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Abstract

The gram-negative endosymbiotic bacteWlbachia, have been found to colonize a wide range
of invertebrates, including over 40% of insect $pec Best known for host reproductive
manipulations, some strains Bflbachia have been shown to reduce the host life span bytab
50% and inhibit replication and transmission of glem virus (DENV) in the mosquito vector,
Aedes aegypti. The molecular mechanisms underlying these effsiitisare not well understood.
Our previous studies showed th&blbachia uses host microRNAs (miRNAs) to manipulate host
gene expression for its efficient maintenance amdtihg replication of DENV inAe. aegypti.
Protein arginine methyltransferases are structueaild functionally conserved proteins from yeast
to human. In mammals, it has been reported thateiprarginine methyltransferases such as
PRMT1, 5 and 6 could regulate replication of digfetr virusesAe. aegypti contains eight members
of protein arginine methyltransferases (AaArgM18gre, we show that theMelPop strain of
Wolbachia introduced into Ae. aegypti significantly induces the expression @&@ArgM3.
Interestingly, we found thaWolbachia uses aae-miR-2940, which is highly upregulated in
Wolbachia-infected mosquitoes, to upregulate the expressiolaArgM3. Silencing ofAaArgM3

in a mosquito cell line led to the inhibition ®¥olbachia replication, but had no effect on the
replication of DENV. These results provide furtieeidence thatWolbachia uses the host miRNAs

to manipulate host gene expression and facilitatenization inAe. aegypti mosquito.

Key words. protein arginine methyltransferase Aedes aegypti; Wolbachia; microRNA; dengue

virus

1. Introduction
Wolbachia, the maternally inherited and gram-negative enchigtic bacteria, naturally occur in
40-65% of insect species (Hilgenboecker et al.,82Qkyaprakash and Hoy, 2000; Zug and

Hammerstein, 2012). In the absence of naturallggmestrains oiVolbachia in the main vectors of
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dengue virus (DENVAedes aegypti) and malaria Anopheles gambiae), Wolbachia strains from
Drosophila melanogaster and Ae. albopictus have recently been successfully introduced io
aegypti and other mosquito species (Bian et al., 2013; kluikhan et al., 2009; Xi et al., 2005).
Although a recent study found natural infectiond\albachia in An. gambiae field populations in
Burkina Faso, West Africa (Baldini et al., 2014). dome cases, transinfectéblbachia strains
have established stable inherited infections inlélheand the field (Frentiu et al., 2014; Walker et
al., 2011) Similar to their original hosts, the newly introguac Wolbachia strains induce
cytoplasmic incompatibility and life-shortening iadult mosquitoes by as much as 50%
(McMeniman et al., 2009; Moreira et al., 2009; Xiak, 2005). In additionAe. aegypti infected
with Wolbachia possesses very strong resistance to several abesi including DENV and
Chikungunya virus (Bian et al., 2013; Moreira et 2D09), andPlasmodium (Moreira et al., 2009)
and filarial nematodes (Kambris et al., 2009). Thte utilization of Wolbachia to control
arbovirus transmission from mosquitoes to vertebtaists has become one of the most exciting
approaches in vector-borne disease control.

The molecular mechanism(s) underlying suppressforegication of viruses in the presence of
Wolbachia are thought to be complex and perhaps due to dioation of factors, but still largely
unknown (see a recent review (Rainey et al., 20b4ijs natural host). melanogaster, Wolbachia
confer host resistance to RNA viruses and othenqggns via non-immune related mechanisms,
sinceWolbachia did not induce expression of innate immune geBesiitzis et al., 2000; Rances et
al., 2013; Rances et al., 2012).Aa. aegypti, studies have shown th@folbachia could use innate
immune related mechanisms to suppress the repilicati DENV by inducing the production of
reactive oxygen species (ROS), overexpression stffimonune genes and production of a variety of
antimicrobial effectors (Bian et al., 2010; Kamtetsal., 2010; Kambris et al., 2009; Moreira et al.
2009; Pan et al., 2012; Xi et al., 2008). Recermtly, studies demonstrated tivaiblbachia use host
microRNAs (miRNAs) to manipulate the expression sdéveral host genes such as the

metalloprotease ftsh, MCT, MCM6 and AaDnmt2, whielgilitate Wolbachia colonization and
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some contribute to inhibition of DENV replicatiomAe. aegypti (Hussain et al., 2011; Osei-Amo et
al., 2012; Zhang et al., 2013).

