive investigation on SDMA-harbouring pro-
teins and of LbrPRMT5 interaction partners will be required.

Importantly, Leishmania PRMT5 displays a very elongated
N-terminal domain that makes it 30% longer than the T. brucei
orthologue and 60% longer than its human counterpart (Fig-
ure 3A) and might eventually be specifically targeted by achem-
ical probe. The structure and the function (if any) of this domain
is still to be formally determined, but structural prediction of the
Leishmania major PRMT5 shows this N-terminal region is highly
disordered (Figure 3B). Whether this region plays a role in the
allosteric regulation of its enzymatic activity or may serve as a
scaffold for the activity of other proteins (a scaffolding property
of PRMT5 has been recently demonstrated in zebra fish [50]) is
still to be determined.

Thus, it seems clear that understanding the mechanisms
coordinated by the activity of LbrPRMT1 and LbrPRMT5 in the
metacyclic and early amastigote stages of L. braziliensis is of
great importance, as it may reveal the effector proteins that are
actually implicated in the loss of parasite fitness at that stage.
Moreover, expanding the study to other species of Leishmania
is of interest, particularly in the face of the different clinical mani-
festations of the disease.

One example of this is that the KO of PRMT6 or PRMT7 in
L. braziliensis did not impact in vitro cell infection or amastigote
differentiation [25], whereas the KO of PRMT7 in L. major
positively impacted parasite infectivity, both in vivo and
in vitro [561,52]. However, different from what is generally
expected, the worsening of infection outcome was not related
to increased parasite burden, but to increased neutrophil
infiltration [52]. Also in L. major, it was recently shown that
the overexpression on LmjPRMT6 negatively impacts parasite
fitness during in vivo infection [53]. Notably, the increased
expression of LmjPRMT6 did not visually alter the pattern
of arginine methylation in promastigotes of L. major, which
indicates LmjPRMTS, likewise TbPRMT6, methylates only
a small number of substrates; alternatively, it is possible
LmjPRMT6 may perform moonlight functions that impact
parasite fitness without altering arginine methylation [53]. In the
light of this, Leishmania PRMT6 and PRMT7 seem to be less
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attractive drug targets than Leishmania PRMT1 and PRMTS.
Nevertheless, if possible, finding a chemical probe that could
work as an activator of Leishmania PRMT6 and/or PRMT7
could perhaps constitute a valuable strategy to help alleviate
the pathology associated with the infection, particularly for
cutaneous leishmaniasis.

Overwhelmingly, although the pan-methyltransferase
inhibitor sinefungin has been shown to display potent activity
against Leishmania parasites in vitro and in vivo [54-56],
the Leishmania PRMTs are not among the main targets of
this antimicrobial compound, as revealed by a genome-
wide analysis of sinefungin-resistant Leishmania infantum
promastigotes [57], which opens the possibility of a combined
therapy between sinefungin and trypanosomatid-specific
PRMT inhibitors, as these are unlikely to compete for the same
target, which also makes it harder for cross-resistance to appear.

APICOMPLEXAN PRMTs

Although not listed among the 20 neglected tropical diseases
elected by the World Health Organisation, diseases caused by
apicomplexan parasites, such as malaria (Plasmodium spp.),
toxoplasmosis (Toxoplasma gondii) and cryptosporidiosis
(Cryptosporidium spp.), still impose a huge burden on human
populations: for instance, 229 million cases and over 400
thousand deaths by malaria were reported in 2019, mostly due
to Plasmodium falciparum infections [58], while around 30%
of the human population has been infected by T. gondii and
around 190 thousand cases of congenital toxoplasmosis
are reported yearly [59]. Moreover, only in 2016, acute
cryptosporidiosis caused more than 48 thousand deaths
and a loss of approximately 4.2 million disability-adjusted
life-years [60].

Different from kinetoplastids, the control of gene expres-
sion in apicomplexans follows more closely the general rules for
more complex eukaryotes, in which a cis-acting region controls
the level of transcription of a given gene, which generates a
pre-mRNA containing exons and introns, from which the introns
are removed by cis-splicing [61,62]. Nonetheless, epigenetic
mechanisms such as the positioning of histone variants in the
genome affect the binding of the preinitiation complex to pro-
moter regions and, thus, the rate of transcription [63]. Moreover,
although apicomplexan parasites are less dependent on post-
trancriptional control than kinetoplastids, the correct processing
of the pre-mRNA is still vital for the correct gene expression and
protein function, as well as for life stage transitioning [61, 64]. In
this sense, the methylation of arginine in histones and in pro-
teins involved in MRNA processing in apicomplexan parasites
is linked to the control of gene expression, cell division and life
cycle progression in these organisms.

A variable number of PRMT coding genes is found
in apicomplexan parasites: three in P. falciparum, four in
Cryptosporidium parvum (all annotated as hypothetical), and
five in T. gondii. It is noteworthy that these three parasites
possess at least two type | and one type I, but no type i,
PRMTs. Moreover, different from trypanosomatids, orthologues
of the human PRMT4/CARM1 and PRMT2 enzymes are found
in this group (Figure 4). Even though the research on the
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biological relevance of apicomplexan PRMTs is still limited, they
have been shown to be involved in core cellular mechanisms,
from gene expression to cell division, and might rise as potential
drug targets in the future. Additionally, the identification of
new suitable drug targets in Apicomplexa could also benefit
advances in the treatment of diseases of medical and veterinary
relevance caused by Cyclospora sp., Babesia sp., and Theileria
spp. As for the latter, a screen of epigenetic drugs against
T. annulata recently showed that BVT-948 and TCE-5003
(both of which can inhibit mammalian PRMTs) [65, 66] display
antiparasitic effectin in vitro assays; molecular docking analyses
further showed that both molecules might bind a T. annulata
PRMT [67].

Plasmodium

Several Plasmodium species cause malaria around the world,
yet all the studies on Plasmodium PRMTs have been carried
out in P. falciparum, which causes the most severe form of the
disease in humans. In this species, a total of 843 proteins, rep-
resenting more than 16% of the P. falciparum proteome, were
found to carry methylated arginine residues distributed among
ring (486), trophozoite (636) and schizont (367) stages, 170 of
which were shared between the three studied stages [68].

Additionally, a recent comprehensive and quantitative pro-
teomic analysis identified methylated arginine residues in the hi-
stones H3 and H3.3 in trophozoites and (mature and immature)
gametocytes of P. falciparum [69]. Pertinently, distinct patterns
of distribution, abundance and PTM combinations that included
arginine methylation were observed for each biological form
analysed and were particularly prominent in gametocytes. For
example, arginine 8 was largely unmodified in both H3 and
H3.3in trophozoites (although symmetric and asymmetric H3R8
methylation can be detected by western blotting), but its mono-
and dimethylation increased in gametocyte forms. Moreover,
the levels of dimethylated H3R17 and monomethylated H3R40
increased significantly from trophozoites to immature gameto-
cytes [69-71].

It is noteworthy, however, that beyond the change in abun-
dance, the same arginine methylation was involved in differ-
ent histone PTM cross talk networks across life cycle stages,
for instance, whereas dimethylated H3R17 correlates mostly
negatively with the presence of other PTMs in trophozoites, its
presence strongly positively associates with the existence of
other PTMs in both mature and immature gametocytes. Strik-
ingly, dimethylated H3R17 is the most connected PTM in H3
of mature gametocytes, and alongside acetylated K18 and K23
residues, forms a triad of gene expression activation markers
required in mature gametocytes. Concordantly, dimethylated
H3R17 was found to be depleted in heterochromatic regions
in both ring and gametocyte stages [70]. Moreover, H3R17 dis-
plays a dynamic localization over the genome: while it is mostly
found in intergenic or in inter/intragenic intersection regions in
ring stages, it becomes more prevalent in intragenic regions in
gametocytes [70]. These observations confirm that methylated
arginine residues partake in a complex, dynamic and combina-
torial histone code that is involved in proliferation and differenti-
ation processes in P. falciparum [69]. Concordantly, methylated
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FIGURE 4 @ Global alignment of PRMT amino acid sequences from human and apicomplexan parasites highlighting conserved motifs.
Sequences from Homo sapiens (h), P. falciparum (Pf), and T. gondiii (Tg) were aligned using Geneious Prime software v.2025.1.3 with Clustal Omega [26].

Sequence IDs are provided in Supplementary Table 1.

arginine residues have also been found in members of protein
superfamilies involved in antigenic variationin P. falciparum [68],
which implies a potential role of PRMTs activity in the mainte-
nance and progression of Plasmodium infection.

Yet, despite the ubiquitous presence of methylated arginine
in P. falciparum, only PfPRMT1 has been biochemically charac-
terised and shown to display a canonical type | activity, as it was
able to catalyse the formation of MMAs and ADMAs. Moreover,
recombinant PFPRMT1 was able to methylate several proteins
involved in RNA metabolism, as well as histones in vitro, implying
an important role in the control of gene expression in this para-
site [72]. This correlates with the wide intracellular distribution
of PIPRMT1 in ring, trophozoite and schizont forms, although
displaying a clear concentration in the nucleus, particularly in
schizonts [72].

PfPRMT5, the only type Il PRMT expressed by P. falciparum,
also displays a wide distribution in asexual stages of the par-
asite and was detected in both cytoplasmic and nucleic frac-
tions [71, 73]. The ability of PiPRMT5 to methylate histones, par-
ticularly at H3R2, has been confirmed in vitro and in vivo [71].
The loss of PPRMTS5 affects the global transcriptome of intraery-
throcytic stages of P. falciparum, particularly at the late stages
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of intracellular development and mostly affecting the expres-
sion of genes related to cell invasion and motility. Moreover,
PfPRMTS5 likely influences gene expression by mediating the
correct assembly of P. falciparum spliceosome: the use of the
PRMT inhibitor adenosine periodate during in vitro translation
of spliceosome component PFSmD1 negatively impacted its in-
teraction with two other spliceosome components (PfSMN and
PfTU-TSN). Immunoprecipitation of PfSmD1 revealed its associ-
ation with PfPRMTS5 in vivo [73]. It is worth noting that human
PRMT5 is also known to influence the spliceosome assembly,
and the inhibition of type Il human PRMTs resulted in intron
retention [74]. In P. falciparum, absence of PfPRMT5 caused a
large increase in alternative splicing events, particularly exon
skipping and mostly affecting genes related to virulence [71].
The disruption of PfPRMT5 caused a reduction in the num-
ber of merozoites formed and in the infection capacity of these
merozoites [71]. This phenomenon seems to be linked at least
partially to the lack of H3R2 (di-)methylation at the UTRs of
genes found downregulated in PfPRMT5-KO parasites and due
to the interaction between PfPRMT5 and transcription factors
such as PfAP2-I, P/BDP1 and PfGCN5 [71]. Of note, the latter is
animportant regulator of stress response in P. falciparum, and its
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inhibition sensitises parasites to artemisinin [75]. It is not clear at
the moment whether the inhibition of PIPRMT5 could affect the
activity of PFGCN5, which could perhaps potentiate the action of
artemisinin. Nonetheless, a small screen of PRMT5 inhibitors has
recently shown that the inhibition of PfPRMT5 by Onametostat
can affect parasite viability and reduce the rate of red blood cell
invasion [76]. The importance of PfPRMT5 during the invasion
red blood cells suggest this is a relevant drug target in Plasmod-
ium, and the development of more selective inhibitors are of
interest. Of note, PfPRMT5, likewise its counterpart in humans,
contains a TIM barrel in its N-terminal domain (Figure 3), which
implies it might need to interact with another macromolecule
(which may perhaps function as a co-factor) for its activity. In
humans, the interaction of hPRMT5 with its co-factor MEP50 is
being exploited as a potential target against cancer [13, 77, 78.
Likewise, potential differences in the interaction of PfPRMT5
with another protein versus hPRMT5 and MEP50 might be ex-
ploited as a suitable drug target.

