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Abstract

Linkage studies have revealed a linkage of mild malaria to chromosome 6p21 that contains
the NCR3 gene encoding a natural killer cell receptor, whereas NCR3-412G !C (rs2736191)
located in its promoter region was found to be associated with malaria in Burkina Faso. Here
we confirmed the association of rs2736191 with mild malaria in a Congolese cohort and
investigated its potential cis-regulatory effect. Luciferase assay results indicated that
rs2736191-G allele had a significantly increased promoter activity compared to rs2736191-
C allele. Furthermore, EMSAs demonstrated an altered binding of two nuclear protein com-
plexes to the rs2736191-C allele in comparison to rs2736191-G allele. Finally, after in silico
identification of transcription factor candidates, pull-down western blot experiments con-
firmed that both STAT4 and RUNXS3 bind the region encompassing rs2736191 with a higher
affinity for the G allele. To our knowledge, this is the first report that explored the functional
role of rs2736191. These results support the hypothesis that genetic variation within natural
killer cell receptors alters malaria resistance in humans.

Introduction

Malariacausedy parasitesemainsamajor globalpublic healthprob-

lemwith 212million newcasesind429000deathsn 2015accordingto the WHO [1]. Sub-

Sahararmfrica accountedor mostof thesenewcasesanddeathgnearly90%).
Thecontribution of hostgeneticvariantsto susceptibilityto

malariahasbeenwidely studiedsincethe discoveryof the protectiverole of sicklecell
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mutation againsimalaria[2+4]. Indeed,malariaparasitehaveexertedstrongselectiveres-
sureon the humangenomean endemicareasleadingto the progressivaccumulationof
geneticadaptationsn thesepopulationg5]. Linkageand associatiorstudieshavereported
severahssociationbetweerpolymorphismsof candidatdoci and variousmalaria-related
phenotype$6]. Thesephenotypeswhich characterizenalariaseverityjncludehigh parasitae-
mia, fever,anaemisandcerebraimalaria.

Severalinkageanalysesonductedn differentAfrican ethnicgroupsprovidedevidenceof
linkagebetweerthe 6p21llocusand mild malaria[7+9]. In addition, severapolymorphisms
found underthelinkagepeak,andmore preciselywithin and genesyere
independentlyassociatetvith subphenotypesf mild malariasuchasparasitaemiar mild
malariaattackin BurkinaFasd10+12].Amongthoseseveral  and polymorphisms
havebeencharacterize@scis-regulatorypolymorphismg13+18].However the functional
effectof the polymorphismlocatedwithin the promoterof geneg( >,
rs2736191)whichencodesNKp30receptorwasunknown.

ThenaturalcytotoxicityreceptorNKp30 (natural cytotoxicitytriggeringreceptor3, )
hasbeenidentifiedto trigger NK-celltmediatedilling of severatumor celllines[19], virus-
infectedcells[20], fungalcells[21], andalsodendritic cells[22,23].In patientswith acutemye-
loid leukaemiagdown-regulationof NKp30expressiomasbeenshownto correlatewith a
decreasetllK cellscytotoxicity[24]. Severastudiesprovidedevidenceshat NK cellsdirectly
andspecificallyinteractwith infectederythrocyteg25+27]resultingin their killing through
cytotoxicactivity[28+32]andthis lysismaybetriggeredby the recognitionof ligandsexp-
ressedn parasitizedRBCsurfaceby NK cellreceptorsamongthem NKp30receptor[30,33].
BesidedNKp30engagemendtthe NK cellsurfacecanleadto the productionof IFN , which
hasbeenshownto correlatewith areducedrisk of mild malaria[34,35].Therefore polymor-
phismsthatreduceNKp30expressiommayincreaseherisk of mild malaria.Also,wehypothe-
sizedthatthers2736191-@lleleassociatedith mild malariain BurkinaFasdindsless
efficientlytranscriptionfactorsrecruitedto the promoter,andthatit diminishesthe expression
of its targetgene Hereweinvestigatedhe cis-regulatoryeffectof rs2736191andits associa-
tion with mild malariain apopulationliving in the Republicof Congo,wheretherearelimited
humangeneticdatain relationwith infectiousdiseasef36].