MiRNAs are an evolutionarily conserved class oflsm@an-coding RNAs (~22 nucleotides), which
down- or upregulate gene expression via partiadamnplete complementarity to their target gene
sequences. They play important roles in cellulacesses including development, differentiation,
apoptosis, immunity and host-microorganism inteoast (reviewed in Asgari, 2013; Bartel, 2009).
miRNAs may bind to the 3'UTR, 5’UTR or coding regiof target genes. Previous studies have
shown that one miRNA could target several geneseweral miRNAs could target one gene (e.g.
Osei-Amo et al.,, 2012; Zhang et al., 2013). Theresgon levels of cellular miRNAs may
substantially change in response to bacterial amad mfections in animals and plants (Fehri et al.
2010; Huang et al., 2007; Hussain et al., 2011getal., 2008; Tili et al., 2007). In our previous
studies, we found differential expression of seiendRNAs in Wolbachia-infected Ae. aegypti
mosquitoes (Hussain et al., 2011) leading to ugloovnregulation of a variety of host genes, which
facilitate colonization and host resistance to DEN\Ae. aegypti (Hussain et al., 2011; Osei-Amo
et al., 2012; Zhang et al., 2013).

In this study, we identified protein arginine mdthgnsferase 3AaArgM3) as another target gene
of the Wolbachia-induced mosquito-specific aae-miR-2940-5@& aegypti. AaArgM3 belongs to
protein arginine methyltransferase family, whicleludes eight members ike. aegypti (denoted
AaArgM1-8). Arginine methyltransferases play divefanctions in cellular functions such as RNA
processing and transcription (reviewed in Bedfard @larke, 2009) and host-pathogen interactions
(e.g. Duong et al., 2005; Souki et al., 2009; Yuakt 2010). We investigated the effect of
Wolbachia and DENV on these miRNAs and in turn their effect replication of the two
microorganisms. Our results suggest that AaArgM8/plan important role in the maintenance of

Wolbachia infection in mosquito cells but has no effect dBNDV replication.

2. Materialsand Methods
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2.1. Mosquitoes and insect cell lines

Ae. aegypti infected with thewMelPop-CLA strain ofWolbachia (Wol*) and aWolbachia-free
strain, tetracycline-cured line (Wplwere the stocks as previously described (McManirat al.,
2009).Ae. aegypti was reared at 25 °C with 80% relative humidity antl-h light regime. Larvae
were maintained with fish food pellets (Tetramigtra) at a density of 50 larvae per litre water in
flat trays. Adults were supplied 10% (W/V) sucresdution,ad libitum. Ae. aegypti Aag2 cells and
wMelPop infected Aag2 cells (denoted as aalyRlPop-CLA) (Frentiu et al.,, 2010) were
maintained in a 1:1 mixture of Mitsuhashi-Maramatosnd Schneider’s insect media (Invitrogen)

supplemented with 10% FBS.

2.2. RNA extraction, cDNA synthesis and polymerase chain reaction (PCR)

Total RNA from female and male mosquitoes (sephnatnd mosquito cell lines was isolated
using Tri-Reagent (Molecular Research Center). RN&A was treated with DNase | before used
for reverse transcription (RT). The first strandNg® was synthesized by RT with a Poly(dT)
primer. In each RT reaction, approximately 2 pgtathl RNA was used as template in a total
volume of 20ul. Following cDNA synthesis, @I of RT products were used for each PCR in a total
reaction volume of 25 pyl with AaArgM3 gene-specific primers (Forward: 5'-
GTAGACGTAGACTGTCCC-3;; Reverse: 5-ACCGGAATCGGTTCCIG-3). The
amplification was performed at 94 °C for 3 min|deled by 35 cycles of 94 °C for 30 sec, 56 °C
for 30 sec, 68 °C for 1 min, and a final extensar68 °C for 5 min. The ribosomal protein S17

(RPS17) gene was used as control.

