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Abstract

MicroRNAs (miRNAs) are small non-coding RNAs that can play critical roles in regulating
various cellular processes including during many parasitic infections. Here, we report a
regulatory role for miR-34c-3p in cAMP-independent regulation of PKA activity in Theileria
annulata and Plasmodium falciparum infections of bovine leukocytes and human erythrocytes,
respectively. We identified prkar2b (cAMP-dependent protein kinase A type II-beta regulatory
subunit), as a novel miR-34c-3p target gene and demonstrated how infection-induced up-
regulation of miR-34c-3p in leukocytes repressed PRKAR2B expression to increase PKA
activity and promote the virulent disseminating tumour phenotype of 7. annulata-transformed
macrophages. When human erythrocytes are infected by P. falciparum they accumulate miR-
34c-3p that ablates both prkar2b and parasite Pfpkar mRNA. However, erythrocytes lack protein
translation machinery so only miR-34c-3p-mediated loss of Pfpkar transcripts results in an
increase in PfPKA kinase activity. Inhibition of miR-34c-3p increases Pfpkar expression to
reduce PfPKA activity leading to slowing of intra-erythrocyte parasite development and a
reduction in invasion of fresh red blood cells. Finally, we demonstrate that miR-34c-3p
regulation of prkar2b expression is generalizable, by showing that it can negatively regulate
prkar2b expression and PRKAR2B protein levels in human cancer cell lines and that brown
adipose tissue displays high levels of miR-34c-3p and corresponding low levels of prkar2b
mRNA compared to white adipose tissue. Induction of miR-34c-3p therefore, represents a novel
cAMP-independent way of regulating PKA activity in a range of cell types associated with

cancer, diabetes and parasitic diseases.
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Introduction

MicroRNAs are a class of small non-coding RNAs and are key regulators in several biological
processes ranging from development and metabolism to apoptosis and signaling pathways
(Ambros, 2004, Bartel, 2004). Indeed, their profiles are altered in many human diseases and
particularly in cancer (Alvarez-Garcia and Miska, 2005, Esquela-Kerscher and Slack, 2006),
making them a major focus of research. The up- or down-regulation of miRNAs can cause
drastic changes to gene expression due to the fact that miRNAs have up to hundreds of potential
mRNA targets (Seitz, 2017). Changes to gene expression can lead to malignant transformation,
especially if miRNA targets include genes that regulate cell homeostasis, proliferation, cell cycle
progression, adhesion, or dissemination (Baranwal and Alahari, 2010).

Post-transcriptional control of gene expression by miRNAs is also increasingly
recognized as a central part of host/pathogen interactions. The role of miRNAs in bacterial
(Eulalio et al., 2012, Staedel and Darfeuille, 2013), viral (kaCullen, 2011), parasitic helminth
(Britton et al., 2014) and protozoan infections is now well established. Plasmodium and Theileria
parasites are obligate intracellular protozoa of the phylum Apicomplexa. The goal for
Plasmodium and Theileria parasites is to infect their invertebrate insect hosts (mosquitoes and
ticks, respectively) for successful transmission and continuity of the life cycle with the sexual
forms — thus ensuring exchanges of genetic material via genetic recombination. To ensure
transmission to blood sucking vectors the parasite population is amplified in the mammalian
host. Post-inoculation by the insect vector, sporozoites of both species invade MHC class I- and

class II-positive cells (hepatocytes for Plasmodia and leukocytes for Theileria), but thereafter
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their life cycles differ, as the Theileria parasite population amplifies within the infected
leukocyte. Apicomplexan parasites are able to alter the global gene expression patterns of their
respective host cells by interfering with signaling cascades to neutralize host defences (Plattner
and Soldati-Favre, 2008) and improve their capacity to infect, proliferate and disseminate.
Apicomplexa manipulate their host cell’s miRNomes to their own benefit (Cannella et al., 2014,
Shapira et al., 2002, Zeiner et al., 2010). We have shown that miR-126-5p by directly targeting
and suppressing JNK-Interacting-Protein JIP-2 liberates cytosolic JNK to translocate to the host
cell nucleus and phosphorylate c-Jun that trans-activates AP-1-driven transcription of mmp9 to
promote tumour dissemination of Theileria-transformed macrophages (Haidar et al., 2018).
Moreover, miR-155 is also induced by infection to supress De-Etiolated Homolog 1 expression
that diminishes c-Jun ubiquitination (Marsolier et al., 2013). An increase in c-Jun levels leads to
an augmentation in BIC (pri-miR-155) transcripts that contain miR-155, explaining how a
positive feedback-loop contributes to the growth and survival of Theileria-infected leukocytes
(Marsolier et al., 2013). Furthermore, exosomes and their miRNA cargo play an important role in
the manipulation of the host cell phenotype and the pathobiology of both Theileria and
Plasmodium infections (Gillan et al., 2019, Mantel et al.,, 2016). However, in contrast to
Toxoplasma, the genomes of T. annulata and P. falciparum lack orthologs of Dicer and
Argonaute, crucial enzymes in miRNA biogenesis (Coulson et al., 2004, Hall et al., 2005).
Moreover, sequencing and bioinformatics analyses of small RNA libraries from P. falciparum-
infected erythrocytes did not identify parasite-specific miRNAs (Rathjen et al., 2006). That said,
at least 100 different human miRNAs are taken up by the parasite with a particular enrichment of
miR-451 and let-71 in parasitized HbAS and HbSS erythrocytes (LaMonte et al., 2012). LaMonte