Materials and methods

Subjects and phenotypes

Thestudysubjectdaveresidedn KinsanaMbouonoand Ngoko,threesuburbanareaslose
to eachotherandlocatedin MakA&dd, oneof the severdistrictsof Brazzavill§Congo)[37].
Threehundredandseventeeindividualswererecruitedbetweenpril and June2010andfol-
lowedup during oneyear Bloodsamplesverecollectedat MakAdkddhealthdivision, which
is locatedat 6km from the studyareain the centreof the district; awritten informed consent
signedby the parentsor legalguardiansvasobtainedfor the children.In this areamalariais
transmittedthroughoutthe yearwith . beingthe predominantspeciesnd
themain mosquitovector[38,39].All therecruitedindividualsbelongedo Bantu
ethnicity,andwereagedrom oneto nine yearsAgemeanwas4.34(SD= 2.55),andsexratio
wasl.13(167Maleand148Female)During the studyperiod,if achild presentecanysymp-
tomsrelatedto clinical malaria,hewasexaminedatthe healthcenterandtreatedin caseof
malariaepisodgpositivethick, thin blood smearsaindaxillarytemperature37.5EC). Thick
andthin blood smearsvereindependentlyreadby atleasttwo trainedbiologists Theslides
werereadusinganoil immersionlensata 100xmagnification A slidewasconsiderechegative
whenno asexuaparasitevasobservedifterreadingatleast1 00thick fields.For positive
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resultsasexuaparasitesverecountedagainsitleast200leucocytesindexpressedsthe
numberof asexuaparasiteper |, assuming,000eucocytes/ lof blood. The childrenwho
experiencedtleastoneclinical malariaattackwereclassifiedn agroupasmild malaria,
whereaghe childrenwithout anyreportedmild malariaepisoden spiteof the carriageof par-
asitegduring the follow-up periodwereconsiderecasasymptomaticasandwereclassifiedn
agroupasasymptomatichildren. Thisledto determineabinary mild malariaphenotypeln
addition,the numberof malariaepisodesvasregisteredandwasconsideredcasanotherphe-
notype.Theethicalapprovalwasgivenby the Institutional EthicsCommitteefor Researclon
HealthSciencesf the Republicof Congo.

DNA extraction and rs2736191 genotyping

GenomicDNA wasextractedrom 200 | of peripheralwholeblood samplegrom patients
andasymptomatiéndividualsusingQlAamp DNA BloodMini Kit (QiagenHilden, Ger-
many);DNA samplesverethenamplifiedby lllustra GenomiPhivV2 DNA Amplification kit
(GEHealthcard.ife Sciencesyelizy-VillacoublayFrance)ollowing the manufacturer's
instructions.PCRamplificationof DNA fragmentscontainingrs273619 With forward (5'-
GATGGGTCTGGGTACTGGTG-3)andreversg5'-GGGATCTGAGCASTGAGGTC-3)
primerswasdescribedy Delahaye . [10]. For RFLPanalysisthe PCRproductof
rs273619wasdigestedvith 10units of Pfol restrictionendonucleasérhermoFisherScien-
tific, Waltham,MA, USA)at 37EQvernight. The digestionproductswereloadedon to Agi-
lent DNA 1000chipsandanalyzedn the 2100Bioanalyzerper manufacturer'snstructions.
Validation of the PCR-RFLHAnethodwasassessey sequencin@7 PCRproductsof
rs2736191correspondingo 37individuals)on aBeckmarcoulter CEQ8800sequencer
accordingto manufacturer'protocol (BeckmanCoulter,Brea,CA, USA).Threehundredand
fifteenDNA sample®fthe 317samplesveresuccessfullgenotypedS1Table).

Statistical analysis

Hardy-Weinbergequilibrium wastestedandallelicfrequenciesverecalculatedasdescribed
[40]. To estimatehe associatiorof rs273619polymorphismwith the binary mild malaria
phenotypeweuseda chi-squargest.We further performedalogisticregressioranalysigo
evaluatghe oddsratios(OR) andtheir 95%confidencentervals(Cls). Moreover,weassessed
the associatiorof the investigatedSNPwith the numberof episodedy aKruskaland Good-
man'sgammatestandthe Poissorregressiormethod.To assesthe effectof the SNPon the
promoteractivity, Student'd-testwasusedaftercheckingthe normality of the distributionsby
usingthe Shapiro-Wilkmethodandtheir varianceequalityby usinga Fishertest.All analyses
wereperformedby usingeitherR or SPSSoftwarg(SPSSBoulogneFrance) Only termssig-
nificant atthe 5%levelwereretained.