2.3. Quantitative PCR (gPCR) of Wolbachia density

Total genomic DNA was extracted from aaglelPop-CLA cells.Wolbachia density in cells was
determined by gPCR using thesp gene-specific primers as described previously ighet al.,
2013). qPCR was carried out by using Platinum SY&Ren Mix (Invitrogen) with 20 ng of total

genomic DNA in a Rotor-Gene thermal cycler (QIAGEN)der the following conditions: 95 °C
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hold for 30 sec, then 40 cycles of 95 °C for 15 $€c°C for 15 sec and 72 °C for 20 sec, followed
by the melting curve analysis (68 °C to 95 °C). this experiment, three biological replicates with
three technical replicates were analysed. RR&L7 gene was used for normalization of DNA

templates. The studentistest was used to compare the differences in mbatwgeen different

treatments.

2.4. RT-gPCR

For RNA samples from mock and DENV-2 infected feenahosquitoes, samples produced
previously were utilized (Zhang et al., 2013). Buling the RT reaction, qPCR with DENV gene-
specific primers (forward: 5-GTGGTGGTGACTGAGGACTS: reverse: 5'-
CCATCCCGTACCAGCATCCG-3') was carried out to detemsiDENV genomic RNA (gRNA)
levels in cells. Platinum SYBR Green Mix (Invitragewas used for qPCR with il of RT
products as described above. For this experimbrggetbiological replicates with three technical
replicates were analysed. TRESL7 gene was also used for normalization of RNA temeglaThe
student’st test or ANOVA was used to compare the differenoeseans.

For tissue-specific analysis #aArgM3 transcript levels, total RNA was extracted fromaes,
salivary glands, thoracic muscle, midgut and fadybdissected from 4-day-old Wohnd Wol
female mosquitoes (Zhang et al., 2013). RT-gPCRtim#s were performed usirgpArgM3 gene-
specific primers as described above. Similarlyeg¢hbiological replicates with three technical
replicates were analysed for each tissue of masduite. Each biological replicate consisted of a
pool of total RNA extracted from different tissuafs10 female mosquitoes. The RPS17 gene was

also used for normalization of RNA templates.

2.5. miRNA target prediction and validation

NCBI BLAST (http://www.ncbi.nih.gov/BLAST), RNAHyhd (Rehmsmeier et al., 2004) and

RNA22 software (IBM) were used to identify the pdtal miRNAs induced inVolbachia-infected

female mosquitoemteracting withAaArgM3 using the seed region complementarity and minimum
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free energy (mfe) of -21 kcal/mol as the two maiteda.

To experimentally confirm the interaction betweenRMAs and the target genéaArgM3,
fragments of 200-500 bp long #ArgM3 3'UTR containing the target sequences of aae-miR-
2940, aae-miR-278, aae-miR-315, and aae-miR-100@ amplified using primers with specific
restriction sites Xbal and Sacll. The fragmentseatben extracted from agarose gel, digested with
Xbal and Sacll, and ligated into plZ/V5-His vect@nvitrogen) downstream of th&FP open
reading frame. The right plasmids, confirmed byuseging, were subsequently co-transfected into
Sf9 cells (derived fromSpodoptera frugiperda) together with control or miRNA mimics,
respectively. All mimics were synthesized by Gerapia and used in transfection studies at a
concentration of 10QuM/ml. Cells were collected at 72 h after transfeas, total RNA was
extracted and RT-gPCR analyses were performed teyrdime the expression levels of tG&P

gene. Three biological replicates with three techlmieplicates were analysed.

2.6. RNAi-mediated gene silencing

For RNAi-based experiments, dsRNAs were synthesizeditro using the T7 Megascript
transcription kit according to the manufacturerstruction (Ambion Inc., USA). T7 promoter
sequences (TAATACGACTCACTATAGGG) were incorporated both forward and reverse
primers designed to amplify ab00 bp fragment of thede. aegypti Dicer-1 (forward: 5'-
CCCGGACCAAGTCCTAGTA-3’; reverse: 5-CAACTCTTTCGGCAETAA-3’), AaArgM3
(forward: 5-ATGCTATCCTCGATAACG-3’; reverse: 5-TGCATGATGTTAGCATTG-3") and
the jellyfish GFP genes. For dsRNA synthesis, 200-500 ng of PCRuatodias used for each
reaction. Reactions were incubated for 12 h atCQ3™DNase-treated and precipitated by the lithium
chloride method following the manufacturer’s instians. A total of 5u1g of dsSRNA was used to
transfect Aag2 or aagiMelPop-CLA cells with 5pul of Cellfectin transfection reagent
(Invitrogen). To reinforce silencing, cells werarisfected again with the same reagent at 48 h after
the first transfection. Cells were collected for RbNr DNA isolation as required for further analysis

at 24 h after the second transfection. Gene sibgneiras confirmed by RT-gPCR using gene-

7
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specific primers t®icer-1 andAaArgM3 genes.