et al. confirmed that human miRNA transferred into the parasite formed chimeric fusions with P.
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falciparum mRNA via impaired ribosomal loading, resulting in translational inhibition,
eventually impairing parasite biology and survival. It is not yet known what determines the
specific enrichment of particular miRNAs, or its incorporation into specific parasite mRNAs
(Cohen et al., 2015, Hall et al., 2005). Extracellular Vesicles (EVs) derived from P. falciparum-
infected red blood cells (iIRBC) contain miRNAs that can modulate target gene expression in
recipient host cells and multiple miRNA species in EVs were identified bound to AGO2 forming
functional complexes (Mantel et al., 2016). Furthermore, P. falciparum takes up micro-vesicles

containing AGO2 and miRNA from infected RBCs (Wang et al., 2017).

Infection by T. annulata and P. falciparum alters the abundance of a number of host cell
miRNAs, and herein we functionally characterized the role of miR-34c-3p. We demonstrate that
by targeting prkar2b coding for the Protein Kinase A type Il-beta regulatory subunit, miR-34c-
3p regulates mammalian PKA activity independently of cAMP (Cyclic Adenosine
Monophosphate) in Theileria-infected macrophages. Overexpression of miR-34c-3p diminished
prkar2b transcripts and hence PRKAR2B protein levels and consequently increased PKA
activity in attenuated (diminished in dissemination) Theileria-transformed macrophages re-

establishing their virulent disseminating tumour-like phenotype.

Similarly, we confirmed higher levels of miR-34c-3p in P. falciparum-infected red blood
cells (iRBC) and demonstrated that inhibition of miR-34c-3p binding to its cognate seed
sequence enhanced both erythrocyte prkar2b and parasite Pfpkar RNA levels, but only parasite

PKA activity. Inhibition of miR-34c-3p slowed intra-erythrocyte parasite development and
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dampened re-invasion of fresh red blood cells, the latter being consistent with the requirement of

PfPKAc for erythrocyte invasion (Dawn et al., 2014, Syin et al., 2001).

Results

miR-34c¢-3p is differentially expressed in 7. annulata-infected leukocytes:

T. annulata-transformed macrophages disseminate in infected animals, but upon long-term in
vitro passaging their virulent virulence capacity to disseminate becomes attenuated and they are
used as live vaccines in the control of tropical theileriosis (Darghouth, 2008). miRNome profiles
of virulent and attenuated 7. annulata-transformed macrophages and infected (TBL20) compared
to non-infected (BL20) B cells identified miR-34c-3p, as a miRNA upregulated after infection
and down-regulated upon attenuation (Haidar et al., 2018). These observations were first
confirmed by qRT-PCR (Figure 1A) and transfection of attenuated macrophages with a miR-
34c-3p agonist (mimic) increased miR-34c-3p expression (Figure 1B, left panel). Transfection of
attenuated macrophages with the miR-34c mimic had no influence on the levels of an irrelevant

miRNA (Fig. 1B, right panel).

miR-34c¢-3p targets PRKAR2B to regulate PKA activity independently of fluxes in cAMP:

Mammalian PKA is a hetero-tetrameric enzyme composed of two catalytic subunits associated
with two regulatory subunits. There are four different regulatory subunit genes (R1A, R1B, R2A,
and R2B) that exhibit differential expression patterns and play different roles in cell
differentiation and growth control (Skalhegg and Tasken, 2000). The catalytic subunit PKA-C is
bound to an inhibitory regulatory subunit (PKA-R), but upon binding of cAMP to the regulatory

subunits, catalytic subunits are released to act as a serine/threonine kinase in both the cytoplasm
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and nucleus to phosphorylate the target proteins. PKA-C substrates include transcription factors

and other proteins involved in developmental processes (Johnson et al., 2001).