NCR3 linkage disequilibrium analyzes

To evaluatehelinkagedisequilibriumstatusof the regionwherers2736191s locatedwe
exploredthe 1000GenomeProjectdata[4 1] for the YorubapopulationthroughEnsembl
browser{42].

Cell culture

HumanNK92 cells(ATCC, Manassas/A, USA,ATCC1 CRL-2407 )wereculturedin alpha
MEM (ThermoFisherScientific Waltham,MA, USA),supplementedvith 12.5%horse
serum,12.5%etalcalfserum(FCS),2 mM L-glutamine,1.5g/l sodiumbicarbonatep.2mM
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inositol,0.1mM 2-mercaptoethanol).02mM folic acidand 100U/ml recombinantlL-2
(PeproTecHnc., RockyHill, NJ,USA).K-562cellsltATCC1 CLL-243)weregrownin
Gibcol RPMI1640medium(ThermoFisherScientificWaltham,MA, USA)supplemented
with 20%fetalbovineserum.

Luciferase assay

A 663bpDNA fragmentupstreanthe translationstartsite(chromosomes: 31592727+
3159338%ccordingto the hg38assemblyyvasclonedby 2Stickyend PCRCloning® method.
Briefly,two PCRwereperformedon humangDNA from NK92 cellline usingHerculasel
Fusionenzyme(Agilent TechnologiesSantaClara,CA, USA, cat#600679)PCR1with thefor-
wardprimer (& *&*7$& & & $ $ & & Hphdtbc¥eversgprimer (*$$*$7*7& & & $*7
7 ** & * $3nd PCR2with theforwardprimer (7$& & & $$ & & $ $ $ & H)asdihe &everse
primer (7 &*$*$$*$ 7 * 7®R*&& *IThe PCRproductsfrom PCR1land PCR2weremixed
andhybridizedtogetherto createa 663pbDNA fragmentwith Xhol andMlul stickyend.This
fragmentwasclonedinto the Mlul-Xhol sitesof pGL3-EnhanceWector(PromegaMadison,
WI, USA,cat#E1771,)which containedthefirefly luciferasecodingsequencdnitially, the
pGL3constructobtained presentedhe G alleleof rs2736191To obtainthe pGL3construct
containingthers2736191-@llele site-directednutagenesisisingthe Q5 Site-Directedviuta-
genesiKit (NewEnglandBiolabs]pswich,MA, USA,cat#E0554Syasperformedwith prim-
ersdesignedy NEBaseChangéool providedby the supplier(forward: $***& 7 & & 7*F $ *
*&TT*7 Tderse:& & 77**& & & $*$ $ * &idredl@igemperature67EC)K562trans-
fectionwasperformedwith Neon TransfectionSysten{Invitrogen)following constructor
instructions.For eachout of the 6 testsperformed,10° cellswereco-transfecteavith 1 g of
control vector(emptypGL3-Enhancevector)or with 1 g of testedconstruction(pGL3-En-
hancervectorcontainingthers2736191-G@p-G) or rs2736191-(p-C) promoter)and
200ngof pRL-SV4(Qa plasmidencodingRenillaluciferasdrom Promega)whichwasusedas
atransfectiorefficiencycontrol. Transfectedellsweremaintainedat 37EGn 5%CO2during
24h.FireflyandRenillaluciferasevaluesvereobtainedby analyzing?0 | of celllysateaccord-
ing to standardnstructionsprovidedin the Dual LuciferaseKit (Promegacat#£1910)n a
TriStar LB 941Multimode Microplate ReadelBertholdtechnologiesThermoFisherScien-
tific, Waltham,MA, USA).Thefirefly luciferaseactivity of eachsamplevasnormalizedby
Renillaluciferaseactivity and adjustedby pGL3-enhancemeanactivity.