Different from PPRMT1 and PPRMT5, no studies
have focused on the characterisation of PPRMT4/CARM1,
and, as such, its function remains elusive. Nevertheless,
PfPRMT4/CARM1 seems to be the only essential PRMT
in the parasite [79]. Concordantly, ellagic acid, that is
known to inhibit the methylation of R17 in histone H3 by
PRMT4/CARM1 in human cells [80], was active against asexual
and early gametocytes of P. falciparum [81], whereas the
pan-methyltransferase inhibitor sinefungin was mostly effective
against asexual parasites in vitro. Noteworthy, both ellagic acid
and sinefungin were active against two multi-drug-resistant
strains of P. falciparum [81].

Moreover, it has been shown that inhibitors of human
PRMT4/CARM1 are able to inhibit intraerythrocytic parasite
proliferation: 1-benzyl-3,5-bis-(3-bromo-4-hydroxybenzylidene)
piperidin-4-one, that inhibited 50% of human PRMT4/CARM1
activity at 8.6 pM [82], completely eliminated the intracellular
growth of P. falciparum at 10 pM [83], and a 3,5-bis-(3-bromo-4-
hydroxybenzylidene)thiopyran-4-one that was largely inactive
against human arginine and lysine methyltransferases (up to
a concentration of 100 pM) [84] displayed a half maximum
effective concentration (ECs,) against intra-erythrocytic forms
of P. falciparum at less than 1 pM and virtually abolished parasite
proliferation at 10 pM [83]. Whether these molecules, as well
as ellagic acid, actually target PFPRMT4/CARM1 is currently
unknown, but these initial results do encourage the pursuit of
PRMT inhibitors as a new avenue in the fight against malaria.
Moreover, assuming that ellagic acid inhibits PiPRMT4/CARM1
activity and that this enzyme is responsible for the methylation
of H3R17 in P. falciparum [69], it is plausible that the inhibition
of PfPRMT4/CARM1 precludes/disturbs the deposition of
other epigenetic marks on H3 which, in turn, disconcerts the
progression of trophozoites into transmissible life stages.

Yet, whether blocking Plasmodium PRMT activities would
impair the parasite’s antigenic variation and consequently the
escape from the immune response and/or block its differenti-
ation and progression in the intraerythrocytic life cycle or the
transmission to the vector is still to be evaluated. On that matter,
the genetic manipulation, particularly the KO, of Plasmodium
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PRMTs would be an important step towards understanding the
relevance of these enzymes in the viability, metabolic regulation,
cell cycle progression and cell infection capacity of malaria par-
asites.

As for the moment, in addition to the development of
novel, Plasmodium-specific PRMT inhibitors, the repurposing
of existing PRMT inhibitors with limited activity against the
human enzymes may present a new opportunity in the
fight against malaria, particularly if these molecular entities
can be effective against the panel of Plasmodium species
that cause human malaria, along with testing their potential
against drug-resistant Plasmodium strains, and the potential
combination of these molecules with the currently used
antimalarial drugs are important steps for the development
of new chemotherapeutical schemes against Plasmodium
infections, particularly given the rise of drug resistance in
Africa [85].

Toxoplasma
Despite having four genes encoding for type | (orthologues
of PRMT1, PRMT2, PRMT3, and CARM1) and one encoding
for a type Il PRMT, which ultimately generate ADMA and
SDMA, respectively, only MMA sites have been mapped in
T. gondii tachyzoites so far. Whereas this clearly does not
comprise the whole complexity of arginine methylation in
Toxoplasma, it showed that this PTM is present in almost 4% of
the total T. gondii proteome, being intimately involved in a wide
variety of metabolic processes, but particularly with nucleic
acid metabolism: of the 309 proteins identified harbouring
MMA, 207 could have their function predicted, and 34% of
these were likely involved in DNA or RNA metabolism [86].
Notably, approximately 90% of the MMA proteins identified also
harboured phosphorylated residues, indicating that a dynamic
crosstalk between PTMs likely happens in T. gondiii [86].
Importantly, many DEAD box helicases, splicing and
transcription factors have been identified harbouring MMA,
including apicomplexan Apetala2 transcription factor
orthologues, which are thought to be involved in life cycle
stage transitions [86,87]. Indeed, a large maodification in
the transcriptome, and by extension in gene expression,
occurs during T. gondii tachyzoite-bradyzoite transition [88],
and the positioning and post-translational modification of
histones play an important role in the process by allowing
access to different regions of the genome [4]. Particularly
regarding arginine methylation, at least three T. gondii PRMTs
(TgPRMT1, TgPRMT4/CARM1 and TgPRMT5) have histones
as substrates [89-91] and marks for mono- and dimethylated
arginines have been found in H3 and H4 [91], among which
the dimethylation of H3R17 has been proposed as a marker
for active promoters in both tachyzoites and bradyzoites [89)],
although this seems to be restricted to a subset of promoters
rather than a global mark for active transcription [92]. Of note,
dimethylated H3R17 colocalizes with TgPRMT4/CARM1 in the
genome [89].
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Interestingly, the treatment of tachyzoites with an inhibitor
of TgPRMT4/CARM1 prior to cell infection induced cyst forma-
tion after two to three rounds of intracellular parasite replica-
tion [89]. Hence, the inhibition of TgPRMT4/CARM1 might be-
come a potential chemotherapeutical strategy against the re-
activation of the acute phase, which often causes encephalitis
and/or retinochoroiditis, by limiting tachyzoite multiplication in
immunocompromised patients and enforce re-encystation.

Moreover, impairing tachyzoite multiplication is also a
suitable strategy to control the pathogenesis of toxoplasmosis,
particularly if the infection occurs during pregnancy, which
often incurs in vertical transmission to the foetus and results
in miscarriages or in birth defects such as encephalitis,
hydrocephalus, retinochoroiditis, among others [93]. The
genetic KO of TgPRMT1 generated parasites that multiply
slower intracellularly, form smaller plaques, are more
susceptible to osmotic and alkaline stress, and are less virulent
to mice mostly due their inability to undergo correct cyto-
and karyokinesis [94-96], likely due to a role for TgPRMT1
in the assembly and/or the function of (some) centrosome
components. Yet, even though TgPRMT1 accumulates in
centrosomal and pericentrosomal regions of intracellular
parasites, it is mostly cytoplasmic in tachyzoites [94] and,
curiously, mainly methylates nuclear proteins, at least to the
level of monomethylation [86], which suggests that these
substrates are methylated prior to the import to the nucleus.

Furthermore, several nucleic acid binding proteins were
found to be high confidence TgPRMT1 substrates [86],
implying a direct role of this enzyme in regulating the control
of gene expression in T. gondii. TgPRMT1 has been co-
immunoprecipitated with and shown to methylate the RNA
silencing machinery component TgArgonaute [95, 97], as well
as has been shown to methylate the C-terminus of TgSsossB, a
region that is important for its interaction with the RNA-binding
protein TgAlba2 and potentially with one isoform of TgAlba1,
both of which are intimately involved in gene expression
regulation in the parasite [86, 96, 98]. Whether the methylation
of the RGG domain of TgSsossB might influence its interaction
with Alba proteinsis still to be assessed, but if it does, itis possible
to hypothesize that the chemical inhibitions of TgPRMT1 would
indirectly impact Alba protein function, and by extension affect
the control of gene expression in the parasite.

Interestingly, TgPRMT1 methylates itself [86], which may
imply that it controls its own activity, at least under specific cir-
cumstances, but the relevance of this auto-methylation has not
been assessed yet. Moreover, differently from T. brucei and L.
braziliensis, T. gondii PRMT1-KO cells display a decrease in the
intracellular levels of both MMA and ADMA, with no clear al-
teration in the levels of SDMA [86], which suggests that type
I and type Il T. gondii PRMTs have, at most, a minor overlap
in functions that cannot be assessed visually. Determining the
extent of the protein methylation by the T. gondii type Il PRMT
will be detrimental to understanding of the interplay between
PRMTs in this parasite.

T. gondii also expresses an orthologue of PRMT5. Differ-
ent from its human orthologue and its counterpart in Plasmod-
ium, TgPRMT5 displays a highly elongated and disordered N-
terminal region, albeit retaining a TIM barrel structure (Figure 3A
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and B). Whether this region is important for the allosteric regu-
lation of the enzyme or serves as a platform for other reactions
is still to be studied, as is the role played by the TIM barrel in the
enzymatic activity of TgPRMT5. Nonetheless, TgPRMT5 is active
and can mono-and symmetrically dimethylate histones. Histone
methylation by TgPRMT5 s likely more important in bradyzoite
forms when this enzyme displays a dual nuclear-cytoplasmic lo-
calisation. TgPRMT5 is only found in the cytoplasm of tachyzoite
forms [90].

The genetic KO of TgPRMT5 should allow a better com-
prehension of its role in the tachyzoite-bradyzoite transition and
in the intracellular survival of bradyzoite forms. This would also
help to reveal the extent of arginine methylation mediated by
TgPRMTH5, as well as the interplay and (lack of) intersection be-
tween type | and type Il T. gondlii PRMT activities. In the hypoth-
esis that TgPRMT5 activity is necessary for the survival of brady-
zoites, a combination of TgPRMT4/CARM1 and TgPRMT5 in-
hibitors might become a potential strategy to eliminate T. gondii
in chronically infected patients.