Using two publicly available miRNA target prediction algorithms (miRWalk (Dweep and
Gretz, 2015) and TargetScan (Agarwal et al., 2015)), we searched the Bos faurus genome for
potential miR-34c-3p target genes. Interestingly, of the 4 genes coding for regulatory subunits of
PKA the search identified only prkar2b, so we investigated the capacity of miR-34c-3p to impact
on dissemination of 7. annulata-transformed macrophages that we have shown to be PKA-
dependent (Dawn et al., 2014, Haidar et al., 2015, Merckx et al., 2008). First, we measured
prkar2b mRNA levels in virulent and attenuated macrophages and following overexpression of
miR-34c-3p in attenuated macrophages (Figure 2A). Prkar2b transcripts are more abundant in
attenuated macrophages that have lower miR-34c-3p levels (see Fig.1) and PRKAR2B protein
levels decreased in attenuated macrophages transfected with the miR-34c-3p mimic (Fig. 2A,
middle panel). Moreover, confirmation that Prkar2b is a direct miR-34c-3p-target gene came
from fusing the 3’-UTR of bovine prkar2b containing the miR-34c-3p seed 3~ to the Renilla
luciferase translational stop codon. Following transfection of the reporter construct luciferase
activity was measured in virulent, attenuated, and attenuated macrophages treated with the miR-
34c-3p mimic (Fig.2A, right panel). Due to attenuated macrophages having lower levels of miR-
34c-3p they displayed higher luciferase activity than virulent macrophages. Upon mimic
treatment the luciferase activity in attenuated macrophages dropped significantly confirming that

prkar2b is a direct target of miR-34c-3p.
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As PKA is known to phosphorylate the transcription factor cAMP response element
binding protein (CREB) (Mayr and Montminy, 2001, Rosenberg et al., 2002), the mimic-induced
drop in prkar2b expression resulted in a corresponding increase in PKA kinase activity and an
increase in CRE-driven luciferase (Fig. 2 A&B). Taken together, this demonstrated that
mammalian PKA kinase activity can be regulated independent of cAMP via miR-34c-3p-

mediated ablation of prkar2b.

Changes in miR-34c-3p levels influence dissemination of 7. annulata-transformed
macrophages:

The capacity of virulent macrophages to traverse Matrigel is greater than that of attenuated
macrophages and is a reflection the dissemination potential of 7. annulata-transformed
macrophages (Chaussepied et al., 2010). Transfection of attenuated macrophages with the miR-
34c-3p mimic restored their capacity to traverse Matrigel to match that of virulent macrophages
(Figure 3). This demonstrates one of the ways that infection-induced increase in miR-34c-3p
levels contributes to aggressive dissemination of 7. annulata-transformed virulent macrophages
and how a drop in miR-34c-3p levels contributes to the reduced dissemination potential of

attenuated macrophages.

miR-34c-3p targets both prkar2b and Pfpkar to regulate infected erythrocyte PKA activity
independently of fluxes in cAMP

Having demonstrated above that changes in miR-34c-3p impacted on PKA activity of T.
annulata-infected macrophages we searched for miR-34c-3p seed sequences in the single

regulatory subunit of parasite PKA. We were unable to detect miR-34c-3p seed sequences in the
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T. annulata regulatory subunit (Tapkar), but surprisingly noticed the regulatory subunit of P.
falciparum PKA (Pfpkar) harbored a potential miR-34c-3p seed (Figure S1). As erythrocyte
infection by P. falciparum has been reported to increase miR-34c-3p levels (see supplementary
files in (Mantel et al., 2016)) we confirmed that infection does lead to increased amounts of miR-
34c-3p and identified the developmental parasite stage the largest increase (Figure 4). P.
falciparum infection does indeed raise intra-erythrocyte levels of miR-34c-3p and this can be
ascribed mostly to intra-erythrocyte ring and merozoite developmental stages (Fig. 4A).
Inhibition of miR-34c-3p binding to its cognate seed sequence raised both prkar2b and Pfpkar

transcript levels (Fig. 4B).