Electrophoretic mobility shift assay

NK92 nuclearextractaverepreparedwith the NE-PERNuclearand CytoplasmicExtraction
ReagentéThermoFisherScientific,ThermoFisherScientific Waltham,MA, USA).Oligonu-
cleotideswveredesignedasedn the genomicsequencsurroundingrs2736191the SNPposi-
tion isshownin bold:5'-biotin- **$***& 7& & 7 **/ & $ ** &7 & 7 *All oligonucleotides
wereorderedfrom Eurofins(Eurofins,Strasbourgirance) We performedgelmobility shift
assaywith the LightShiftChemiluminescenEMSAKIt (ThermoFisherScientific)according
to themanufacturer'protocol.For competitionassay<2000r 400-foldexcessinlabelleddou-
ble-strandedariantoligonucleotidesvereincubatedwith the extractg23EC30min) before
probeaddition. Boundcomplexesvereseparate@n 6%polyacrylamidegelsandblottedonto
membraneTheblot wasprocessevith astreptavidin-horseradisheroxidaseonjugate-
basedletectionmethod.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187818 November 9, 2017 4/14


https://doi.org/10.1371/journal.pone.0187818

@° PLOS | ONE

NCR3 genetic variation in human malaria

In-silico identification of transcription factors candidates

An in silicopredictionof transcriptionfactor (TFs)candidatesvasperformedusingReMap
[43] andENCODECcatalog®f ChIP-segpeaksn lymphocytecells.To detectaco-localization
betweerthesdranscriptionfactorsbinding sitesand SNPswevisualizedhe TFsChIP-seq
peakdn the UCSCGenomebrowser44]. Then,to selecfTFscandidatesfor whichthe peak
of ChIP-secco-localizedvith the SNPof interestwe retainedthosewith the maximumsignal
representedh blackin the UCSCgenomebrowserfor the ENCODEcatalog45]. In thecase
of ReMapcatalog$2013unpublishedand[43]), weretainedall the TFs,for which the peakof
ChiP-secco-localizedwith the SNP.

DNA pulldown and Western blot assays

DNA pulldown assayvasperformedasdescribedoreviously{46]. Briefly,complementary
TEG-biotinylatedoligonucleotidegncompassinthers2736191-G/®inding site, ** $ * * * &
T&&T** &$** &7 7* 7*{tBektitical SNPis in bold), wereannealedo form dsDNA.
TEG-biotinylateddsDNA (2 g) wasconjugatedo 100 | streptavidin-boundnagneticheads
(ThermoFisherScientific, ThermoFisherScientific Waltham,MA, USA,Dynabeadsyi280;
I" ) in binding/washingbuffer (10mM TrisztHCI[pH 8], 1 mM EDTA,and0.1M NacCl)
for 30min atroom temperatureConjugateddNA wascollectedwvith amagnetigparticlecon-
centrator.DNA-conjugatedbeadsverethenblockedwith 0.5%BSAin TGEDN buffer (120
mM TriszHCI[pH 8],1mM EDTA, 0.1M NaCl,1 mM DTT, 0.1%Triton X-100,and10%
glycerol)atroom temperaturdor 1 h. Beadsverewashedn TGEDN bufferandresuspended
in 50 | TGEDN.Ten-microliterbeadsonjugatedo 2 g DNA wereequilibratedwith
TGEDN bufferandincubatedwith 500 g NK92 nuclearextractsand20 g herring sperm
DNA (Sigma-Aldrich,Saint-LouisMO, USA) at 4ECovernight.Beadsverewashedn
TGEDN buffer,andboundmaterialswvereelutedin 20 | of the samebuffer supplemented
with 0.5%SDSand1 M NacCl.

Theelutedproteinswereseparatethy 10%SDS-polyacrylamidgelandtransferrecelectro-
phoreticallyto aPVDFmembraneThe membranewvasthenblockedin a5%nonfatdry milk/
Tris-bufferedsolutionandincubatedwith primary antibodyovernight.For STAT4,STAT5A,
STAT5Bdetectiona 1:250dilution of ananti-STAT4rabbit polyclonalantibody(sc-489 Santa
CruzBiotechnologync., Dallas, Texas|JSA),anti-STAT5Arabbit polyclonalantibody(sc-
1081 SantaCruz Biotechnologync, Dallas,TexaslUSA),or ananti-STAT5Bmousemonoclo-
nal antibody(sc-1656SantaCruz Biotechnologyinc.) wasused For STAT3and EGR1detec-
tion, a1:500dilution of ananti-STAT3mousemonoclonalantibody(sc-8059SantaCruz
Biotechnologync.) or ananti-EGR1rabbit polyclonalantibody(sc-189 SantaCruz Biotech-
nologylInc.) wasused And for RUNX3detectiona 1:100ilution of ananti-RUNX3mouse
monoclonalantibodywasused(ab40278Abcam,Cambridge JUK). Theunboundprimary
antibodywasremovedby washingthe membranewith 0.1%Tween/Tris-bufferedolution,
followedby incubationwith horseradistperoxidase-conjugatesecondanantibodydiluted at
1:10000n 0.5%nonfatdry milk/Tween/Tris-bufferedsolution.Proteinswerevisualizedusing
ECL(GEHealthcard.ife ScienceYelizy-VillacoublayFrance).