AMOEBA PRMTs

Amoebae are a polyphyletic group of protozoa morphologically
related by their ability to generate pseudopods for their motility
giving them a characteristic variable and irregular shape.
During their life cycle, amoebae are able to alternate between
a vegetative and mobile form, called the trophozoite, and
a resistant form, called the cyst, in favourable and hostile
environmental conditions, respectively. While most amoebae
can live autonomously in the environment, thus named free-
living amoebae (FLA), some are parasitic, necessitating a host
for their development, such as Entamoeba histolytica, an enteric
pathogen that causes intestinal amebiasis, infecting about 100
million people and causing more than 11 thousand deaths
annually [99]. Moreover, some FLA are qualified as amphizoic,
as they are also able to cause severe infections, either at the
ocular level, ie. amoebic keratitis for Acanthamoeba sp., or at
the cerebral level, ie. granulomatous amoebic encephalitis
for Acanthamoeba sp., or Balamuthia mandiillaris and primary
amoebic meningoencephalitis for Naegleria fowleri. While
only several hundreds of FLA cerebral infections have been
reported so far, with a presumable underestimation of the
number of cases, Acanthamoeba ocular infections concern
mainly lens wearers with a variable incidence worldwide
ranging from 0.13 to 33 cases per million people [100, 101].
Although metronidazole is the standard therapy for intestinal
amoebiasis despite some adverse effects and few cases of
resistance [102], no consensus treatment has been established
for FLA cerebral infections, empirically associating a large
diversity of drugs, and the current therapy for amoebic keratitis,
associating chlorhexidine or polyhexamethylene biguanide
with a diamidine (propamidine), is long-lasting, for up to one
year, with recurrence in 10% of the cases [103, 104].

In the genome of E. histolytica, 4 type | and 1 type Il PRMT
genes have been identified. The type | EAPRMTs display the
highest homology with the human PRMT1, with 42%, 46%
and 48% similarity for EhPRMT 1a, EhPRMT 1b and EhPRMT1c,
respectively, while the type Il EhPRMT is related to human
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PRMT5 with 44% similarity. Also, an atypical PRMT1 orthologue
(EhPRMT-A), which shares only 32% similarity to hPRMT1,
has been identified. All type | EhPRMTs are expressed in the
trophozoite form, but it has been described that the abundance
of EhPRMT1c transcripts decreased substantially just after
intestinal infection in mice, suggesting a role of this isoform in
adaption to different environments [105, 106].

All type | EhPRMTs were predicted to have a S-adenosyl-
methionine-binding domain (AMBD) and a barrel-like structure
domain (BLD) containing the active site and the dimerization
domain, as for other PRMTs [106]. The recombinant EhPRMT 1a
was shown to form homodimers and homotetramers and
to exhibit methyltransferase activity towards histones [106].
Moreover, immunofluorescence analyses showed that histone
methylation marks associated with transcriptional repression
are distributed throughout the E. histolytica nucleus and that
EhPRMT1 proteins are colocalized with H4 histone in the
trophozoite nuclei [106, 1071.

The atypical EhAPRMT-A, despite lacking several canonical
residues of type | PRMTs, has shown the ability to methylate
histones in vitro [108]. This enzyme has also been reported to
associate with the transcription factor EnTSN and is therefore
likely involved in gene transcription regulation [109]. Curiously,
however, EhPRMT-A is localised in the cytoplasm and in the
perinuclear region, with an increase in expression and an
apparent partial change in localisation towards the nucleus
during heat shock [108]. EhPRMT-A was also found to increase
in expression and migrate to the cell periphery during red blood
cell phagocytosis, perhaps suggesting a role in remodelling
the cytoskeleton during phagocytosis. Concordantly, the
knockdown of EhPRMT-A caused a reduction in cell migration.
However, cells knocked down for EhPRMT-A showed increased
erythrophagocytosis and multiplied faster in vitro. Therefore,
despite the potential interest in EhPRMT-A as a potential
drug target due to its sequence and structure divergence in
relation to the human PRMTs, the potential increase in parasite
multiplication and in red blood cell phagocytosis caused by
ERPRMT-A inhibition indicate this may not be an adequate
target against E. histolytica.

Entamoeba species also present one type Il PRMT. In Enta-
moeba invadens, a species for which highly efficient in vitro en-
cystation protocols have been established, SDMA-harbouring
proteins are observed in both trophozoites and cysts, with lev-
els increasing and displaying a dynamic intracellular localisa-
tion during encystation [110]. Treatment with EPZ015666, an
inhibitor of mammalian PRMT5, decreased the levels of SDMAn
trophozoites and during encystation, indicating it can also bind
and inhibit EIPRMT5; the binding of EPZ015666 to EiPRMT5
is supported by molecular docking. Although treatment with
EPZ015666 can reduce both trophozoite viability and the num-
ber of cysts formed in vitro, this is only achieved by concentra-
tions much above those used in mammalian cells [110]. Never-
theless, the development of more specific Entamoeba PRMT5
inhibitors might constitute a potential future direction in the de-
velopment of amoebicidal molecules. The reduction in cyst for-
mation through the inhibition of Entamoeba PRMT5 might com-
plement the current chemotherapy targeting trophozoite forms,
and help reducing parasite transmission.
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The FLA Acanthamoeba castellanii possesses five genes
encoding for PRMTs, of which two have been shown to be
relevant (but not essential) for encystation [111, 112]. Maximum-
likelihood and Neighbour-joining phylogenetic trees (Figure 5A
and B, respectively) constructed with PRMT amino acid
sequences from Homo sapiens, E. histolytica, and A. castellanii
show that three out the five PRMTs found in A. castellanii
are likely type | enzymes, and two likely correspond to type I
PRMTs. Of note, the enzyme characterised by Moon et al. (2017)
as ACPRMT1 (GenBank: KT345168; protein ID: ALV66538.1)
displays the same sequence as the one encoded by the gene
ACA1_282890 (AmoebaDB), and that named as AcPRMT5
(GenBank: KT345169; protein ID: ALV66539.1) by Moon et al.
(2016) is 74% identical to ACA1_279220 (AmoebaDB).

Curiously, however, AcCPRMT5 (GenBank: KT345169; pro-
tein ID: ALV66539.1) clustered together with other type | PRMTS,
including that characterised by Moon et al. (2017) as ACPRMT1
(GenBank: KT345168; protein ID: ALV66538.1), which suggests
they are both type | PRMTs. An inspection in the amino acid
sequence of ALV66539.1 shows it indeed possesses conserved
PRMT motifs, including a canonical type | PRMT YFxxY mo-
tif (Figure 6). On the other hand, the protein encoded by the
gene ACA1_263190 (AmoebaDB) clustered closely to the hu-
man PRMT5. The protein encoded by the gene ACA1_061190
(AmoebaDB) also clustered together with other type Il PRMT
sequences, albeit more distantly: ACA1_061190 appears to lack
conserved motif Il and double E loop regions (Figure 6), indi-
cating it is either not functional or represents an atypical type |l
PRMT found in this amoeba. Given that no biochemical char-
acterisation has been performed in any of the AcCPRMTSs, it is
difficult to pinpoint whether they are all functional and whether
either one of them is essential for trophozoite or cyst survival.
Nevertheless, likewise Entamoeba, a PRMT inhibitor that could
reduce or eliminate Acanthamoeba cyst formation would be
of interest in a combined therapy against trophozoites to help
reducing transmission. The recent advances in the develop-
ment of genome editing tools using CRISPR-Cas9 in E. histolyt-
ica [115] and A. castellanii [116] will certainly serve as powerful
tools to efficiently and rapidly determine in detail the role of each
PRMT in these amoebae.

In the FLA Naegleria fowleri, the NfPRMT1 has been de-
fined as a potential drug target by the Seattle Structural Ge-
nomics Center of Infectious Diseases (SSGCID) based on its se-
quence analysis [117]. The analysis of NFPRMT 1 crystal structure
revealed high sequence identity with HsPRMT1 in the ligand
pocket, but some differences in side chain orientation were iden-
tified specifically in the FLA enzyme as opposed to all 9 hPRMT
isoforms, such as a methionine adjacent to the S-adenosine-
homocysteine domain, or the absence of two tyrosines in the
substrate binding pocket. These differences could be further
used to design inhibitors that specifically target PRMT1 in N.
fowleri.

OTHER PROTOZOA

The presence of PRMTs in the genomes of various clades of pro-
tozoans suggest they have a high biological relevance for these
organisms and might constitute drug targets to fight several
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FIGURE 5 ® Phylogenetic trees constructed for human, E. histolytica, and A. castellanii PRMT protein sequences. Sequences were retrieved from
Genbank or AmoebaDB [113] and aligned using Clustal Omega [26] and submitted to Maximum-likelihood (A) and Neighbour-joining (B) phylogenetic
analyses in MEGA12 [114] with 500 bootstraps. Sequences IDs are provided in Supplementary Table 1. ALV66538.1 and ACA1_282890 display the same

sequence. Asterisk indicates EhPRMT-A.
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FIGURE 6 ® Global alignment of PRMT amino acid sequences from human and amoebas highlighting conserved motifs. Type | PRMT sequences
from A. castellanii and E. histolytica were aligned to the human PRMT 1, while sequences for type Il enzymes were aligned to the human PRMT5. Sequences
were aligned using Geneious Prime software v.2025.1.3 with Clustal Omega [26]. Sequence IDs are provided in Supplementary Table 1.

different diseases. This, however, does not seem to be the case intracellular networks that typically involve arginine methylated
for diplomonads, in which PRMT genes seem to be absent. In proteins [118].

the case of Giardia spp., a global genomic and proteomic adap- The social amoeba Dictyostelium discoideum is an
tion to replace arginine residues that are conventionally methy- important model organism for the study of cellular processes
lated by lysine residues was observed, resulting in rewiring of such as cell development and differentiation, as well as
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host-pathogen interactions, particularly due to its genetic
tractability and conserved cellular processes [119, 120]. Four
predicted PRMT-encoding sequences were identified in the
D. discoideum genome, presumably encoding for DAPRMT2
and DdPRMT4/CARM1, besides genes for DAPRMT1 and
DdPRMT5 [121-123], but the relevance of all of them still awaits
investigation. The use of CRISPR/Cas9 approaches [124, 125]
to dissect PRMT function in D. discoideum will certainly be
of interest to better understand the roles played by these
enzymes in model eukaryotes, as well as to better understand
the evolution of PRMT-coordinated cellular processes.