Inhibition of miR-34c-3p increases P. falciparum-infected erythrocyte PKA kinase activity
and slows parasite development:

Although erythrocytes harbor PRKAR?2B they no longer have the machinery to translate residual
prkar2b transcripts into protein (Gautier et al., 2016, Gautier et al., 2018) meaning that the miR-
34c-3p-induced drop in prkar2b mRNA can’t result in reduced PRKAR2B protein. By contrast
P. falciparum can translate mRNA into protein, so upon inhibition of miR-34c-3p the rise in
Pfpkar transcripts results in increased PfPKAr protein and reduced PKA kinase activity of
infected red blood cells (Figure SA). Culture of infected erythrocytes was synchronized at the
schizont stage and then following merozoite invasion of fresh red blood cells ring-infected
erythrocytes were treated with the miR-34c-3p inhibitor and the percentage of the different
developmental stages were monitored (Fig. 5B). Inhibition of miR-34c-3p that dampens PKA
activity slowed parasite intra-erythrocytic development such that at 64 h inhibitor treated

parasites were still at the ring stage, whereas trophozoites could be readily detected in non-
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treated red blood cells (Fig. 5B). As miR-34c-3p levels are highest in merozoite-infected red
blood cells (Fig. 4A), a re-invasion assay was performed (for gating strategy see Figure S2)
using both miR-34c-3p mimic and inhibitor treated infected erythrocytes. Mimic treatment
increased the number of freshly invaded ring stage parasites by 10% and conversely inhibitor
treatment similarly reduced the number of ring-infected red blood cells (Fig. 5C). To confirm
that this was due to miR-34c-3p-targeting of pfpkar transcripts the re-invasion assay was
repeated using transgenic parasites that overexpress pfpkar (Merckx et al., 2008). The abundance
of pfpkar transcripts expressed by transgenic parasites markedly diminished the impact of miR-

34c¢-3p mimic and inhibitor treatment on parasite intraerythrocyte development (Fig. 5D).

Discussion

We’ve shown that miR-34c-3p-induced loss of PRKAR2B enhanced PKA activity to induce
CREB transactivation that are important contributors to Theileria-transformed macrophage
dissemination. By contrast, in attenuated macrophages levels of miR-34c-3p are low and
consequently PRKAR2B remains high sequestering more catalytic subunit into inactive
complexes leading to dampened Matrigel traversal. We have previously described how TGF-3
secreted by T. annulata-transformed macrophages contributes to sustaining PKA activity in
virulent macrophages via PGE2 engagement of EP4 to augment levels of cAMP (Haidar et al.,
2015). Now, we provide an infection-induced epigenetic mechanism for regulating host cell PKA
activity independent of fluxes in cAMP. In 7. annulata-transformed macrophages infection
targets host cell PKA activity in 3 different ways; 1) by raising cAMP levels (Haidar et al.,
2015); 2) by suppressing the endogenous inhibitor PKIG (Haidar et al., 2015) and 3) by miR-

34c-3p ablation of PRKAR?2B subunit expression and this three-pronged “attack” underscores

10
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the key role PKA plays in dissemination of 7. annulata-transformed macrophages.

MicroRNAs are known to target many different genes and miR-34c-3p is no exception,
since we were able to identify its seed sequences in just over 100 bovine genes whose expression
is down-regulated in virulent macrophages, where miR-34c-3p levels are high, and whose
expression increases in attenuated macrophages, where miR-34c-3p levels are low (Table S1).
Just how many of the 100 genes are actually targeted by miR-34c-3p is difficult to say, as is
whether ablation of a gene other than prkar2b contributes to the phenotype we observe upon
miR-34c-3p mimic or antagonist treatment. That said, we’ve demonstrated that the seed
sequence in prkar2b is a bona fide miR-34c-3p target and that mimic treatment of attenuated
macrophages decreases PRKAR2B protein levels, increases PKA activity and Matrigel traversal,

traits we have previously ascribed to heighten cAMP-dependent PKA (Haidar et al., 2015).

Since mature erythrocytes lose their nuclei during erythropoiesis, a conventional belief
has been that red blood cells do not contain any nucleic acid. However, several independent
groups have described that human erythrocytes contain abundant miRNAs that persist beyond
terminal differentiation (Azzouzi et al., 2015, Chen et al., 2015, Neuman et al., 2015). Herein,
we showed that miR-34c-3p can ablate Pfpkar transcripts in contrast to Tapkar that lacks a miR-
34c-3p seed sequence. The N-terminus of Pfpkar is extended and quite different to the regulatory
subunits of other Apicomplexa (Haste et al., 2012) and is only conserved in higher ape malaria
parasites (Figure S3). We confirmed the supplementary data in (Mantel et al., 2016) that miR-
34c-3p levels are higher in RBC-infected with P. falciparum than in non-infected erythrocytes.