Results
Association of rs2736191 with mild malaria and the number of episodes

ThreehundredandfifteenindividualsweresuccessfullgenotypedThe observedjenotype
frequenciesonformedto the Hardy-Weinbergequilibrium (P = 0.5086) Theallelicfrequen-
ciesfor thers2736191-@Gndrs2736191-@llelesvere0.73and0.27 respectively.
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Table 1. Clinical data of individ uals for rs2736191 polymo rphism.

Genotype Unaffected Affected Total
Individual s Individual s
GG 83 (61.1%) 85 (48%) 168 (53.3%)
GC 43 (31.2%) 78 (44%) 121 (38.4%)
CcC 12 (8.7%) 14 (8%) 26 (8.3%)
Total 138 (100%) 177 (100%) 315 (100%)

https://da.org/10.1371¢urnal.pon®187818.t001

To assestheassociatiorf rs273619polymorphismwith mild malariain the studypopu-
lation, we performeda Chi-squardestwith 1dfandalogisticregressioranalysisWe further
evaluatedhe oddsratiosandtheir 95%confidencentervals Amongthe 315individualsgeno-
typed,176presentedatleastonemalariaattackduring the study(Tablel). We found that car-
riersof thers2736191-@llelehadasignificantlyhigherrisk of mild malariaattackwithout age
asacovariatg(P = 0.033) andwith ageasacovariatg(P = 0,029) Table2). We further looked
attheagedistribution in the studypopulation.Fifty-three% of the individualswereunder5
yearsold (Table3). Thus,wesplittedthe populationinto two groups(subjectsinder5years
andsubjectover5 years)andtestedaninteractionbetweermgeandrs2736191Therewasa
significantinteraction(P = 0.0010R = 2.80,95%confidencanterval 1.53+5.12)jndicating
thatsubjectainder5 yearsandsubjectover5 yeardifferedin the effectof rs2736191Thus,
weconductedan analysisfterstratifyingindividualsby agecategories-or the over-5sub-
population,therewasa significantassociatiorbetweerthers2736191-@lleleand mild
malariaattackwith abetterp-value(P = 0.008)Table2), whereasherewasno longeranasso-
ciationfor the under-5sub-population.

Furthermore wetestedhe correlationbetweens2736193enotypeandthe numberof
mild malariaepisodegTables4,and S2and S3TableslusingKruskaland Goodman'sgamma
test.We found thatrs2736191-@llelewassignificantlyassociateith anincreasechumber
of episodegP = 0.036)In addition,we usedthe Poissorregressiorio assesthe correlation
betweerrs273619henotypeandthe numberof mild malariaepisodesaftertakinginto
accountage Theassociatiomwasno longersignificant(P = 0.087) We alsoperformedan anal-
ysisafterstratifyingby agecategorie$<5 yearsand 5 years)anddetectedasignificantasso-
ciationbetweerthers2736191-Carriageandanincreasechumberof episoden the over-5
sub-populationP = 0.006) whereasherewasno longeranassociatiorior the under-5sub-
population(P = 0,69).We confirmedthe associatiorof rs273619 Wwith the numberof mild
malariaepisodesor the over-5sub-populationby usingthe Poissorregressiorwhentaking
into accountage(P = 0.020).

Table 2. Association tests of rs2736191 with mild malaria.

Whole study populati on Individuals 52 Individual s 5°
P OR 95%ClI P OR 95%ClI P OR 95%ClI
Univariate anlysis® 0.033 1.63 1.04+2.56 0.59 1.18 0.65+2.16 0.008 2.59 1.28+5.25
Multivariate analysis® 0.029 1.67 1.05+2.63 0.52 1.22 0.66+2.27 0.009 2.57 1.27+5.20

& Children under 5 years of age

b Children over 5 years of age

¢ Assuming a dominant model (GG vs. GC+CC), p-values and Odd ratios were calculated according to logistic regression test for the affected/unaffected
phenotype without age as a covariate

4 Assuming a dominant model (GG vs. GC+CC), p-values and Odd ratios were calculated according to logistic regression test for the affected/unaffected
phenotype; the logistic model included age as a covariate

https://da.org/10.1371¢urnal.pon®187818.t002
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Table 3. Repartitio n of rs2736191 polymorp hism in the study population according to age.