CONCLUDING REMARKS

The World Health Organization has set the goal of eliminating
or, at least, controlling the transmission of neglected tropical
diseases (NTDs) in the affected countries by 2030 [19]. This,
of course, requires better diagnostic, evaluation, and monitor-
ing tools, as well as facilitated access to medicines and med-
ical supplies, and also more efficient treatments. Among the
NTDs, sleeping sickness, Chagas’ disease and leishmaniasis are
caused by protozoans and put nearly a billion of people under
the risk of infection.

One of the biggest hurdles for treating the diseases caused
by protozoa is the lack of efficient chemotherapy: available
drugs suffer from high toxicity, appearance of resistant parasites,
and low efficacy. Thus, improving the current therapies and
developing safer and more effective treatments is of significant
interest [85, 126]. PRMTs are highly explored targets for cancer
treatment, with dozens of molecules in clinical trials, and many
more developed every year [11-14]. It is foreseen that most of
these molecules will not progress beyond preclinical tests, and
around 90% of those that enter clinical trials may fail at different
instances of the process [15, 16].

Assuch, giventheir relevantrole in development, differentia-
tion and infection processes, parasite PRMTs could be exploited,
in addition to other families of enzymes (such as kinases, for
instance), as valuable drug targets. Molecules that fail to interact
with or inhibit human PRMTs could be explored as antipara-
sitic agents and be further developed to become more potent
and specific against parasites. Commercially available PRMT in-
hibitors, as those offered as part of large libraries (from ChemDiv,
Otava Chemicals, and Selleck Chemicals, for instance), could
be a starting point for the identification of leading molecular
scaffolds. The continuous study of PRMT functions, molecular
structure, and substrate preferences and mode of binding will
allow the discovery and selection of specific inhibitors, including
by facilitating Artificial Intelligence-guided screening of com-
pound libraries against these targets.

ACKNOWLEDGEMENTS

We would like to thank the colleagues whose work was cited
here and apologise to those whose work could not be included.
GDC currently receives a TT-5 fellowship from the Sao Paulo
Research Foundation (FAPESP; #2024/07882-3).

SUPPLEMENTAL MATERIAL

All supplemental data for this article are available online at
www.microbialcell.com.

OPEN ACCESS | www.microbialcell.com

98

PRMTs as drug targets against protozoan parasites

CONFLICT OF INTEREST
The authors declare no conflict of interest.

COPYRIGHT

© 2026 Campagnaro et al. This is an open-access article re-
leased under the terms of the Creative Commons Attribution (CC
BY) license, which allows the unrestricted use, distribution, and
reproduction in any medium, provided the original author and
source are acknowledged.

Please cite this article as: Gustavo D. Campagnaro, Sébastien Pomel
(2026). Protein arginine methyltransferases in protozoan parasites: a
new path for antiparasitic chemotherapy? Microbial Cell 13: 86-102.
doi: 10.15698/mic2026.02.869

REFERENCES

1. Mushtag A, Mir US, Hunt CR, Pandita S, Tantray WW, Bhat A, Pandita RK,
Altaf M, Pandita TK (2021). Role of Histone Methylation in Maintenance of
Genome Integrity. Genes 12 (7): 1000. doi: 10.3390/genes 1207 1000

2. Saha S (2021). Histone Modifications and Other Facets of Epige-
netic Regulation in Trypanosomatids: Leaving Their Mark. mBio 11 (5):
€01079-20. doi:10.1128/mBio.01079-20

3. Abel S, Le Roch KG (2019). The role of epigenetics and chromatin
structure in transcriptional regulation in malaria parasites. Brief Funct
Genomics 18 (5): 302-313. doi: 10.1093/bfgp/elz005

4. Dixon SE, Stilger KL, Elias EV, Naguleswaran A, Sullivan WJ (2010). A
decade of epigenetic research in Toxoplasma gondii. Mol Biochem Par-
asitol 173 (1): 1-9. doi:10.1016/j.molbiopara.2010.05.001

5. Tovwy A Ankri S (2010). Epigenetics in the unicellular parasite
Entamoeba histolytica. Future Microbiol 5 (12); 1875-1884.
doi:10.2217/fmb.10.140

6. Clayton C (2019). Regulation of gene expression in trypanosomatids:
living with polycistronic transcription. Open Biol 9 (6). 190072.
doi:10.1098/rsob.190072

7. Velazquez-Cruz A, Banos-Jaime B, Diaz-Quintana A, De la Rosa MA,
Diaz-Moreno | (2021). Post-translational Control of RNA-Binding Pro-
teins and Disease-Related Dysregulation. Front Mol Biosci 8. 658852.
doi:10.3389/fmolb.2021.658852

8. Wong C, Peng C (2017). The story of protein arginine methylation: char-
acterization, regulation, and function. Expert Rev Proteomics 14 (2):
157-170.d0i:10.1080/14789450.2017.1275573

9. Bedford MT (2007). Arginine methylation ata glance. J Cell Sci 120 (24):
4243-4246.doi:10.1242/jcs.019885

10. Tewary SK, Zheng YG, Ho M-C (2019). Protein arginine methyltrans-
ferases: insights into the enzyme structure and mechanism at the atomic
level. Cell Mol Life Sci 76 (15): 2917-2932. doi:10.1007/s00018-019-
03145-x

11. Hwang JW, Cho Y, Bae G-U, Kim S-N, Kim YK (2021). Protein arginine
methyltransferases: promising targets for cancer therapy. Exp Mol Med
53 (5): 788-808. doi:10.1038/s12276-021-00613-y

12. Wu Q, Schapira M, Arrowsmith CH, Barsyte-Lovejoy D (2021). Protein
arginine methylation: from enigmatic functions to therapeutic targeting.
Nat Rev Drug Discov 20 (7): 509-530. doi: 10.1038/s41573-021-00159-
8

13. Aba Alkhayl FF (2025). Dismantling the epigenetic alliance: Emerging
strategies to disrupt the PRMT5:MEP50 complex for cancer therapy. Eur
JMed Chem 296. 117870. doi: 10.1016/j.ejmech.2025.117870

14. Zhu Y, Xia T, Chen D-Q, Xiong X, Shi L, Zuo Y, Xiao H, Liu L (2024).
Promising role of protein arginine methyltransferases in overcoming
anti-cancer drug resistance. Drug Resistance Updates 72. 101016.
doi:10.1016/}.drup.2023.101016

15. Sun D, Gao W, Hu H, Zhou S (2022). Why 90% of clinical drug develop-
ment fails and how to improve it? Acta Pharm Sin B 12 (7): 3049-3062.
doi:10.1016/j.apsb.2022.02.002

Microbial Cell | Vol. 13


http://www.microbialcell.com
https://doi.org/10.15698/mic2026.02.869
http://dx.doi.org/10.3390/genes12071000
http://dx.doi.org/10.1128/mBio.01079-20
http://dx.doi.org/10.1093/bfgp/elz005
http://dx.doi.org/10.1016/j.molbiopara.2010.05.001
http://dx.doi.org/10.2217/fmb.10.140
http://dx.doi.org/10.1098/rsob.190072
http://dx.doi.org/10.3389/fmolb.2021.658852
http://dx.doi.org/10.1080/14789450.2017.1275573
http://dx.doi.org/10.1242/jcs.019885
http://dx.doi.org/10.1007/s00018-019-03145-x
http://dx.doi.org/10.1007/s00018-019-03145-x
http://dx.doi.org/10.1038/s12276-021-00613-y
http://dx.doi.org/10.1038/s41573-021-00159-8
http://dx.doi.org/10.1038/s41573-021-00159-8
http://dx.doi.org/10.1016/j.ejmech.2025.117870
http://dx.doi.org/10.1016/j.drup.2023.101016
http://dx.doi.org/10.1016/j.apsb.2022.02.002
https://www.microbialcell.com

G.D. Campagnaro et al. (2026)

16.

20.

21.

22.

23.

24,

26.

26.

27.

28.

29.

30.

31.

32.

33.

Kola 1, Landis J (2004). Can the pharmaceutical
reduce attrition rates? Nat Rev Drug Discov 3 (8):
doi:10.1038/nrd 1470

industry
711-716.

. Larsen SC, Sylvestersen KB, Mund A, Lyon D, Mullari M, Madsen MV,

Daniel JA, Jensen LJ, Nielsen ML (2016). Proteome-wide analysis of argi-
nine monomethylation reveals widespread occurrence in human cells.
Sci Signal 9 (443): 1s9. doi:10.1126/scisignal.aaf7329

. Cao M, Nguyen T, Song J, Zheng YG (2025). Biomedical effects of pro-

tein arginine methyltransferase inhibitors. J Biol Chem 301 (3). 108201.
doi:10.1016/}.jbc.2025.108201

. WHO (2020). Ending the neglect to attain the sustainable development

goals: a road map for neglected tropical diseases 2021-2030: overview,
World Health Organization

Lukes J, Butenko A, Hashimi H, Maslov DA, Votypka J, Yurchenko V
(2018). Trypanosomatids Are Much More than Just Trypanosomes:
Clues from the Expanded Family Tree. Trends Parasitol 34 (6): 466-480.
doi:10.1016/J.PT.2018.03.002

de Almeida RF, Fernandes M, de Godoy LMF (2021). An updated map
of Trypanosoma cruzi histone post-translational modifications. Sci Data
8 (1): 93.doi:10.1038/541597-021-00818-w

Maree JP, Tvardovskiy A, Ravnsborg T, Jensen ON, Rudenko G, Patter-
ton H-G (2022). Trypanosoma brucei histones are heavily modified with
combinatorial post-translational modifications and mark Pol Il transcrip-
tion start regions with hyperacetylated H2A. Nucleic Acids Res 50 (17):
9705-97283. doi:10.1093/nar/gkac759

de Almeida RF, Fernandes M, Figueiredo FB, de Godoy LMF (2025).
Histone post-translational modifications of Leishmania braziliensis. Sci
Data 12 (1): 1899. doi:10.1038/s41597-025-06187-y

Campagnaro GD, Nay E, Plevin MJ, Cruz AK, Walrad PB (2021).
Arginine Methyltransferases as Regulators of RNA-Binding Protein
Activities in Pathogenic Kinetoplastids. Front Mol Biosci 8 (555).
doi:10.3389/fmolb.2021.692668

Lorenzon L, Quilles JC, Campagnaro GD, Azevedo Orsine L, Almeida L,
Veras F, Miserani Magalhaes RD, Alcoforado Diniz J, Rodrigues Ferreira T,
Kaysel Cruz A (2022). Functional Study of Leishmania braziliensis Protein
Arginine Methyltransferases (PRMTs) Reveals That PRMT1 and PRMT5
Are Required for Macrophage Infection. ACS Infect Dis 8 (3): 5616-532.
doi:10.1021/acsinfecdis.1c00509

