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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 RUNX3 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
Malariacausedby ��������	� 
������
	� parasitesremainsamajorglobalpublichealthprob-
lemwith 212million newcasesand429000deathsin 2015accordingto theWHO [1]. Sub-
SaharanAfrica accountedfor mostof thesenewcasesanddeaths(nearly90%).

Thecontribution of hostgeneticvariantsto susceptibilityto ��������	� 
������
	�
malariahasbeenwidelystudiedsincethediscoveryof theprotectiveroleof sicklecell
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mutationagainstmalaria[2±4].Indeed,malariaparasiteshaveexertedstrongselectivepres-
sureon thehumangenomein endemicareas,leadingto theprogressiveaccumulationof
geneticadaptationsin thesepopulations[5]. Linkageandassociationstudieshavereported
severalassociationsbetweenpolymorphismsof candidateloci andvariousmalaria-related
phenotypes[6]. Thesephenotypes,whichcharacterizemalariaseverity,includehighparasitae-
mia,fever,anaemiaandcerebralmalaria.

Severallinkageanalysesconductedin differentAfrican ethnicgroupsprovidedevidenceof
linkagebetweenthe6p21locusandmild malaria[7±9].In addition,severalpolymorphisms
foundunderthelinkagepeak,andmoreprecisely,within ���, ��� and���� genes,were
independentlyassociatedwith subphenotypesof mild malariasuchasparasitaemiaor mild
malariaattackin BurkinaFaso[10±12].Amongthose,several��� and��� polymorphisms
havebeencharacterizedascis-regulatorypolymorphisms[13±18].However,thefunctional
effectof thepolymorphismlocatedwithin thepromoterof ���� gene(���������>�,
rs2736191),whichencodesNKp30receptor,wasunknown.

ThenaturalcytotoxicityreceptorNKp30(naturalcytotoxicitytriggeringreceptor3,����)
hasbeenidentifiedto triggerNK-cell±mediatedkilling of severaltumor celllines[19], virus-
infectedcells[20], fungalcells[21], andalsodendriticcells[22,23].In patientswith acutemye-
loid leukaemia,down-regulationof NKp30expressionhasbeenshownto correlatewith a
decreasedNK cellscytotoxicity[24]. SeveralstudiesprovidedevidencesthatNK cellsdirectly
andspecificallyinteractwith infectederythrocytes[25±27]resultingin their killing through
cytotoxicactivity[28±32]andthis lysismaybetriggeredby therecognitionof ligandsexp-
ressedon parasitizedRBCsurfacebyNK cellreceptors,amongthemNKp30receptor[30,33].
Besides,NKp30engagementat theNK cellsurfacecanleadto theproductionof IFN�
,which
hasbeenshownto correlatewith areducedrisk of mild malaria[34,35].Therefore,polymor-
phismsthat reduceNKp30expressionmayincreasetherisk of mild malaria.Also,wehypothe-
sizedthat thers2736191-Calleleassociatedwith mild malariain BurkinaFasobindsless
efficientlytranscriptionfactorsrecruitedto thepromoter,andthat it diminishestheexpression
of its targetgene.Hereweinvestigatedthecis-regulatoryeffectof rs2736191,andits associa-
tion with mild malariain apopulationliving in theRepublicof Congo,wheretherearelimited
humangeneticdatain relationwith infectiousdiseases[36].

Materials and methods

Subjects and phenotypes
Thestudysubjectshaveresidedin Kinsana,MbouonoandNgoko,threesuburbanareasclose
to eachotherandlocatedin MakeÂleÂkeÂleÂ, oneof thesevendistrictsof Brazzaville(Congo)[37].
ThreehundredandseventeenindividualswererecruitedbetweenApril andJune2010andfol-
lowedup during oneyear.BloodsampleswerecollectedatMakeÂleÂkeÂleÂhealthdivision,which
is locatedat6kmfrom thestudyareain thecentreof thedistrict;awritten informedconsent
signedby theparentsor legalguardianswasobtainedfor thechildren.In thisarea,malariais
transmittedthroughouttheyearwith �. 
������
	� beingthepredominantspeciesand������
���� ������� themainmosquitovector[38,39].All therecruitedindividualsbelongedto Bantu
ethnicity,andwereagedfrom oneto nineyears.Agemeanwas4.34(SD= 2.55),andsexratio
was1.13(167Maleand148Female).During thestudyperiod,if achild presentedanysymp-
tomsrelatedto clinicalmalaria,hewasexaminedat thehealthcenterandtreatedin caseof
malariaepisode(positivethick, thin bloodsmearsandaxillarytemperature�37.5ÊC).Thick
andthin bloodsmearswereindependentlyreadbyat leasttwo trainedbiologists.Theslides
werereadusinganoil immersionlensata100xmagnification.A slidewasconsiderednegative
whenno asexualparasitewasobservedafterreadingat least100thick fields.Forpositive