Genotyp e Study populati on
Age 5 Age 5 Total
GG 89 (52.7%) 79 (54.1%) 168 (53.3%)
GC 63 (37.3%) 58 (39.7%) 121 (38.41%)
cC 17 (10%) 9 (6.2%) 26 (8.3%)
Total 169 (100%) 146 (100%) 315 (100%)

https://abi.org/10.1371durnal.por.0187818.t0B

rs2736191 affects NCR3 expression

To examinewhetherthers27361915>C affects promoteractivity; we performedsix
genereporterassayi K-562cells. Asshownin Fig 1,the transcriptionalactivity driven by the
p-C constructcontainingthers2736191-@lleledecreasedearby37%comparedwith that
drivenbythe p-G constructcontainingthe rs2736191-@llele(P = 0.00762).

Effect of rs2736191 polymorphism on transcription factors binding to the
promoter

The cis-regulatoneffectof rs273619polymorphismon transcriptionfactorsbinding was
testedhroughan EMSA.Two major DNA-protein complexesvererevealedasshownin Fig
2.To assesH these2 complexedind specificallyand preferentiallyone of thetwo variantswe
performedcompetitionassayvith anincreasingamountof non-labelledorobescontaining
eitherthe C or the G allele Bothcomplexesppearedo havea strongeraffinity for the G allele
asonly thers2736191-G@nlabellecdprobeabolishedreryefficientlythe binding of thesecom-
plexexcomparedo thers2736191-@nlabelledorobe(Fig 2).

STAT4 and RUNX3 bindings are altered by rs2736191 polymorphism

An in silicopredictionof transcriptionfactorcandidatesisingReMapand Encodecatalogs
of ChIP-seqgpeaksn lymphocytecellswasperformedandvisualizedn the UCSCGenome
browserWe explorethe co-localizatiorof ChlP-segpeakswith rs273619hndthe SNPsn
stronglinkagedisequilibriumwith it. The SNPexhibitingthe strongestinkagedisequilib-
rium with rs273619Wasrs2256974r> = 0.699) Rs225697# locatedin anon-conserved
regionwith neitherDNAse1footprinting nor H3K27Acmark co-localizatiorandwithout
evidenceof transcriptionfactorsbinding site,in contrastto rs273619polymorphism.
Indeed,rs2736191vasco-localizedvith STATsfamily membergReMapcatalogland SP1,
RUNX3,EGR1 EBF1L(ENCODEcatalog}ranscriptionfactors As SPlandEBF1signals
werequitelow, weselecteds TATsfamily membersRUNX3andEGR1for furtherin vitro
analysis.

Table 4. Proportio n of mild malaria episodes according to rs2736191 polymor phism.

Genotyp e

GG

GC

cC
Total

https://da.org/10.1371durnal.pon®187818.t004

0
83 (60.1%)
43 (31.2%)
12 (8.7%)
138 (100%)

Number of mild malaria episodes Total
1 2 3 4 5
54 (49.6%) 16 (43.2%) 6 (37.5%) 7 (53.8%) 2 (100%) 168 (53.3%)
47 (43.1%) 21 (56.8%) 6 (37.5%) 4 (30.8%) 0 (0%) 121 (38.4%)
8 (7.3%) 0 (0%) 4 (25%) 2 (15.4%) 0 (0%) 26 (8.3%)
109 (100%) 37 (100%) 16 (100%) 13 (100%) 2 (100%) 315 (100%)
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1.2 p=0.00762

Relative Luciferase Activity
o
o

o

pNCR3-412G pNCR3-412C

Fig 1. rs2736191 polymor phism affects NCR3 expression. Luciferase reporter gene assays with
constructs containing the rs2736191-G (p-G) or rs2736191-C (p-C) NCR3 promoter in K-562 cell line. All
constructs were co-transfected with pRL-SV40 to standardize transfection efficiency and luciferase activity for
each sample was adjusted by the empty pGL3-Enhancer. Fold increase was measured by defining the activity
of p-G vector as 1. Data shown are the means “ SE from 2 independent transfection experiments, each
performed in triplicate. The rs2736191-G-containing NCR3 promoter drove significantly higher reporter gene
expression (~37%) than the rs2736191C-containing NCR3 promoter (P 0.05, as shown in the Figure).
Statistical analysis was performed using two-tailed Student's t-test after controlling the normality of the data
and the equality of their variance.

https://abi.org/10.1371durnal.por.0187818.90L

Thus,wepulled-downNK92 nuclearproteinsthat bounda 26 bp double-strandedbiotiny-
latedprobecontainingeitherthers2736191-@r rs2736191-@ariantusingstreptavidin-mag-
neticbeadsWe further analyzedhe bound proteinsby performingawestern-blowith
antibodiedirectedagainstSTATSRUNX3andEGRL1.