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez
R McWilliam H, Remmert M, Soding J, Thompson JD, Higgins DG
(2011). Fast, scalable generation of high-quality protein multiple se-
quence alignments using Clustal Omega. Mol Syst Biol 7 (1): 539.
doi:10.1038/msb.2011.75

Jaskowska E, Butler C, Preston G, Kelly S (2015). Phytomonas: Try-
panosomatids Adapted to Plant Environments. PLoS Pathog 11 (1).
€1004484. doi:10.1371/journal.ppat. 1004484

Gomez-Moracho T, Buendia-Abad M, Benito M, Garcia-Palencia P, Barrios
L, Bartolomé C, Maside X, Meana A, Jiménez-Antén MD, Olias-Molero
Al, Alunda JM, Martin-Hernandez R, Higes M (2020). Experimental ev-
idence of harmful effects of Crithidia mellificae and Lotmaria passim
on honey bees. Int J Parasitol 50 (13): 1117-1124. doi:10.1016/j.ij-
para.2020.06.009

Dickie EA, Giordani F, Gould MK, Maser P, Burri C, Mottram JC, Rao SPS,
Barrett MP (2020). New Drugs for Human African Trypanosomiasis: A
Twenty First Century Success Story. Trop Med Infect Dis 5 (1): 29.
doi:10.3390/tropicalmed5010029

de Koning HP (2020). The Drugs of Sleeping Sickness: Their Mechanisms
of Action and Resistance, and a Brief History. Trop Med Infect Dis 5 (1):
14. doi:10.3390/tropicalmed5010014

de Almeida RF, Lucena ACR, Batista M, Marchini FK, de Godoy LMF
(2023). Non-histone protein methylation in Trypanosoma cruzi epi-
mastigotes. Proteomics 23 (16). doi:10.1002/pmic.202200230

Pelletier M, Pasternack DA, Read LK (2005). In vitro and in vivo analysis
of the major type | protein arginine methyltransferase from Trypanosoma
brucei. Mol Biochem Parasitol 144 (2): 206-217. doi:10.1016/.mol-
biopara.2005.08.015

Kafkova L, Tu C, Pazzo KL, Smith KP, Debler EW, Paul KS, Qu J, Read LK
(2018). Trypanosoma brucei PRMT 1is a nucleic acid binding protein with

OPEN ACCESS | www.microbialcell.com

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45,

46.

47.

48.

49.

PRMTs as drug targets against protozoan parasites

a role in energy metabolism and the starvation stress response. mBio 9
(6): €02430-18.doi:10.1128/mBi0.02430-18

Hashimoto H, Kafkova L, Raczkowski A, Jordan KD, Read LK, Debler EW
(2020). Structural Basis of Protein Arginine Methyltransferase Activation
by a Catalytically Dead Homolog (Prozyme). J Mol Biol 432 (2): 410-426.
doi:10.1016/j.jmb.2019.11.002

LottK, Zhu L, Fisk JC, Tomasello DL, Read LK (2014). Functional interplay
between protein arginine methyltransferases in Trypanosoma brucei. Mi-
crobiologyopen 3 (5): 595-609. doi:10.1002/mbo3.191

Kafkova L, Debler EW, Fisk JC, Jain K, Clarke SG, Read LK (2017). The
major protein arginine methyltransferase in Trypanosoma brucei func-
tions as an enzyme-prozyme complex. J Biol Chem 292 (6): 2089-2100.
doi:10.1074/jbc.M116.757112

Zoltner M, Campagnaro GD, Taleva G, Burrell A, Cerone M, Leung K-F,
Achcar F, Horn D, Vaughan S, Gadelha C, Zikova A, Barrett MP, de Koning
HP, Field MC (2020). Suramin exposure alters cellular metabolism and
mitochondrial energy production in African trypanosomes. J Biol Chem
295 (24): 8331-8347.doi:10.1074/jbc.RA120.012355

Giordani F, Morrison LJ, Rowan TG, De Koning HP, Barrett MP (2016). The
animal trypanosomiases and their chemotherapy: A review. Parasitology
143 (14): 1862-1889. doi:10.1017/S0031182016001268

Carruthers LV, Munday JC, Ebiloma GU, Steketee P, Jayaraman S, Cam-
pagnaro GD, Ungogo MA, Lemgruber L, Donachie A-M, Rowan TG, Peter
R, Morrison LJ, Barrett MP, De Koning HP (2021). Diminazene resistance
in Trypanosoma congolense is not caused by reduced transport capacity
but associated with reduced mitochondrial membrane potential. Mol
Microbiol 116 (2): 564-588. doi:10.1111/mmi. 14733

Kasozi Kl, MacLeod ET, Waiswa C, Mahero M, Ntulume |, Welburn SC
(2022). Systematic Review and Meta-Analysis on Knowledge Attitude
and Practices on African Animal Trypanocide Resistance. Trop Med In-
fect Dis 7 (9): 205. doi:10.3390/tropicalmed7090205

Okello |, Mafie E, Eastwood G, Nzalawahe J, Mboera LEG (2022). African
Animal Trypanosomiasis: A Systematic Review on Prevalence, Risk Fac-
tors and Drug Resistance in Sub-Saharan Africa. J Med Entomol 59 (4):
1099-1143. doi:10.1093/jme/tjac018

Pasternack DA, Sayegh J, Clarke S, Read LK (2007). Evolutionarily diver-
gent type Il protein arginine methyltransferase in Trypanosoma brucei.
Eukaryot Cell 6: 1665-1681. doi:10.1128/EC.00133-07

Singh K, Garg G, Ali V (2016). Current Therapeutics, Their
Problems and Thiol Metabolism as Potential Drug Targets
in  Leishmaniasis. Curr Drug Metab 17 (9): 897-919.

doi:10.2174/1389200217666160819161444

Shanmugasundram A, Starns D, Bohme U, Amos B, Wilkinson PA, Harb
OS, Warrenfeltz S, Kissinger JC, McDowell MA, Roos DS, Crouch K, Jones
AR (2023). TriTrypDB: An integrated functional genomics resource for
kinetoplastida. PLoS Negl Trop Dis 17 (1). e0011058. doi:10.1371/jour-
nal.pntd.0011058

Aurrecoechea C, Brestelli J, Brunk BP, Dommer J, Fischer S, Gajria B, Gao
X, Gingle A, Grant G, Harb OS, Heiges M, Innamorato F, lodice J, Kissinger
JC, Kraemer E, Li W, Miller JA, Nayak V, Pennington C, Pinney DF, Roos
DS, Ross G, Stoeckert CJ, Treatman C, Wang H (2009). PlasmoDB: a
functional genomic database for malaria parasites. Nucleic Acids Res
37 (Database): D539-D543. doi: 10.1093/nar/gkn814

Harb OS, Kissinger JC, Roos DS (2020). ToxoDB: the functional genomic
resource for Toxoplasma and related organisms, in: Toxoplasma gondii,
Elsevier, pp. 1021-1041.doi:10.1016/B978-0-12-815041-2.00023-2

Jumper J, et al. (2021). Highly accurate protein structure prediction
with AlphaFold. Nature 596 (7873): 583-589. doi:10.1038/s41586-021
03819-2

Wang C, Zhu'Y, Chen J, Li X, Peng J, Chen J, Zou Y, Zhang Z, Jin H, Yang
P, Wu J, Niu L, Gong Q, Teng M, Shi'Y (2014). Crystal Structure of Arginine
Methyltransferase 6 from Trypanosoma brucei. PLoS One 9 (2). e87267.
doi:10.1371/journal.pone.0087267

Fisk JC, Zurita-Lopez C, Sayegh J, Tomasello DL, Clarke SG, Read LK
(2010). TOPRMT6 Is a Type | Protein Arginine Methyltransferase That
Contributes to Cytokinesis in Trypanosoma brucei. Eukaryot Cell 9 (6):
866-877.doi:10.1128/EC.00018-10

Microbial Cell | Vol. 13


http://dx.doi.org/10.1038/nrd1470
http://dx.doi.org/10.1126/scisignal.aaf7329
http://dx.doi.org/10.1016/j.jbc.2025.108201
http://dx.doi.org/10.1016/J.PT.2018.03.002
http://dx.doi.org/10.1038/s41597-021-00818-w
http://dx.doi.org/10.1093/nar/gkac759
http://dx.doi.org/10.1038/s41597-025-06187-y
http://dx.doi.org/10.3389/fmolb.2021.692668
http://dx.doi.org/10.1021/acsinfecdis.1c00509
http://dx.doi.org/10.1038/msb.2011.75
http://dx.doi.org/10.1371/journal.ppat.1004484
http://dx.doi.org/10.1016/j.ijpara.2020.06.009
http://dx.doi.org/10.1016/j.ijpara.2020.06.009
http://dx.doi.org/10.3390/tropicalmed5010029
http://dx.doi.org/10.3390/tropicalmed5010014
http://dx.doi.org/10.1002/pmic.202200230
http://dx.doi.org/10.1016/j.molbiopara.2005.08.015
http://dx.doi.org/10.1016/j.molbiopara.2005.08.015
http://dx.doi.org/10.1128/mBio.02430-18
http://dx.doi.org/10.1016/j.jmb.2019.11.002
http://dx.doi.org/10.1002/mbo3.191
http://dx.doi.org/10.1074/jbc.M116.757112
http://dx.doi.org/10.1074/jbc.RA120.012355
http://dx.doi.org/10.1017/S0031182016001268
http://dx.doi.org/10.1111/mmi.14733
http://dx.doi.org/10.3390/tropicalmed7090205
http://dx.doi.org/10.1093/jme/tjac018
http://dx.doi.org/10.1128/EC.00133-07
http://dx.doi.org/10.2174/1389200217666160819161444
http://dx.doi.org/10.1371/journal.pntd.0011058
http://dx.doi.org/10.1371/journal.pntd.0011058
http://dx.doi.org/10.1093/nar/gkn814
http://dx.doi.org/10.1016/B978-0-12-815041-2.00023-2
http://dx.doi.org/10.1038/s41586-021-03819-2
http://dx.doi.org/10.1038/s41586-021-03819-2
http://dx.doi.org/10.1371/journal.pone.0087267
http://dx.doi.org/10.1128/EC.00018-10
https://www.microbialcell.com

G.D. Campagnaro et al. (2026)

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Quillien A, Gilbert G, Boulet M, Ethuin S, Waltzer L, Vandel L (2021).
Prmt5 promotes vascular morphogenesis independently of its methyl-
transferase activity. PLoS Genet 17 (6). €1009641. doi:10.1371/jour-
nal.pgen.1009641