Although red blood cell miR-34c-3p targets were not previously characterized we now show that

11
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the amount of red blood cell prkar2b mRNA in infected erythrocytes increases upon treatment
with the miR-34c-3p antagonist. Thus, both 7. annulata infection of leukocytes and P.
falciparum infection of erythrocytes lead to increased miR-34c-3p levels and consequent
ablation of prkar2b transcripts. However, unlike leukocytes, erythrocytes lack both transcription
and the protein translation machinery to convert changes in the amount of residual prkar2b
transcripts into alterations in PRKAR2B protein levels. Differently to 7. annulata infection of
leukocytes, increased amounts of miR-34c-3p in P. falciparum-infected erythrocytes dampens
the amount of pfpkar transcripts resulting in increased parasite PKA kinase activity. To ascribe
these changes to miR-34c-3p-mediated ablation of pfpka transcripts we treated transgenic
parasites over-expressing the regulatory subunit (Merckx et al., 2008) and indeed, the slower
parasite development phenotype was a less marked due to transgenic parasites expressing an
abundance of Pfpkar transcripts. Parasite cAMP-dependent PKA activity is known to be high in
merozoites (Dawn et al., 2014) and crucial for their invasion of red blood cells (Patel et al.,
2019) and consistently inhibition of miR-34c-3p that provoked a drop in PKA kinase activity
also provoked reduced invasion efficiency. Genetic inactivation of pfpkac did not lead to an
obvious slowing of intraerythrocyte parasite development in the first 48 h, and given the crucial
role pfpkac plays in merozoite invasion subsequent rounds of intraerythrocyte parasite
development couldn’t be observed (Patel et al., 2019). In contrast, the miR-34c-3p-mediated
change in PKA activity and 10% drop in invasion efficiency resulted in a slowing of
intraerythrocyte parasite development becoming obvious at 64 h and more evident at 93 h i.e.
only after completion of a second round of parasite development in fresh red blood cells. The

miR-34c-3p-provoked 10% increase in invasion efficiency. This phenotypic effect, although

12
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small, could over time have a profound fitness benefit on infection outcome (Dhingra et al.,

2019).

Besides the novel role miR-34c-3p plays in parasite diseases we also provided evidence
that it has the potential to play a similar role in human cancer and obesity. Overexpression of
miR-34c-3p decreased prkar2b mRNA and corresponding protein levels in two human cancer
cell lines (HCT116: human colon cancer cell line and HL-60: human leukemia cell line) and
miR-34c-3p levels are higher in brown adipocytes (BAT) compared to white adipocytes (WAT;
Fig. S4). This suggests that miR-34c-3p mimics and antagonists could have therapeutic use in the
treatment of obesity and cancer, as well as parasite diseases. In summary, in the figure 6 we
schematically represent how miR-34c-3p can regulate PKA kinase activity independent of fluxes

in cAMP via its ablation of mammalian PRKAR2B.

Materials and Methods

Cell culture: Cells used in this study are 7. annulata-transformed Ode macrophages, where
virulent macrophages used corresponds to passage 62 and attenuated macrophages to passage
364 (Singh et al., 2001). Non-infected BL20 and 7. annulata-infected BL20 (TBL20) cells used
have been previously characterized (Moreau et al., 1999, Theilen et al., 1968). All cells were
incubated at 37°C with 5% CO; in Roswell Park Memorial Institute medium (RPMI)
supplemented with 10% Fetal Bovine Serum (FBS), 2mM L-Glutamine, 100 U penicillin,
0.1mg/ml streptomycin, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and

5% 2-mercapthoethanol for BL20 and TBL20.
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Parasite culturing: P. falciparum 3D7 and P{PKAr transgenic parasites (pHL-DHFR-
PfPKAr,(Merckx et al., 2008)) were cultured in RPMI 1640 (Life Technologies, 51800-035)
supplemented with 0.5% (w/v) Albumax II (11021-29), 200 pM hypoxanthine, 20 pg/mL
gentamycin (complete RPMI 1640 medium) in human erythrocytes at a hematocrit between
2.5% and 5%. Parasite cultures were maintained under low oxygen pressure (1% O,, 3% CO,,
96% N,) at 37°C.

RNA extractions: Total RNA of Theileria-infected leukocytes and Plasmodium-infected
erythrocytes were isolated using the Direct-zol RNA Kit (Zymo Research # R2070) and total
RNA designated for miRNA experiments was extracted using the mirVana miRNA isolation kit
(Thermo Fisher) according to the manufacturer’s instructions. The quality of extracted RNA was

verified using a Bioanalyzer 2100 and quantification carried using Qubit (Invitrogen, catalogue

number Q10210).

qRT-PCR for miRNAs: RNA extracted with the mirVana kit was used. cDNA was synthesized
using the TagMan microRNA RT kit (Applied Biosystems) following the manufacturer’s
instructions. A total of 10 ng of RNA was used in the reverse transcription reaction with
miRNA-specific primers. The real-time reactions were performed in a 7500 HT Fast Real-time
PCR system (Applied Biosystems). Data was analysed using the 27AACT The cycle threshold (Ct)
values from the selected miRNA targets were subtracted from the Ct values of the endogenous

small noncoding RNA control RNU6B (control miRNA assay; Applied Biosystems).