Wedid not observeabinding of STAT3,STAT5A,STAT5Band EGR 1transcriptionfactors
to the sequenceontainingthe rs273619polymorphism(datanot shown).In contrastweevi-
dencedhatRUNX3and STAT4boundthe sequenceontainingthers273619polymorphism,
andthatthebinding to the onepresentinghe G allelewasstrongerwhencomparedo the one
presentinghe C allele(Fig 3).

el et

: [y

NCR3-412G probe + + + + + +
NK92 Nuclear Extract - + + + + +
NCR3-412G Competitor - - ++ +++ - -
NCR3-412C Competitor - - - - ++ +++

Fig 2. Effect of rs2736191 polymo rphism on transcri ption factors binding. EMSA with biotin-labelled
probes containing the G allele of rs2736191 and incubated with NK92 nuclear extracts. Competition was
performed with 200x (lane 3 and 5) or 400x (lane 4 and 6) excess of double-stranded DNA containing either
the G or the C variants. Two arrows indicate two specific nuclear proteins that interact with rs2736191-G
probe. The G variant was more effective in competing these two nuclear proteins compared to the C variant.

https://i.org/10.1371durnal.por.0187818.q0R
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Fig 3. Differential bindi ng of transcrip tion factor candidate s to rs2736191 polymor phism. DNA pull-
down assay was performed with nuclear extracts prepared from NK92 cells and complementary biotinylated
oligonucleotides encompassing the rs2736191-G/C binding sites. After the incubation, the nuclear protein
bound were isolated using magnetic beads coupled with streptavidin and subjected to 12% SDS-PAGE and
Western blotting for the transcription factors STAT4 and RUNX3. The strongest intensity obtained with the G
probe, for both STAT4 and RUNX3, suggests a preferential binding of these transcription factors in presence
of this allele compared to the rs2736191-C allele.

https://cbi.org/10.1371durnal.por.0187818.908

Discussion

We havepreviouslyevidenced genome-widesignificantlinkageof mild malariawith chro-
mosomebp21 which contains encodingfor the Nkp30receptor[ 7], anddetectech

geneticassociatioetweerrs273619polymorphism(locatedin promoterregion)and
mild malariain the sameBurkinabepopulation[10]. Thelocationof the SNPwithin the pro-
motersuggestethatthis SNPisa -regulatory variantcontrolling expressionin this

study,wethusevaluatedhe associatiometweernrs273619hnd mild malariain aCongolese
cohortandassesséits cis-regulatoryeffect.

Wefoundthatrs2736191-Carriershadasignificantincreasedchumberof mild malaria
episodesomparedo thenon-carriers.In the caseof the affectedvs.unaffectecohenotype,
themultivariatelogisticregressioranalysigevealedhat, aswell asthe studyin BurkinaFaso
[10], rs273619polymorphismwassignificantlyassociatedith the uncomplicatedorm of
malaria.lt shouldbestressedheverthelesshatthe presentstudyin Congowasbaseddn a
passivdollow up, whereaghe studyin BurkinaFasowvasbasedn anactivefollow-up;also,
the passivdollow-up canbeconsideredlimit of the presentstudy.In spiteof thislimit, the
oddsratio obtainedfor the over-5populationwasverycloseto the odd-ratio obtainedin the
Burkinabepopulation(OR = 2.59and OR = 2.93 respectively)whichwasmainly composed
of childrenover-5yearsof age.

Luciferasessayperformedin K-562cellsexpressinfNCR3mRNA [47] further supporteda
functionalrole of this SNP.Indeed weobservedhat the p-G constructpresentings2736191-G
allelehada 37%increasegromoteractivity comparedo the p-C constructpresentings2736191-
C allele Furthermore gelshift experimentsperformedwith NK92 nuclearprotein extractsshowed
anincreasedinding affinity of thers2736191-Glleleto two nuclearprotein complexegsompared
to thers2736191-Gllele.