2.7. Western blotting

Cell samples were resuspended in PBS buffer tohwikSDS-PAGE loading buffer was added.
Proteins were separated on a 10% SDS-PAGE andfdreats onto a nitrocellulose membrane.
After blocking the membrane, it was probed withi-&#P antibody (Abcam) and subsequently
with alkaline phosphatase conjugated anti-rablibady (Sigma). The same blot was subsequently

probed with anti-histone H3 antibody (Invitrogea)confirm equal loading of samples.

3. Results

3.1. Expression profile of AaArgM3 in Ae. aegypti mosquito

By performing the NCBI BLAST, RNAHybrid and RNA22ftware, a putative protein arginine
methyltransferase AGArgM3, GeneBank ID: XM_001654962) froke. aegypti was identified as
another target of aMolbachia upregulated miRNA, aae-miR-2940-5p, which was onesly
confirmed to upregulate the transcript levels @f thetalloprotease ftsMgtP) gene (Hussain et al.,
2011) and downregulate the transcript levelg@dnmt2 gene (Zhang et al., 2013). aae-miR-2940
is a mosquito-specific mMiRNA with its homolog abisénother insects (based on miRBase v.20).
Sequence alignment showed that AaArgM3 is a hom@agf protein arginine methyltransferases,
PRMT3 from human and DARTS3 fromrosophila (Bedford and Clarke, 2009; Boulanger et al.,
2004). PRMT3 is a type | PRMT, and has been shaweta cytosolic protein. Alignment results
showed that there is 48% amino acid identity betwBeosophila DART3 and Ae. aegypti
AaArgM3.

In Drosophila, human and other animals, the expression of Arggvi@evelopmentally and tissue-
specifically regulated (Bedford and Clarke, 20080uBnger et al., 2004). By usidg@ArgM3 gene-
specific primers, we first investigated the expi@ss pattern of AaArgM3 in different
developmental stages 8&. aegypti by RT-PCR. Results showed that the transcriptéadirgM3

were detectable in the first and fourth instar &nand adult female mosquitoes, but hardly
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detectable in the second and third instar larvag. (FA). Further analysis showed thaArgM3
was mainly expressed in the abdomen of both matk famale mosquitoes (Fig. 1B), which
suggests thafaArgM3 could be specifically expressed in some organthénabdomen. Tissue-
specific RT-gPCR analyses of five tissues (ovanggut, salivary, muscles and fatty body) from 4-

day-old femalede. aegypti confirmed that AaArgM3 was mainly expressed indliary (Fig. 2A).

3.2. Wolbachia induces the expression of AaArgM3 by using host miRNAs

It has been shown thafolbachia manipulates host gene expression by regulatingNAIR
expression ine. aegypti, which improves colonization and blockage of DEK&plication in the
host (Bian et al., 2010; Hussain et al., 2011; Maret al., 2009; Osei-Amo et al., 2012; Zhang et
al.,, 2013). Based on these, we investigated theesgpn ofAaArgM3 in female mosquitoes
infected with Wolbachia and DENV using RT-gPCR. Results showed about ma-higher
transcript levels oAaArgM3 in Wolbachia-infected mosquito tissues compared with thosehef t
tet-cured mosquitoes (withoMtolbachia; Wol) (Fig. 2A-D). In Ae. aegypti mosquitoes infected
with DENV, the transcript levels ofaArgM3 did not significantly change compared with the
mock-infected mosquitoes (Data not shown).

We also investigated the expression profileshafArgM3 in Ae. aegypti cell lines infected with
wMelPop-CLA (aag2vMelPop-CLA) or without (Aag2) by RT-PCR. Resultsdicated that
AaArgM3 was expressed at much higher levels in agg2/Pop-CLA cells compared with Aag2
cells (Fig. 3A). To investigate whether miRNAs amgolved in the regulation aAaArgM3, the
Dicer-1 gene was silenced using RNAI in aag2elPop-CLA cells. After confirming gene
silencing, RT-PCR was carried out to explore theression ofAaArgM3. The expression levels of
AaArgM3 were considerably decreased compared wibkatransfected aagiMelPop-CLA cells
(Fig. 3B), which suggested that the upregulatiorhRaArgM3 expression in aagZMelPop-CLA

cells could be mediated by miRNAs.