Ferreira TR, Alves-Ferreira EVC, Defina TPA, Walrad P, Papadopoulou
B, Cruz AK (2014). Altered expression of an RBP-associated arginine
methyltransferase 7 in Leishmania major affects parasite infection. Mol
Microbiol 94 (5): 1085-1102. doi:10.1111/mmi.12819

Diniz JA, Chaves MM, Vaselek S, Miserani Magalhaes RD, Ricci-Azevedo
R, de Carvalho RVH, Lorenzon LB, Ferreira TR, Zamboni D, Walrad PB,
Volf P, Sacks DL, Cruz AK (2021). Protein methyltransferase 7 defi-
ciency in Leishmania major increases neutrophil associated pathology in
murine model. PLoS Negl Trop Dis 15 (3). e€0009230. doi:10.1371/jour-
nal.pntd.0009230

Campagnaro GD, Lorenzon LB, Rodrigues MA, Defina TPA, Pinzan CF,
Ferreira TR, Cruz AK (2023). Overexpression of Leishmania major protein
arginine methyltransferase 6 reduces parasite infectivity in vivo. Acta
Trop 244. 106959. doi:10.1016/j.actatropica.2023.106959

Avila JL, Rojas T, Monzén H, Convit J (1990). Sinefungin as
Treatment for American Leishmania in Sensitive BALB/c and
Resistant C57BL/6 Mice. Am J Trop Med Hyg 43 (2): 139-145.
doi:10.4269/ajtmh.1990.43.139

Bachrach U, Schnur LF, El-On J, Greenblatt CL, Pearlman E, Robert-
Gero M, Lederer E (1980). Inhibitory activity of sinefungin and siba
(5’-deoxy-5'- S-isobutylthio-adenosine) on the growth of promastigotes
and amastigotes of different species of Leishmania. FEBS Lett 121 (2):
287-291.doi:10.1016/0014-5793(80)80364-4

Paolantonacci P, Lawrence F, Robert-Géro M (1985). Differential ef-
fect of sinefungin and its analogs on the multiplication of three Leish-
mania species. Antimicrob Agents Chemother 28 (4): 528-531.
doi:10.1128/AAC.28.4.528

Bhattacharya A, Sharma M, Packianathan C, Rosen BP, Leprohon P,
Ouellette M (2019). Genomewide Analysis of Mode of Action of the
S-Adenosylmethionine Analogue Sinefungin in Leishmania infantum.
mSystems 4 (5): e00416-19. doi:10.1128/mSystems.00416-19

WHO (2020). World malaria report 2020: 20 years of global progress and
challenges, World Health Organization

Torgerson PR, Mastroiacovo P (2013). The global burden of congenital
toxoplasmosis: a systematic review. Bull World Health Organ 91 (7):
501-508. doi:10.2471/BLT.12.111732

Khalil 1A, Troeger C, Rao PC, Blacker BF, Brown A, Brewer TG, Colom-
bara DV, De Hostos EL, Engmann C, Guerrant RL, Haque R, Houpt
ER, Kang G, Korpe PS, Kotloff KL, Lima AAM, Petri Jr WA, Platts-Mills
JA, Shoultz DA, Forouzanfar MH, Hay SI, Reiner Jr RC, Mokdad AH
(2018). Morbidity, mortality, and long-term consequences associated
with diarrhoea from Cryptosporidium infection in children younger than
5 years: a meta-analyses study. Lancet Glob Health 6 (7): €758-e768.
doi:10.1016/S2214-109X(18)30283-3

Suvorova ES, White MW (2014).
apicomplexan parasites. Curr Opin
doi:10.1016/;.mib.2014.05.012

Transcript  maturation in
Microbiol 20. 82-87.

Watzlowik MT, Das S, Meissner M, Langst G (2021). Peculiarities of Plas-
modium falciparum Gene Regulation and Chromatin Structure. Int J Mol
Sci 22 (10): 5168. doi:10.3390/ijms22105168

Hollin T, Le Roch KG (2020). From Genes to Transcripts, a Tightly Regu-
lated Journey in Plasmodium. Front Cell Infect Microbiol 10. 618454.
doi:10.3389/fcimb.2020.618454

Yeoh LM, Goodman CD, Mollard V, McHugh E, Lee VV, Sturm A, Cozi-
jnsen A, McFadden GI, Ralph SA (2019). Alternative splicing is required
for stage differentiation in malaria parasites. Genome Biol 20 (1): 151.
doi:10.1186/513059-019-1756-6

Blum G, Ibanez G, Rao X, Shum D, Radu C, Djaballah H, Rice JC, Luo M
(2014). Small-Molecule Inhibitors of SETD8 with Cellular Activity. ACS
Chem Biol 9 (11): 2471-2478. doi:10.1021/cb500515r

Bissinger E-M, Heinke R, Spannhoff A, Eberlin A, Metzger E, Cura V, Has-
senboehler P, Cavarelli J, Schule R, Bedford MT, Sippl W, Jung M (2011).
Acyl derivatives of p-aminosulfonamides and dapsone as new inhibitors
of the arginine methyltransferase hPRMT 1. Bioorg Med Chem 19 (12):
3717-3731.doi:10.1016/j.bmc.2011.02.032

OPEN ACCESS | www.microbialcell.com

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

PRMTs as drug targets against protozoan parasites

Kamble S, Singh S, Suresh A, Singothu S, Dandesena D, Bhandari V,
Sharma P (2024). Epidrugs: alternative chemotherapy targeting Theileria
annulata schizont stage parasites. Microbiol Spectr 12 (4). e0325823.
doi:10.1128/spectrum.03258-23

Zeeshan M, Kaur |, Joy J, Saini E, Paul G, Kaushik A, Dabral S, Mohmmed
A Gupta D, Malhotra P (2017). Proteomic Identification and Analysis
of Arginine-Methylated Proteins of Plasmodium falciparum at Asexual
Blood Stages. J Proteome Res 16 (2): 368-383. doi:10.1021/acs.jpro-
teome.bb010562

von Gruning H, Coradin M, Mendoza MR, Reader J, Sidoli S, Garcia BA,
Birkholtz L-M (2022). A Dynamic and Combinatorial Histone Code Drives
Malaria Parasite Asexual and Sexual Development. Mol Cell Proteomics
21(8). 100199. doi:10.1016/.mcpro.2022.100199

Jeninga MD, Tang J, Selvarajah SA, Maier AG, Duffy MF, Petter M
(2023). Plasmodium falciparum gametocytes display global chromatin
remodelling during sexual differentiation. BMC Biol 21 (1): 65.
doi:10.1186/512915-023-01568-4

Lucky AB, Wang C, Liu M, Liang X, Min H, Fan Q, Siddiqui FA, Adapa
SR, Li X, Jiang RHY, Chen X, Cui L, Miao J (2023). A type Il protein
arginine methyltransferase regulates merozoite invasion in Plasmodium
falciparum. Commun Biol 6 (1): 659. doi:10.1038/s42003-023-05038-
z

Fan Q Miao J, Cui L, Cui L (2009). Characterization of PRMT1
from Plasmodium falciparum. Biochem J 421 (1) 107-118.
doi:10.1042/BJ20090185

Hossain M, Sharma S, Korde R, Kanodia S, Chugh M, Rawat K, Malhotra P
(2013). Organization of Plasmodium falciparum spliceosomal core com-
plex and role of arginine methylation in its assembly. Malar J 12 (1): 333.
doi:10.1186/1475-2875-12-333

Maron M, Casill AD, Gupta V, Roth JS, Sidoli S, Query CC, Gamble
MJ, Shechter D (2022). Type | and Il PRMTs inversely regulate post-
transcriptional intron detention through Sm and CHTOP methylation.
Elife 11.e72867. doi:10.7554/el ife.72867

Lucky AB, Wang C, Shakri AR, Kalamuddin M, Chim-Ong A, Li X, Miao
J (2023). Plasmodium falciparum GCN5 plays a key role in regulat-
ing artemisinin resistance-related stress responses. Antimicrob Agents
Chemother 67 (10). €0057723. doi:10.1128/aac.00577-23

Min H, Lucky AB, Madsen JJ, Chim-Ong A, Li X, Cui L, Miao J (2024). On-
ametostat, a PfPRMTS5 inhibitor, exhibits antimalarial activity to Plasmod-
ium falciparum. Antimicrob Agents Chemother 68 (10). e0017624.
doi:10.1128/aac.00176-24

Asberry AM, Cai X, Deng X, Santiago U, Liu S, Sims HS, Liang W, Xu X,
Wan J, Jiang W, Camacho CJ, Dai M, Hu C-D (2022). Discovery and
Biological Characterization of PRMT5:MEP50 Protein-Protein Interaction
Inhibitors. J Med Chem 65 (20): 13793-13812. doi:10.1021/acs,jmed-
chem.2c01000

Kim H, Ronai ZA (2020). PRMT5 function and targeting in cancer. Cell
Stress 4 (8): 199-215. doi:10.15698/cst2020.08.228

Zhang M, Wang C, Otto TD, Oberstaller J, Liao X, Adapa SR, Udenze K,
Bronner IF, Casandra D, Mayho M, Brown J, Li S, Swanson J, Rayner JC,
Jiang RHY, Adams JH (2018). Uncovering the essential genes of the hu-
man malaria parasite Plasmodium falciparum by saturation mutagenesis.
Science 360 (6388): eaap7847.doi:10.1126/science.aap/847

Selvi BR, Batta K, Kishore AH, Mantelingu K, Varier RA, Balasubramanyam
K, Pradhan SK, Dasgupta D, Sriram S, Agrawal S, Kundu TK (2010). Iden-
tification of a Novel Inhibitor of Coactivator-associated Arginine Methyl-
transferase 1 (CARM1)-mediated Methylation of Histone H3 Arg-17. J Biol
Chem 285 (10): 7143-7152. doi:10.1074/jbc.M109.063933

Coetzee N, von Gruning H, Opperman D, van der Watt M, Reader J,
Birkholtz L-M (2020). Epigenetic inhibitors target multiple stages of Plas-
modium falciparum parasites. Sci Rep 10 (1): 2355. doi:10.1038/s4 1598~
020-569298-4

Cheng D, Valente S, Castellano S, Sbardella G, Di Santo R, Costi R, Bedford
MT, Mai A (2011). Novel 3 5-Bis(bromohydroxybenzylidene)piperidin-
4-ones as Coactivator-Associated  Arginine  Methyltransferase 1
Inhibitors: Enzyme Selectivity and Cellular Activity. J Med Chem 54
(13): 4928-4932. doi:10.1021/jm200453n