On the basisof bioinformatic analysesyeidentified severatranscriptionfactorcandidates
correspondingo thesecomplexes-urthermore pull-down western-bloexperimentconfirmed
thatboth STAT4andRUNX3boundthe regionencompassings273619with ahigheraffinity
for the G allele STAT4is essentialor IL-12 mediatedcytotoxicityandIFN  productionin
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mouseandhumanNK cells[48] andadirectbinding to perforin promoterhasalreadybeen
reportedin humanNK cells[49]. ConcerningRUNX3transcriptionfactor,it is highly expressed
in naturalkiller cells[50] but fewis known aboutits function in thesecells.Neverthelesd,eva-
non . haveshownthat,in mice,RUNX3cooperationwith ETSand T-box transcriptionfac-
torsregulategheinterleukin-15-mediatedranscriptionprogramduring activationof Natural
Killer cells[51]. Most of thetime, thethreeNCR1,NCR2,andNCR3wereshownto beco-
expresseduggesting co-regulationof the threeNCRs whereasreducedexpressiorf the
threeNCRshasbeenassociatedith impairedNK cytolyticfunction [52,53].Moreover RUNX3
hasbeenshownto alsoregulateNCR1expression54] and ETS-1transcriptionfactorwasalso
shownto bind to aspecificandcommonregionin the NCRspromoters[55]. Our resultsfurther
supportthat RUNX3 canbeoneof thesekeyregulatoryfactorsthat sustainthe coordinatedreg-
ulation of threeNCRs.

Therole of NK cellsin malariahasbeenextensivelynvestigateatvokingeithertheir cyto-
kine productionfunction [27,56,57Dr their cytotoxicresponséo infectedred blood cells[28+
33].Accordingto Mavoungou . [30,33],themechanismunderlyingNK cellscytotoxicityin

malaria,is therecognitionof the DBL1 domainof the parasiticanti-
genPfEMP1by the NKp30activatingreceptor resultingin parasitizeded blood cellslysis.All
togethertheseresultssupportthe biologicalmodelinvolving NKp30receptorin the cytotoxic
responséo parasitizedRBC.HoweverNK cellreceptorsandinfectedRBCligandsleadingto
this cytotoxicresponseemainscontroversiallndeed,PfEMP 1thatis knownto bind several
othermoleculesuchaslCAM-1, complementreceptorl (CR1),hepararsulfate(HS),chon-
droitin sulfateA (CSA)and CD36[58], havefailedto activateNK cellcytotoxicityin otherstud-
ies[26,59].Neverthelessn thefirst studythe authorstestedheinteractionbetweerPfEMP1
andCSA whilein the secondstudy,authorshavelookedfor NK cytotoxicitymarkersafter6
hoursof co-culturewith eitherinfectedred blood cells(iRBC) expressing’fEMP 1or iRBCnot
expressindgP’fEMPlarguingthat the liganddensityof nativePfEMP 1on the surfaceof IRBCis
not enoughto activateNK cellscytotoxicitycomparedo #  high concentrationof peptidic
DBL-1 asproposedcby Mavoungou . [33]. Though,becausef its binding abilitieswith var-
iousreceptorsits diversityandits variabledensityon iRBC[60,61],involvementof PFEMP1
andits interactorson NK cellssurfacemeritsfurther investigation.

Besidesptherligandsandreceptorshavebeenproposedo beinvolvedin the cytotoxic
respons®f NK cellsamongthem,Hsp70,whichis adself°stresdigand[62] or LFA-1,which
isamoleculeessentiafor stablecontactwith targetcells[29,63].Astriggeringof atleastwo
activatingreceptords essentialor efficientNK cellscytotoxicityandcytokinereleasg64], a
synergistieeffectalsosuggestedy Mavoungou . [33] in amalarialcontext,theseresultsdo
not seemsontradictory.However this synergistiactivationrequiresfurther investigation.

In conclusionwereplicatedand extendedhe associatiorof rs273619ith mild malaria
in anindependenpopulationliving in CentralAfrica. Moreover,weevidencedts effecton
the promoteractivity and on the binding of nuclearproteins,including transcriptionfactors,
suchasSTAT4and RUNX3.Theseaesultssupportthe hypothesighatrs273619altersthe
activationof NK cells,andthusinfluenceshumanmalariaresistance.
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