3.3. AaArgM3 istargeted by aae-miR-2940

The target sequences of aae-miR-2940-5p were peedin the 3° UTR ofAaArgM3 from
9
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nucleotides 1991 to 2013 with significant completaaty to the miRNA'’s seed region (Fig. 4A).
To confirm the interaction of aae-miR-2940-5p wA@ArgM3, we transfected aag@vielPop-CLA
cells with specific synthetic aae-miR-2940-5p amd-aniR-2940-3p inhibitors. RT-PCR results
showed much lower transcript levels A#ArgM3 in the cells transfected with aae-miR-2940-5p
specific inhibitor compared with the cells transéet with the control aae-miR-2940-3p specific
inhibitor (Fig. 4B). To further validate the postiinteraction of aae-miR-2940 wifkaArgM3, the
target sequences were cloned downstream of the deRP in the plZ/V5 vector (Fig. 5A). The
plasmid was subsequently co-transfected into SI8 tegether with aae-miR-2940 mimic and a
control mimic (random sequences). The Sf9 celg,liwhich lacks the miRNA, provides an
independent system to test the miRNA-target intemac RT-gPCR analyses were carried out to
assess the effect of mMIRNA-mRNA interaction onttla@script levels of th&FP gene. The results
showed that there were significantly higher lewd&FP transcripts in cells transfected with aae-
miR-2940 mimic compared to cells transfected witbck and control mimic (Fig. 5B). The
upregulation was also confirmed at the protein lleseng an anti-GFP antibody (Fig. 5C). These
results suggested that aae-miR-2940-5p upreguthtedranscript levels oRaArgM3, which is
consistent with the expression patterrAafArgM3 gene in mosquitoes with or withoWolbachia
(Fig. 2).

Further bioinformatics analysis indicated ti#&stArgM3 could also be a potential target of three
other miRNAs, aae-miR-278, -315, and -1000. We shigated the interaction &aArgM3 gene
with these predicted miRNAs by cloning their copasding target sites iAaArgM3 (Fig. 6A)
downstream of theGFP gene. The constructs were co-transfected into &g with their
corresponding mimics. While aae-miR-278 and -108@ ho effect, aae-miR-315 mimic increased
GFP transcript levels compared with mock and the @dntrimic (Fig. 6B). However, when we
checked our previous microarray data (Hussain .et2él11), we found that aae-miR-315 levels
slightly increased itWolbachia-infected female mosquitoes but the difference n@ssignificant.

Aae-miR-315 may regulatédaArgM3 but perhaps not in the context Wolbachia-mosquito

10



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

interaction.

3.4. AaArgMa3 facilitates Wolbachia replication

In previous studies, we reported thAblbachia infection leads to up- or downregulation of a
number of host genes, which facilitatéolbachia replication and maintenance in mosquito cells
(Hussain et al., 2011; Osei-Amo et al., 2012; Zhangl., 2013). Considering that aae-miR-2940-
5p upregulates the transcript levelsAs#ArgM3, we first investigated whether AaArgM3 has any
effect onWolbachia replication in aag&¥MelPop-CLA cells. For thishaArgM3 was silenced in the
cells and the density dfolbachia was analysed by gPCR. RT-gPCR confirmed that itbacsng
efficiency was over 90% (Fig. 7A). gPCR resultshwitsp gene-specific primers revealed that
Wolbachia density was significantly lower iAaArgM3 silenced cells, when compared with cells
transfected with dsGFP or mock (Fig. 7B). This lesuggests that AaArgM3 enhandéfslbachia
replication in the cell line, which is consistentiwthe expression profile thaaArgM3 expression

is considerably higher in the female mosquitoeshwitolbachia, compared with tet-cured

counterpart mosquitoes (Fig. 2).