Bouchut A, Rotili D, Pierrot C, Valente S, Lafitte S, Schultz J, Hoglund
U, Mazzone R, Lucidi A, Fabrizi G, Pechalrieu D, Arimondo PB, Skinner-
Adams TS, Chua MJ, Andrews KT, Mai A, Khalife J (2019). Identification of

Microbial Cell | Vol. 13


http://dx.doi.org/10.1371/journal.pgen.1009641
http://dx.doi.org/10.1371/journal.pgen.1009641
http://dx.doi.org/10.1111/mmi.12819
http://dx.doi.org/10.1371/journal.pntd.0009230
http://dx.doi.org/10.1371/journal.pntd.0009230
http://dx.doi.org/10.1016/j.actatropica.2023.106959
http://dx.doi.org/10.4269/ajtmh.1990.43.139
http://dx.doi.org/10.1016/0014-5793(80)80364-4
http://dx.doi.org/10.1128/AAC.28.4.528
http://dx.doi.org/10.1128/mSystems.00416-19
http://dx.doi.org/10.2471/BLT.12.111732
http://dx.doi.org/10.1016/S2214-109X(18)30283-3
http://dx.doi.org/10.1016/j.mib.2014.05.012
http://dx.doi.org/10.3390/ijms22105168
http://dx.doi.org/10.3389/fcimb.2020.618454
http://dx.doi.org/10.1186/s13059-019-1756-6
http://dx.doi.org/10.1021/cb500515r
http://dx.doi.org/10.1016/j.bmc.2011.02.032
http://dx.doi.org/10.1128/spectrum.03258-23
http://dx.doi.org/10.1021/acs.jproteome.5b01052
http://dx.doi.org/10.1021/acs.jproteome.5b01052
http://dx.doi.org/10.1016/j.mcpro.2022.100199
http://dx.doi.org/10.1186/s12915-023-01568-4
http://dx.doi.org/10.1038/s42003-023-05038-z
http://dx.doi.org/10.1038/s42003-023-05038-z
http://dx.doi.org/10.1042/BJ20090185
http://dx.doi.org/10.1186/1475-2875-12-333
http://dx.doi.org/10.7554/eLife.72867
http://dx.doi.org/10.1128/aac.00577-23
http://dx.doi.org/10.1128/aac.00176-24
http://dx.doi.org/10.1021/acs.jmedchem.2c01000
http://dx.doi.org/10.1021/acs.jmedchem.2c01000
http://dx.doi.org/10.15698/cst2020.08.228
http://dx.doi.org/10.1126/science.aap7847
http://dx.doi.org/10.1074/jbc.M109.063933
http://dx.doi.org/10.1038/s41598-020-59298-4
http://dx.doi.org/10.1038/s41598-020-59298-4
http://dx.doi.org/10.1021/jm200453n
https://www.microbialcell.com

G.D. Campagnaro et al. (2026)

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

novel quinazoline derivatives as potent antiplasmodial agents. Eur J Med
Chem 161:277-291. doi:10.1016/j.ejmech.2018.10.041

Mai A, Cheng D, Bedford MT, Valente S, Nebbioso A, Perrone A, Brosch
G, Sbhardella G, De Bellis F, Miceli M, Altucci L (2008). Epigenetic Multiple
Ligands: Mixed Histone/Protein Methyltransferase, Acetyltransferase, and
Class Il Deacetylase (Sirtuin) Inhibitors. J Med Chem 51 (7): 2279-2290.
doi:10.1021/jm7015695q

WHO (2020). Report on antimalarial drug efficacy, resistance and re-
sponse: 10 years of surveillance (2010-2019), World Health Organiza-
tion

Yakubu RR, Silmon de Monerri NC, Nieves E, Kim K, Weiss LM (2017).
Comparative Monomethylarginine Proteomics Suggests that Protein
Arginine Methyltransferase 1 (PRMT1) is a Significant Contributor to Argi-
nine Monomethylation in Toxoplasma gondii. Mol Cell Proteomics 16
(4): 567-580. doi:10.1074/mcp.M117.066951

Balaji S, Babu MM, lyer LM, Aravind L (2005). Discovery of the principal
specific transcription factors of Apicomplexa and their implication for the
evolution of the AP2-integrase DNA binding domains. Nucleic Acids Res
33 (13): 3994-4006. doi: 10.1093/nar/gki709

Chen L-F, Han X-L, Li F-X, Yao Y-Y, Fang J-P, Liu X-J, Li X-C, Wu K
Liu M, Chen X-G (2018). Comparative studies of Toxoplasma gondii
transcriptomes: insights into stage conversion based on gene expres-
sion profiling and alternative splicing. Parasit Vectors 11 (1): 402.
doi:10.1186/s13071-018-2983-5

Saksouk N, Bhatti MM, Kieffer S, Smith AT, Musset K, Garin J, William J Sul-
livan Jr, Cesbron-Delauw M-F, Hakimi, M-A (2005). Histone-Modifying
Complexes Regulate Gene Expression Pertinent to the Differentiation
of the Protozoan Parasite Toxoplasma gondii. Mol Cell Biol 25 (23):
10301-10314.d0i:10.1128/MCB.25.23.10301-10314.2005

Liu M, Li F-X, Li C-Y, Li X-C, Chen L-F, Wu K, Yang P-L, Lai Z-F, Liu T,
Sullivan WJ, Cui L, Chen X-G (2019). Characterization of protein arginine
methyltransferase of TgPRMT5 in Toxoplasma gondii. Parasit Vectors 12
(1):221.doi:10.1186/s13071-019-3464-1

Nardelli SC, Che F-Y, Monerri NCS de, Xiao H, Nieves E, Madrid-
Aliste C, Angel SO, Sullivan Jr WJ, Angeletti RH, Kim K, Weiss LM
(2013). The Histone Code of Toxoplasma gondii Comprises Conserved
and Unique Posttranslational Modifications. mBio 4 (6): €00922-13.
doi:10.1128/mBi0.00922-13

Gissot M, Kelly KA, Ajioka JW, Greally JM, Kim K (2007). Epigenomic Mod-
ifications Predict Active Promoters and Gene Structure in Toxoplasma
gondii. PLoS Pathog 3 (6): €77. doi:10.137 1/journal.ppat. 0030077

Montoya JG, Liesenfeld O (2004). Toxoplasmosis. The Lancet 363
(9425): 1965-1976. doi:10.1016/S0140-6736(04) 164 12-X

El Bissati K, Suvorova ES, Xiao H, Lucas O, Upadhya R Ma Y, An-
geletti RH, White MW, Weiss LM, Kim K (2016). Toxoplasma gondii
Arginine Methyltransferase 1 (PRMT1) Is Necessary for Centrosome
Dynamics during Tachyzoite Cell Division. mBio 7 (1): €02094-15.
doi:10.1128/mBi0.02094-15

Musiyenko A, Majumdar T, Andrews J, Adams B, Barik S (2012). PRMT1
methylates the single Argonaute of Toxoplasma gondii and is important
for the recruitment of Tudor nuclease for target RNA cleavage by anti-
sense guide RNA. Cell Microbiol 14 (6): 882-901. doi:10.1111/].1462-
5822.2012.01763.x

Boulila Y, Tomavo S, Gissot M (2014). A RGG motif protein is involved in
Toxoplasma gondii stress-mediated response. Mol Biochem Parasitol
196 (1): 1-8. doi:10.1016/.molbiopara.2014.07.009

Braun L, Cannella D, Ortet P, Barakat M, Sautel CF, Kieffer S, Garin
J, Bastien O, Voinnet O, Hakimi M-A (2010). A Complex Small RNA
Repertoire Is Generated by a Plant/Fungal-Like Machinery and Ef-
fected by a Metazoan-Like Argonaute in the Single-Cell Human Parasite
Toxoplasma gondii. PLoS Pathog 6 (5). €1000920. doi:10.1371/jour
nal.ppat. 1000920

Gissot M, Walker R, Delhaye S, Alayi TD, Huot L, Hot D, Callebaut |,
Schaeffer-Reiss C, Dorsselaer A Van, Tomavo S (2013). Toxoplasma
gondii Alba Proteins Are Involved in Translational Control of Gene Expres-
sion.J Mol Biol 425 (8): 1287-1301.doi:10.1016/}jmb.2013.01.039

Begum S, Gorman H, Chadha A, Chadee K (2021). Entamoeba histolytica.
Trends Parasitol 37 (7): 676-677. doi:10.1016/}.pt.2021.01.001

OPEN ACCESS | www.microbialcell.com

100.

101.

102.

103.

104.

105.

106.

107.

108.

100.

110.

(NN

112

113.

114.

116.

PRMTs as drug targets against protozoan parasites

Fanselow N, Sirajuddin N, Yin X-T, Huang AJW, Stuart PM (2021). Acan-
thamoeba Keratitis, Pathology, Diagnosis and Treatment. Pathogens 10
(3): 323. doi:10.3390/pathogens 10030323

Zhang Y, Xu X, Wei Z, Cao K, Zhang Z Liang Q (2023). The global
epidemiology and clinical diagnosis of Acanthamoeba keratitis. J Infect
Public Health 16 (6): 841-852. doi:10.1016/},jiph.2023.03.020

Gonzales MLM, Dans LF, Sio-Aguilar J (2019). Antiamoebic drugs for
treating amoebic colitis. Cochrane Database of Systematic Reviews
1(1): CD006085. doi: 10.1002/14651858.CD006085.pub3

Taravaud A, Fechtali-Moute Z Loiseau PM, Pomel S (2021). Drugs
used for the treatment of cerebral and disseminated infections
caused by free-living amoebae. Clin Transl Sci 14 (3): 791-805.
doi:10.1111/cts. 12955

Carrijo-Carvalho LC, Sant'ana VP, Foronda AS, de Freitas D, de Souza Car-
valho FR (2017). Therapeutic agents and biocides for ocular infections by
free-living amoebae of Acanthamoeba genus. Surv Ophthalmol 62 (2):
203-218. doi:10.1016/j.survophthal.2016.10.009

Fisk JC, Read LK (2011). Protein Arginine Methylation in Parasitic Proto-
zoa. Eukaryot Cell 10 (8): 1013-1022. doi:10.1128/EC.05103-11

Borbolla-Vazquez J, Orozco E, Betanzos A, Rodriguez MA (2015). En-
tamoeba histolytica: protein arginine transferase 1a methylates arginine
residues and potentially modify the H4 histone. Parasit Vectors 8 (1):
219.doi:10.1186/513071-015-0820-7