qRT-PCR for mRNA: Total RNA was reverse transcribed using the High Capacity cDNA

Reverse Transcription Kit (Applied biosystems, catalogue number 4368814) as follows: 1 u g of
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total RNA, 2 u L of RT buffer, 0.8 u L of 100mM dNTP mix, 2.0 u L of 10X random primers,

1 1 L of MultiScribe reverse transcriptase and Nuclease-free water to a final volume of 20 u L.
The reaction was incubated 10 min at 25°C, 2 h at 37°C then the enzyme inactivated at 85°C for
5 min. Real time PCR was performed in a 20 ¢ L reaction containing cDNA template, 10 ¢ L 2X

Fast SYBR Green Master Mix and 500 nM of forward and reverse primers. The reaction was run
on the 7500 HT Fast Real-Time PCR System (Applied Biosystems). GAPDH was used as a

—AACT
2

housekeeping gene and the results were analyzed by the method. The error bars represent

the SEM of 3 biological replicates.

Western Blotting: Cells were harvested and extracted by 1x mammalian lysis buffer (Abcam #
ab179835) supplemented with protease and phosphatase inhibitor cocktail (#78440, Thermo
Fisher). Protein concentration was determined by the Bradford protein assay. Cell lysates were
subjected to Western blot analysis using conventional SDS/PAGE and protein transfer to
nitrocellulose filters (Protran, Whatman). The membrane was blocked by 5% non-fat milk-TBST
(for anti-PRKAR2B and anti-GAPDH), or 3% non-fat milk-PBST (for anti-actin antibody)
overnight at 4 °C. Antibodies used in immunoblotting were as follows: rabbit polyclonal
antibody anti-GAPDH (Merck Millipore #ABS16), mouse monoclonal antibody anti-PRKAR2B
(#610625, BD transduction laboratories) and goat polyclonal antibody anti-actin (Santa Cruz
Biotechnologies I-19). After washing, proteins were visualized with ECL western blotting
detection reagents (Thermo Scientific) with fusion instrument. The B-actin was used as a loading

control throughout all experiments.
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Matrigel Chamber assay: The invasive capacity of Ode macrophages was assessed in vitro by
using Matrigel migration chambers, as described (Lizundia et al., 2006). The Culture Coat
Medium BME (basement membrane extract) 96-well cell invasion assay was performed
according to Culturex instructions (catalog number 3482-096-K). After 24 h of incubation at
37°C, each well of the top chamber was washed once in buffer. The top chamber was placed
back onto the receiver plate. 100uL of cell dissociation solution-Calcein AM was added to the
bottom chamber of each well, and the mixtures were incubated at 37°C for 1 h with fluorescently
labelled cells to dissociate the cells from the membrane before reading at 485-nm excitation and

520-nm emission wavelengths, using the same parameters as those used for the standard curve.

Transfection: Macrophages were transfected by electroporation using the Nucleofector system
(Amaxa Biosystems). A, total of 5 x 10’ cells was suspended in 100 uL of Nucleofector solution
mix with 400pM of mimic of miR-34¢-3p (m) and subjected to electroporation using the cell
line-specific program T-O17 for Theileria-infected macrophages. After transfection, cells were

suspended in fresh complete medium and incubated at 37°C with 5% CO, for 48 h.

Synchronization of parasite culture and pharmacological inhibition or stimulation of miR-
34c-3p: Parasites were cultured to at least 10% parasitemia in T-75 flasks containing 25 mL
medium at 2% hematocrit. Parasites were synchronized first at ring stage with two rounds of 5%
sorbitol. When most of the parasites had matured to schizonts, the culture was loaded on 70%
Percoll cushion and centrifuged for 10 min at 800x g. Schizonts from the top of 70% Percoll
were collected washed two times with complete media and re-suspended in complete medium.

Parasitemia was adjusted to 0.2-0.5% and 2% hematocrit and the culture was distributed in
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triplicates in 6-wells plate with various treatments: 400pM of the mimic (HMIO513-5NMOL,
Sigma) or 400pM of the inhibitor (cat# 4464084, ID: MH12342, Ambion from Thermo fisher).
The culture was incubated at 37°C with 5% CO»/3% Oy/balanced N, gas mixture, for 96 h. To
follow growth, blood smears were prepared and stained with Giemsa solution (Sigma). Parasite
stage composition was estimated by counting at least 1000 cells per condition. As a negative
control, non-treated cultures were assayed. The total parasitemia was an arithmetic sum of rings,

trophozoites, and schizonts at each time point.