3.5. AaArgMa3 does not regulate DENV-2 replication

In both Ae. aegypti mosquitoes and cell lineByolbachia was found to limit replication of DENV
(Bian et al., 2010; Moreira et al., 2009), whichulkbbe due to manipulation of the host gene
expression via miRNAs bwolbachia. To explore the effect of AaArgM3 on DENV replicat, we
silenced AaArgM3 by transfecting Aag2 cells witaArgM3 dsRNA that were subsequently
infected with DENV-2. Total RNA at 72 h after virmifection was isolated and analysed by RT-
gPCR with DENV-specific primers. RT-qPCR confirm#étht the silencing efficiency was about
85% (Fig. 8A). The results showed that the relambeindance of DENV was not significantly
different inAaArgM3 silenced cells compared with cells transfectedh Wwg&GFP or mock (Fig. 8B).
Even silencing of the gene in aagRlelPop-CLA cells in which higher levels #aArgM3 are
found, DENV replication was not different in moadsGFP or dsAaArgM3 cells (Fig. 8C). These

results suggest that AaArgM3 might not regulatdicapon of DENV in the mosquito cells, which
11
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IS consistent with the expression profile that tiamscript levels oAaArgM3 were not different in

non-infected and DENV-infected mosquitoes.

4. Discussion

Utilization of Wolbachia has appeared as a viable non-chemical controtegiyrato limit
transmission of vector-borne pathogens since tHegkbreplication of a variety of pathogens,
including arbovirused\olbachia strains have been successfully introduced Agtaegypti andAn.
gambiae, the important vectors of dengue fever and malama others in an effort to suppress
transmission of DENV anBlasmodium (Bian et al., 2013; Bian et al., 2010; Blagrovealet 2012;
McMeniman et al.,, 2009; Xi et al.,, 2005). To sues/ihand persist in the new hosts, the
endosymbiotic bacteria have to evade or overcons¢ inanune responses. Hussain et al. (2011)
have previously reported thedolbachia wMelPop-CLA strain induces differential expressidrnao
number of host miRNAs, including the mosquito-specaae-miR-2940, iMAe. aegypti. In Ae.
aegypti, aae-miR-2940 upregulates the expression of agettgene, metalloprotease ftdviefP),
which is crucial for efficient replication and m&nance of the endosymbiont (Hussain et al.,
2011). Osei-Amo et al. (2012) found that differalyi expressed aae-miR-12 downregulates the
expression of two target gen®CT1 andMCM®6, which also play a role iWolbachia’s fitness in
the mosquito cells. In addition, the methyltranaéetAaDnmt2 was identified to be another target
of aae-miR-2940 and plays an important role inrg@ication ofWolbachia andcontributes to the
inhibition of DENV replication inAe. aegypti (Zhang et al., 2013). These findings have shd lig
on molecular mechanisms by whid¥olbachia manipulate the host’s environmentAa. aegypti.

In the present studyAaArgM3 was identified as another target gene of aae-r3#032 The
interaction of aae-miR-2940 witAaArgM3 was confirmed and validated by using a synthetic
inhibitor and mimic of aae-miR-2940 (Fig. 4B and By examining the expression patterns, we
found that the transcript levels ABArgM3 were significantly higher iWolbachia-infected female
mosquitoes (Fig. 2) and cells (Fig. 3A). SilencimigAaArgM3 gene in aag2MelPop-CLA by

RNAI showed a significant decline Molbachia density, but no effect on DENV (Fig. 7B, 8C).
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Further, silencing ofAaArgM3 gene followed by DENV infection in Aag2 cells shedvno
significant effect on DENV replication. These résusuggest that by inducing the expression of
aae-miR-2940,Wolbachia upregulates the expression #8ArgM3, which in turn benefits
Wolbachia in Ae. aegypti.