NCR3 genetic variation in human malaria

PLOS ONE | https://doi.org/10.1371/journal.pone.0187818 November 9, 2017 2 / 14

andFNaremembersof theCentralAfrican
NetworkonTuberculosis,HIV/AIDSandMalaria,
CANTAM, supportedbyEDCTP.Thefundingbody
hadnorolein thedesignof thestudyand
collection,analysis,andinterpretationof dataand
inwritingthemanuscript.

Competinginterests: Theauthorshavedeclared
thatnocompetinginterestsexist.

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


results,asexualparasiteswerecountedagainstat least200leucocytesandexpressedasthe
numberof asexualparasitesper�l, assuming8,000leucocytes/�lof blood.Thechildrenwho
experiencedat leastoneclinicalmalariaattackwereclassifiedin agroupasmild malaria,
whereasthechildrenwithout anyreportedmild malariaepisodein spiteof thecarriageof par-
asitesduring thefollow-upperiodwereconsideredasasymptomatic,asandwereclassifiedin
agroupasasymptomaticchildren.This ledto determineabinarymild malariaphenotype.In
addition,thenumberof malariaepisodeswasregistered,andwasconsideredasanotherphe-
notype.Theethicalapprovalwasgivenby theInstitutional EthicsCommitteefor Researchon
HealthSciencesof theRepublicof Congo.

DNA extraction and rs2736191 genotyping
GenomicDNA wasextractedfrom 200�l of peripheralwholebloodsamplesfrom patients
andasymptomaticindividualsusingQIAampDNA BloodMini Kit (Qiagen,Hilden,Ger-
many);DNA sampleswerethenamplifiedby IllustraGenomiPhiV2 DNA Amplification kit
(GEHealthcareLife Sciences,Velizy-Villacoublay,France)followingthemanufacturer's
instructions.PCRamplificationof DNA fragmentscontainingrs2736191with forward(5'-
GATGGGTCTGGGTACTGGTG-3')andreverse(5'-GGGATCTGAGCAGTGAGGTC-3')
primerswasdescribedbyDelahaye� ��. [10]. ForRFLPanalysis,thePCRproductof
rs2736191wasdigestedwith 10unitsof PfoI restrictionendonuclease(ThermoFisherScien-
tific, Waltham,MA, USA)at37ÊCovernight.Thedigestionproductswereloadedon to Agi-
lentDNA 1000chipsandanalyzedon the2100Bioanalyzer,permanufacturer'sinstructions.
Validationof thePCR-RFLPmethodwasassessedbysequencing37PCRproductsof
rs2736191(correspondingto 37individuals)on aBeckmancoulterCEQ8800sequencer
accordingto manufacturer'sprotocol(BeckmanCoulter,Brea,CA,USA).Threehundredand
fifteenDNA samplesof the317samplesweresuccessfullygenotyped(S1Table).

Statistical analysis
Hardy-Weinbergequilibrium wastestedandallelicfrequencieswerecalculated,asdescribed
[40]. To estimatetheassociationof rs2736191polymorphismwith thebinarymild malaria
phenotype,weusedachi-squaretest.Wefurther performedalogisticregressionanalysisto
evaluatetheoddsratios(OR)andtheir 95%confidenceintervals(CIs).Moreover,weassessed
theassociationof theinvestigatedSNPwith thenumberof episodesbyaKruskalandGood-
man'sgammatestandthePoissonregressionmethod.To assesstheeffectof theSNPon the
promoteractivity,Student'st-testwasusedaftercheckingthenormality of thedistributionsby
usingtheShapiro-Wilkmethodandtheir varianceequalitybyusingaFishertest.All analyses
wereperformedbyusingeitherRor SPSSsoftware(SPSS,Boulogne,France).Only termssig-
nificant at the5%levelwereretained.