Lozano-Amado D, Herrera-Solorio AM, Valdés J, Aleman-Lazarini L,
Almaraz-Barrera Ma de J, Luna-Rivera E, Vargas M, Hernandez-Rivas
R (2016). Identification of repressive and active epigenetic marks and
nuclear bodies in Entamoeba histolytica. Parasit Vectors 9 (1): 19.
doi:10.1186/s13071-016-1298-7

Medina-Gomez C, Bolanos J, Borbolla-Vazquez J, Munguia-Robledo S,
Orozco E, Rodriguez MA (2021). The atypical protein arginine methyl-
trasferase of Entamoeba histolytica (EnPRMTA) is involved in cell prolif-
eration, heat shock response and in vitro virulence. Exp Parasitol 222.
108077.doi:10.1016/j.exppara.2021.108077

Céazares-Apatiga J, Medina-Gomez C, Chavez-Munguia B, Calixto-
Galvez M, Orozco E, Vazquez-Calzada C, Martinez-Higuera A,
Rodriguez  MA (2017). The Tudor Staphylococcal Nuclease
Protein of Entamoeba histolytica Participates in Transcription
Regulation and Stress Response. Front Cell Infect Microbiol 7
(52). doi:10.3389/fcimb.2017.00052

Ortiz-Hermandez R, Millan-Casarrubias EJ, Bolanos J, Munguia-
Robledo S, Vazquez-Calzada C, Azuara-Licéaga E, Valdés J, Rodriguez
MA (2024). PRMT5 Inhibitor EPZ015666 Decreases the Viability
and Encystment of Entamoeba invadens. Molecules 30 (1): 62.
doi:10.3390/molecules30010062

Moon E-K, Hong Y, Chung D-l, Goo Y-K, Kong H-H (2016). Iden-
tification of Protein Arginine Methyltransferase 5 as a Regulator for
Encystation of Acanthamoeba. Korean J Parasitol 54 (2): 133-138.
doi:10.3347/kjp.2016.54.2.133

Moon E-K, Kong H-H, Hong Y, Lee H-A, Quan F-S (2017). Identifi-
cation and Characterization of Protein Arginine Methyltransferase 1
in Acanthamoeba castellanii. Korean J Parasitol 55 (2): 109-114.
doi:10.3347/kjp.2017.65.2.109

Aurrecoechea C, Barreto A, Brestelli J, Brunk BP, Caler EV, Fischer S, Gajria
B, Gao X, Gingle A, Grant G, Harb OS, Heiges M, lodice J, Kissinger JC,
Kraemer ET, Li W, Nayak V, Pennington C, Pinney DF, Pitts B, Roos DS,
Srinivasamoorthy G, Stoeckert CJ, Treatman C, Wang H (2011). Amoe-
baDB and MicrosporidiaDB: functional genomic resources for Amoe-
bozoa and Microsporidia species. Nucleic Acids Res 39 (Database):
D612-D619. doi: 10.1093/nar/gkq 1006

Kumar S, Stecher G, Suleski M, Sanderford M, Sharma S, Tamura K (2024).
MEGA12: Molecular Evolutionary Genetic Analysis Version 12 for Adap-
tive and Green Computing. Mol Biol Evol 41 (12). doi:10.1093/mol-
bev/msae263

Kangussu-Marcolino MM, Morgado P, Manna D, Yee H, Singh U
(2021). Development of a CRISPR/Cas9 system in Entamoeba histolyt-
ica: proof of concept. Int J Parasitol 51 (2-3): 193-200. doi:10.1016/j.ij-
para.2020.09.005

Microbial Cell | Vol. 13


http://dx.doi.org/10.1016/j.ejmech.2018.10.041
http://dx.doi.org/10.1021/jm701595q
http://dx.doi.org/10.1074/mcp.M117.066951
http://dx.doi.org/10.1093/nar/gki709
http://dx.doi.org/10.1186/s13071-018-2983-5
http://dx.doi.org/10.1128/MCB.25.23.10301-10314.2005
http://dx.doi.org/10.1186/s13071-019-3464-1
http://dx.doi.org/10.1128/mBio.00922-13
http://dx.doi.org/10.1371/journal.ppat.0030077
http://dx.doi.org/10.1016/S0140-6736(04)16412-X
http://dx.doi.org/10.1128/mBio.02094-15
http://dx.doi.org/10.1111/j.1462-5822.2012.01763.x
http://dx.doi.org/10.1111/j.1462-5822.2012.01763.x
http://dx.doi.org/10.1016/j.molbiopara.2014.07.009
http://dx.doi.org/10.1371/journal.ppat.1000920
http://dx.doi.org/10.1371/journal.ppat.1000920
http://dx.doi.org/10.1016/j.jmb.2013.01.039
http://dx.doi.org/10.1016/j.pt.2021.01.001
http://dx.doi.org/10.3390/pathogens10030323
http://dx.doi.org/10.1016/j.jiph.2023.03.020
http://dx.doi.org/10.1002/14651858.CD006085.pub3
http://dx.doi.org/10.1111/cts.12955
http://dx.doi.org/10.1016/j.survophthal.2016.10.009
http://dx.doi.org/10.1128/EC.05103-11
http://dx.doi.org/10.1186/s13071-015-0820-7
http://dx.doi.org/10.1186/s13071-016-1298-7
http://dx.doi.org/10.1016/j.exppara.2021.108077
http://dx.doi.org/10.3389/fcimb.2017.00052
http://dx.doi.org/10.3390/molecules30010062
http://dx.doi.org/10.3347/kjp.2016.54.2.133
http://dx.doi.org/10.3347/kjp.2017.55.2.109
http://dx.doi.org/10.1093/nar/gkq1006
http://dx.doi.org/10.1093/molbev/msae263
http://dx.doi.org/10.1093/molbev/msae263
http://dx.doi.org/10.1016/j.ijpara.2020.09.005
http://dx.doi.org/10.1016/j.ijpara.2020.09.005
https://www.microbialcell.com

G.D. Campagnaro et al. (2026)

116.

117.

118.

119.

120.

121,

Philippe N, Shukla A, Abergel C, Bisio H (2024). Genetic manipulation of
giantviruses and their host, Acanthamoeba castellanii. Nat Protoc 19 (1):
3-29.doi:10.1038/s41596-023-00910-y

Tillery L, etal. (2021). Naegleria fowleri: Protein structures to facilitate drug
discovery for the deadly, pathogenic free-living amoeba. PLoS One 16
(). €0241738. doi:10.1371/journal.pone.0241738

Emery-Corbin SJ, Hamey JJ, Ansell BRE, Balan B, Tichkule S, Stroehlein
AJ, Cooper C, Mclnerney BV, Hediyeh-Zadeh S, Vuong D, Crombie A,
Lacey E, Davis MJ, Wilkins MR, Bahlo M, Svard SG, Gasser RB, Jex AR
(2020). Eukaryote-Conserved Methylarginine Is Absent in Diplomon-
ads and Functionally Compensated in Giardia. Mol Biol Evol 37 (12):
3525-3649. doi:10.1093/molbev/msaa186

Pears CJ, Gross JD (2021). Microbe Profile: Dictyostelium discoideum:
model system for development. chemotaxis and biomedical re-
search. Microbiology 167 (3). doi:10.1099/mic.0.001040

Martin-Gonzalez J, Montero-Bullon J, Lacal J (2021). Dictyostelium dis-
coideum as a non-mammalian biomedical model. Microb Biotechnol 14
(1): 111-125.doi:10.1111/1751-7915.13692

Bachand F (2007). Protein Arginine Methyltransferases: from
Unicellular Eukaryotes to Humans. Eukaryot Cell 6 (6): 889-898.
doi:10.1128/ec.00099-07

OPEN ACCESS | www.microbialcell.com

102

122.

123.

124.

125.

126.

PRMTs as drug targets against protozoan parasites

Kaller M, Nellen W, Chubb JR (2006). Epiggenetics in Dictyostelium,
in: L Eichinger, F Rivero (Eds.), Dictyostelium discoideum Protocols,
Totowa, NJ: Humana Press, pp. 491-505. doi:10.1385/1-59745-144-
4:491

Sillo A, Bloomfield G, Balest A, Balbo A, Pergolizzi B, Peracino B, Skel-
ton J, Ivens A, Bozzaro S (2008). Genome-wide transcriptional changes
induced by phagocytosis or growth on bacteria in Dictyostelium. BMC
Genomics 9 (1): 291. doi:10.1186/1471-2164-9-291

Yamashita K, Iriki H, Kamimura Y, Muramoto T (2021). CRISPR Toolbox
for Genome Editing in Dictyostelium. Front Cell Dev Biol 9. 721630.
doi:10.3389/fcell.2021.721630

Sekine R Kawata T, Muramoto T (2018). CRISPR/Cas9 mediated
targeting of multiple genes in Dictyostelium. Sci Rep 8 (1): 8471.
doi:10.1038/541598-018-26756-z

Rao SPS, Barrett MP, Dranoff G, Faraday CJ, Gimpelewicz CR, Hailu A,
Jones CL, Kelly JM, Lazdins-Helds JK, Maser P, Mengel J, Mottram JC,
Mowbray CE, Sacks DL, Scott P, Spath GF, Tarleton RL, Spector JM, Dia-
gana TT (2019). Drug Discovery for Kinetoplastid Diseases: Future Direc-
tions. ACS Infect Dis 5 (2): 152-157. doi:10.1021/acsinfecdis.8b00298

Microbial Cell | Vol. 13


http://dx.doi.org/10.1038/s41596-023-00910-y
http://dx.doi.org/10.1371/journal.pone.0241738
http://dx.doi.org/10.1093/molbev/msaa186
http://dx.doi.org/10.1099/mic.0.001040
http://dx.doi.org/10.1111/1751-7915.13692
http://dx.doi.org/10.1128/ec.00099-07
http://dx.doi.org/10.1385/1-59745-144-4:491
http://dx.doi.org/10.1385/1-59745-144-4:491
http://dx.doi.org/10.1186/1471-2164-9-291
http://dx.doi.org/10.3389/fcell.2021.721630
http://dx.doi.org/10.1038/s41598-018-26756-z
http://dx.doi.org/10.1021/acsinfecdis.8b00298
https://www.microbialcell.com

	Protein arginine methyltransferases in protozoan parasites: a new path for antiparasitic chemotherapy?
	INTRODUCTION
	MAMMALIAN AND PROTOZOAN PRMTs
	KINETOPLASTID PRMTs
	Trypanosoma
	Leishmania

	APICOMPLEXAN PRMTs
	Plasmodium
	Toxoplasma

	AMOEBA PRMTs
	OTHER PROTOZOA
	CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	SUPPLEMENTAL MATERIAL
	CONFLICT OF INTEREST
	COPYRIGHT