Flow cytometry assay for monitoring malaria parasite development: To assess the effect of
miR-34c-3p on P. falciparum growth, a tightly synchronous 3D7 parasite culture with 0.05%
parasitemia at schizont stage was cultured in cRPMI medium with or without 25nM of miR-34c-
3p Mimic, miR-34c¢-3p Inhibitor, or the unrelated miR-155 inhibitor (all solved in water at 20uM
according to the manufacturer’s protocol) at 37°C, 5% CO, and 5% O; in a 24-well plate. The
haematocrit was adjusted to 0.2% (1:20 dilution from 4%) and the medium was changed every
other day. Each condition was cultured in triplicates and repeated with three different biological
replicates. The cultures were measured by flow cytometry every 24 h at the time of egress/re-
invasion or late ring/early trophozoites stage. For flow cytometric measurement, 200 uL of the
diluted culture was transferred to a 96-well round bottom plate. To this dilution, 5 mL of 200x
SYBR Green (diluted in PBS) was added to a final concentration of 5x SYBR Green. The plate
was then incubated for 30 min at 37°C, 5% O, and 5% CO, in the dark. Samples were measured
on a calibrated MACSquant flow cytometer on the FSC and B1 fluorescent channel (Agx 488 nm,
Aem 525/50 nm). Obtained flow cytometric data was assessed with the FlowJo 10 Software

(FlowJo, LLC). The gating strategy is shown in Appendix S4. Briefly, after gating for singlets,
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we excluded debris, merozoites and cells bigger than RBC. In a third step, gates for rings,
trophozoites and multiply infected iRBC, and schizonts were set up. The correct alignment of the
gates was controlled by Giemsa stained smears. The parasitemia was defined as the sum of the
three aforementioned gates. Relative re-invasion was calculated as the percentage of rings in the

condition divided by the percentage of rings in the control.

CREB luciferase assay: After transfection, cells were suspended in fresh complete medium and
incubated at 37°C, 5% CO, for 24 h and cells were lysed after 48 h post transfections.
Measurements of luciferase and B-galactosidase activities were performed using the Dual Light
Assay system (Life Technologies) and luminometer Centro LB 960 (Berthold) according to the

manufacturer’s instructions.

Measurement of PKA activity: Theileria-infected macrophages were transfected with the
specific mimic of miR-34c-3p. Samples were then collected, centrifuged at 1500rpm for 5 min
and lysed by recommended Ilysis buffer [20mM MOPS, 50mM [-glycerolphosphate,
50mM sodium fluoride, 1mM sodium vanadate, SmM EGTA, 2mM EDTA, 1% NP40,

ImM dithiothreitol (DTT), 1mM benzamidine, 1mM phenylmethane-sulphonylfluoride (PMSF)

and 10pg/mL leupeptin and aprotinin. For permeabilization of P. falciparum-infected red blood
cells, Streptolysin O (SLO, Sigma) was first titrated by re-suspending SLO (25000 units) in 5
mL of PBS (10mM sodium phosphate buffer and 145mM NaCl, pH 7.4) containing 0,1 % BSA
and activating by incubation with 5-10 mM dithiothreitol at 37°C for 2 h. iRBCs were re-
suspended in 200pL of RPMI containing 3-4 hemolytic units of SLO, resulting in hemoglobin

release of more than 98%. Following permeabilization with SLO, cells were centrifuged and
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washed with 200puL of RPMI. P. falciparum-infected erythrocytes pellets were lysed by the
recommended buffer and lysates were cleared by centrifugation (15,000 rpm for 15 min at 4°C),
and the total amount of proteins in the supernatant was measured by a Bio-Rad protein assay,
based on the method of Bradford, using BSA as a standard. PKA activity was measured using an
ELISA kit (PKA kinase activity kit, Abcam 139435) according to the manufacturer’s
instructions.

Statistical Analysis: Data were analysed with the Student’s two-tailed T-tests with at least N = 3
for each experiment. All values are expressed as mean+/-SEM. In each figure, the following
symbols represent respective p-value ranges: *:P<0.05; **: p<0.005, ***: p <0.001.
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Figure 1: miR-34c-3p is differentially expressed in 7. annulata-infected leukocytes A left.
miR-34c-3p levels in uninfected B lymphocytes (BL20) and levels increase when BL20 are
infected with T. annulata (TBL20). A right. Levels of miR-34c-3p are high in virulent
macrophages and decrease in attenuated macrophages. B left panel. miR-34c-3p levels in
attenuated macrophages increase following their transfection with miR-34c-3p mimic. B right
panel. Transfection of attenuated macrophages with the miR-34c-3p mimic specifically
augments only miR-34c-3p levels, since amounts of miR-30f in attenuated macrophages are
unaltered following transfection of the miR-34c-3p mimic. Data represent mean
+SEM. n=3. ***P < 0.001 compared to V; ###P < 0.001 compared to A. V stands for virulent,
A for attenuated, Am: attenuated transfected with miR-34c¢ mimic.