Methylation of arginine residues is a widespreadstipanslational modification of proteins
catalyzed by a conserved family of protein argininethyltransferases. Protein arginine
methyltransferases are classified into three typgsmethylated arginine residues including
asymmetricn-N®, N®-dimethylarginine (ADMA), symmetrie-N®, N®-dimethylarginine (SDMA)
and o-N®-dimethylarginine (MMA). Type | includes PRMT1, 3, 4 and 8; type Il includes
PRMT5 and 7 and type Il includes PRMT7 (Bedford &larke, 2009; McBride and Silver, 2001).
They have diverse biological roles in the regulatad a large array of cell processes including
signal transduction, subcellular localization, RNpkocessing and transcription (Bedford and
Clarke, 2009; Krause et al.,, 2007; McBride and &il\2001). In recent years, PRMTs from
mammals have been found to play essential roleeegulating the replication, production and
infectivity of a variety of viruses. For exampleRMT1 negatively regulated Hepatitis Delta virus
(Li et al., 2004), hepatitis B virus (Benhendalet2013), hepatitis C virus (Duong et al., 2008y a
Herpes Simplex virus (Souki et al., 2009; Yu et 2010). PRMT1 and PRMT?5 together repressed
HIV long terminal repeat transcription and consetqlyesuppressed replication of the virus (Kwak
et al., 2003). PRMT6 inhibited HIV-1 transcriptiaghrough the methylation of Tat, Rev and
nucleocapsid proteins (Boulanger et al., 2005; nmeei et al., 2007; Invernizzi et al., 2006;
Singhroy et al., 2013; Xie et al., 2007). In ouelpninary experiment, exposure of Aag2 cells to a
protein arginine methyltransferase inhibitor (ad#ne-2,3-dialdehyde) led to increased DENV
replication (Zhang et al., unpublished data). lis thtudy, we did not find that silencing of
AaArgM3 had any effect on DENV replication, but wannot exclude the possible role of
AaArgM3 in regulating DENV replication. This is bmese inAe. aegypti there are eight family

members of protein arginine methyltransferaseschvisbuld have overlapping function probably
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compensating the function of AaArgM3 when it wasersted. Further study is required to
investigate which family member(s) play a roleegulating DENV replication.

MiRNAs have been implicated as gene regulatorgaling diverse biological processes including
development, cancer, immunity and host—microorganigeractions. They usually downregulate
their target genes by either degradation of thgetamRNA or repression of translation (reviewed in
Asgari, 2013; Bartel, 2009). A large number of mi#&\have been identified to control the DNA
and RNA methylation machineries (Denis et al., 30However, very few miRNAs have been
identified to regulate protein arginine methylatiGtecently miR-181a, b, ¢, and d family members
were found to directly regulattARM1 (PRMT4) expression in human embryonic stem cells (Xu et
al., 2013). All the miR-181 family members tardet 8’ UTR of CARML1.

In our study, we identified and confirmed that aa&-2940, which is induced in the presence of
Wolbachia, enhances the expression of a protein argininehytieinsferase AaArgM3, in Ae.
aegypti, which appears to be important fdfolbachia fithess. This suggests a positive feedback
loop in which Wolbachia infection induces aae-miR-2940 that in turn pugsly regulates
AaArgM3 leading to moraNolbachia. However, the mechanism by which the protein fatés
Wolbachia maintenance remains to be investigated. Our sesuljgest thatolbachia manipulates
host physiology and gene expression for colonipatio mosquitoes using multiple targets of

differentially regulated miRNAs.
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Figure Legends

Fig. 1. AaArgM 3 expression in Ae. aegypti. (A) RT-PCR analysis was performed using the total
RNA samples fromAe. aegypti mosquito larvae and female adul(8) RT-PCR analysis was
performed with head+thorax (HT) and abdomen (Abjnokquito females and maleRpsl7 gene

was used as control to show the integrity of RNA.

Fig. 2. Tissue-specific expression of AaArgM3 in female Ae. aegypti mosquitoes. RT-qPCR
analysis of transcript levels dtaArgM3 in ovary, midgut, salivary glands (Salivary), tacic
muscle tissues (Muscle) and fat body from 4-day{&l}l tetracycline-treated non-infected (Wol
and(B) Wolbachia-infected (Wol) female mosquitoes. The transcript level®\afrgM3 were also
compared in(C) the ovaries andD) fat body in the samples. Asterisks indicate a iBgant

difference between treatments @*< 0.001).

Fig. 3. AaArgM3 expression in aag2-wMelPop-CLA and Aag2 cells. (A) RT-PCR analysis of
RNA extracted from aag@2MelPop-CLA (Pop) and Aag2 cell{B) RT-PCR analysis of RNA
extracted from mock and dsDicer-1 transfected amg2iPop-CLA cells.Rpsl7 gene was used as

control to show the integrity of RNA.