Figure 2: miR-34c-3p-induced drop in PRKAR2B upregulates PKA kinase activity of T.
annulata-infected macrophages. A. Theileria-transformed macrophages transfected with the
miR-34c-3p mimic (Am) downregulate both prkar2b transcripts (left panel) and PRKAR2B
protein levels (middle panel). A right panel. Reflecting greater prkar2b expression in attenuated
macrophages prkar2b-luciferase activity is also higher in attenuated than virulent macrophages.
Luciferase activity decreases when attenuated macrophages are transfected with the miR-34c-3p
mimic (Am), decreases in virulent macrophages (V) and non-infected B cells (BL20), while
overexpression of miR-34c-3p in attenuated macrophages decreases activity (A) (right panel). B.
T. annulata-infected virulent macrophages (V) have higher PKA activity than attenuated (A)
macrophages and overexpression of miR-34c-3p restores PKA activity in attenuated
macrophages (left panel). Overexpression of miR-34c-3p in attenuated macrophages increases
CREB-transactivation levels (right panel). Data represent mean #+SEM. n=3.***P < (0.001

compared to V; ##P < 0.001 compared to A
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Figure 3: miR-34c-3p levels impact on dissemination of 7. annulata-transformed
macrophages. The ability of virulent macrophages (V) to migrate in Matrigel is higher
compared to attenuated macrophages (A). Overexpression of miR-34c-3p in attenuated
macrophages (Am) restores Matrigel traversal to virulent macrophage (V) levels. Data represent
mean £SEM. ***P< (0.001 compared to V and ### P<0.001 compared to A.

Figure 4: miR-34c¢-3p targets both prkar2b and Pfpkar to regulate infected erythrocyte
PKA activity independently of fluxes in cAMP. A. Left panel. miR-34c-3p levels drastically
increase in infected red blood cells (iRBC) compared to noninfected (RBC), specifically in
merozoites (M), whereas it’s nearly undetectable in schizonts (S) (right panel). B. Left panel.
iRBC treated with the miR-34c-3p inhibitor increased both host and parasite Pfpka-r (right
panel). Data represent mean +SEM. n=3. R stands for rings and T for trophozoites. Data

represent mean +SEM. n=3. **P < 0.005 and ***P < 0.001.

Figure 5: Inhibition of miR-34c¢-3p increases infected erythrocyte PKA kinase activity and
slows parasite development. A. iRBC display higher PKA activity as opposed to non-infected
RBC. Inhibition of miR-34c-3p in iRBC (iRBCi) decreases their PKA activity. B. Parasites
cultured for 64 h in untreated iRBCs are at ring and schizonts stages, but iRBC treated with the
miR-34c-3p inhibitor harbor mainly schizont-stage parasites. In contrast to non-treated iRBC,
rings and trophozoites were detected at 72 h and 93 h, respectively. C. Inhibition of miR-34c-3p
reduces invasion of Plasmodium-infected RBC, whereas no adverse effect was observed when
treated with the miR-155 inhibitor. D. Over expression of PfPKAr reduced the adverse effect of

treatment with the miR-34c-3p mimic. R stands for rings, ET& LT for early and late trophozoites
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and ES & LS for early and late schizonts. Data represent mean =*SEM.n=3. *P

< 0.05; **P< 0.005; ***P< 0.001 ## P<0.001.

Supporting information:

Table S1: List of genes harboring miR-34c-3p seed sequences of whose transcription is
upregulated in attenuated macrophages.

Figure S1: Alignment of pfpkar ortholog gene sequences from Haemosporidia and Piroplasm.
The location of the incomplete miR-34c-3p seed in P. falciparum (pfal) is highlighted by the blue

box.

Figure S2: FACS gating strategy for identification of parasite life cycle stages using SYBR
green staining.

Figure S3: Alignment of PfPKAr ortholog protein sequences from Apicomplexa.

Figure S4: miR-34 and prkar2b expression levels in a human cancer cell lines (HL60 &
HCT116) and adipose tissues. A. Overexpression of miR-34c-3p ablates PRAKR2B expression
in HL60. B. BAT has higher levels of miR-34c and lower levels of PRAKR2B compared to

WAT. Data represent mean +SEM. n=3. ***P <(0.001.
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