Fig. 4. AaArgM3 transcript levels are upregulated by aae-miR-2940-5p. (A) Schematic diagram
showing theAaArgM3 mRNA and its target sequences with complete comghtarity of aae-miR-
2940-5p seed region (bold and underlined) withsbguencegB) RT-PCR analysis oAaArgM3
relative transcript levels using RNA extracted fraag2wMelPop-CLA cells transfected with
mock, synthetic aae-miR-2940-5p or aae-miR-294Qe8ptrol) inhibitors Rpsl7 gene was used as

control to show the integrity of RNA.

Fig. 5. Target validation of aae-miR-2940. (A) Schematic diagram showing the cloning strategy
of AaArgMs3 target sequence complementary to the miRNA segidirdrom theAaArgM3 3'UTR
under theGFP reporter gene in the plZ vectqB) RT-qPCR analysis oGFP transcript levels

using the RNA extracted from Sf9 cells co-transddctvith plZ-GFP-target and mock, synthetic
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488 "control mimic or aae-miR-2940 mimiéctin gene was used as the normalizing control. Asterisk
489 indicate a significant difference between mock antol mimic and aae-miR-2940 mimic
490 transfectionsgf < 0.0001).(C) Western blot analysis of Sf9 cells transfectechwalZ/ GFP-target
491  together with aae-2940-5p mimic (2940), control mifCmimic), no mimic (Nmimic) or mock
492  transfected without plasmid (Mock). The blot wash@d with anti-GFP antibody and subsequently

493  with anti-histone H3 to show equal loading of sagspl

494  Fig. 6. Interactions of AaArgM3 with predicted miRNAs. (A) Ae. aegypti AaArgM3 was

495 predicted to be the target of aae-miR-278, -318,-4000 with complete complementarity of their
496  seed regions (bold and underlined) with the seqsiiB) RT-gPCR analysis of GFP expression
497 using RNA extracted from Sf9 cells transfected wtl-GFP-target and mock, synthetic control
498  mimic, aae-miR-278, -315 or -1000 mimidktin gene was used as the normalizing gene. There

499  are statistically significant differences betweeratments with different letters jak 0.05.

500 Fig. 7. AaArgM 3 facilitates Wolbachia replication. RNAi-mediated silencing oAaArgM3 gene
501 was carried out in aagiMelPop-CLA cells for 72 h(A) RT-gPCR analysis oAaArgM3 gene
502 relative toRPSL7 in aag2wMelPop-CLA cells transfected with mock, GFP akaArgM3 dsRNAs.
503 (B) gPCR analysis ofWolbachia density in aagivMelPop-CLA cells 72 h after transfection with
504 mock, GFP andhaArgM3 dsRNAs using primers specific to theolbachia wsp gene. Asterisks
505 indicate a significant difference between transtectvith AaArgM3 dsRNA and other treatments

506  (*** p<0.0001; **p < 0.001).

507 Fig. 8. AaArgM 3 has no effect on DENV replication in Aag2 or Wolbachia-infected Aag2 cells.
508 RNAi-mediated silencing oAaArgM3 gene was carried out in Aag2 celf h after transfection
509  with dsRNA, cells were infected with DENV-2. At Fafter infection, total RNA was extracted
510 from cells.(A) RT-gPCR analysis oAaArgM3 gene relative t&RPSL7 in Aag2 cells transfected
511  with mock, GFP anddaArgM3 dsRNAs and infected with DENV-ZB) RT-gPCR analysis of

512 RNA using DENV-specific primers in Aag2 cells tréaxted with mock, GFP andaArgM3
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513 dsRNAs and then infected with DENV-gC) RT-gPCR analysis of RNA using DENV-specific
514 primers from aag&MelPop-CLA cells transfected with mock, GFP ahaArgM3 dsRNAs and
515 then infected with DENV-2 for 72 h. Silencing 8BArgM3 in aag2wMelPop-CLA cells was
516 confirmed as shown in Fig. 7Asterisks indicate a significant difference betw#mnsfection with

517 AaArgM3 dsRNA and other treatments (*{< 0.0001).
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Figure 7
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Highlights

* Arginine methyltransferase was found as another target of aae-miR-2940-5p, a mosquito-
specific MIRNA

» Arginine methyltransferase is induced in Wolbachia-infected Aedes aegypti mosqguitoes and
cells

 Arginine methyltransferase is positively regulated by aae-miR-2940-5p.

* Arginine methyltransferase contributes to replication/maintenance of Wolbachia but has no
effect on dengue virus replication.