NCR3 linkage disequilibrium analyzes
To evaluatethelinkagedisequilibriumstatusof theregionwherers2736191is located,we
exploredthe1000GenomeProjectdata[41] for theYorubapopulationthroughEnsembl
browser[42].

Cell culture
HumanNK92cells(ATCC,Manassas,VA, USA,ATCC1 CRL-2407�)wereculturedin alpha
MEM (ThermoFisherScientific,Waltham,MA, USA),supplementedwith 12.5%horse
serum,12.5%fetalcalfserum(FCS),2mM L-glutamine,1.5g/l sodiumbicarbonate,0.2mM
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inositol,0.1mM 2-mercaptoethanol,0.02mM folic acidand100U/ml recombinantIL-2
(PeproTechInc.,RockyHill, NJ,USA).K-562cells(ATCC1 CLL-243�) weregrownin
Gibco1 RPMI 1640medium(ThermoFisherScientific,Waltham,MA, USA)supplemented
with 20%fetalbovineserum.

Luciferase assay
A 663bpDNA fragmentupstreamthe���� translationstartsite(chromosome6:31592727±
31593389accordingto thehg38assembly)wasclonedbyªStickyendPCRCloningºmethod.
Briefly,two PCRwereperformedon humangDNA from NK92cellline usingHerculaseII
Fusionenzyme(AgilentTechnologies,SantaClara,CA,USA,cat#600679):PCR1with thefor-
wardprimer (�&�*�&�*�7�$�&�&�&�$�$�&�&�$�$�$�&�$�&�$)andthereverseprimer (�*�$�$�*�$�7�*�7�&�&�&�$�*�7
�7�*�*�&�*�$),andPCR2with theforwardprimer (�7�$�&�&�&�$�$�&�&�$�$�$�&�$�&�$�&�$�&�$)andthereverse
primer (�7�&�*�$�*�$�$�*�$�7�*�7�&�&�&�$�*�7�7�*).ThePCRproductsfrom PCR1andPCR2weremixed
andhybridizedtogetherto createa663pbDNA fragmentwith XhoI andMluI stickyend.This
fragmentwasclonedinto theMluI-XhoI sitesof pGL3-EnhancerVector(Promega,Madison,
WI, USA,cat#E1771,),whichcontainedthefirefly luciferasecodingsequence.Initially, the
pGL3constructobtained,presentedtheG alleleof rs2736191.To obtainthepGL3construct
containingthers2736191-Callele,site-directedmutagenesisusingtheQ5Site-DirectedMuta-
genesisKit (NewEnglandBiolabs,Ipswich,MA, USA,cat#E0554S)wasperformedwith prim-
ersdesignedbyNEBaseChangertool providedby thesupplier(forward:�$�*�*�*�&�7�&�&�7�*�F�$�*
�*�&�7�7�*�7�7�&,reverse:�&�&�7�7�*�*�&�&�&�$�*�$�$�*�&�7�$�$�&,annealingtemperature:67ÊC).K562trans-
fectionwasperformedwith Neon� TransfectionSystem(Invitrogen) followingconstructor
instructions.Foreachout of the6 testsperformed,106 cellswereco-transfectedwith 1 �g of
control vector(emptypGL3-Enhancervector)or with 1�g of testedconstruction(pGL3-En-
hancervectorcontainingthers2736191-G(p-G) or rs2736191-C(p-C) ���� promoter)and
200ngof pRL-SV40(aplasmidencodingRenillaluciferasefrom Promega),whichwasusedas
atransfectionefficiencycontrol.Transfectedcellsweremaintainedat37ÊCin 5%CO2during
24h.FireflyandRenillaluciferasevalueswereobtainedbyanalyzing20�l of celllysateaccord-
ing to standardinstructionsprovidedin theDualLuciferaseKit (Promegacat#E1910)in a
TriStarLB941Multimode MicroplateReader(Bertholdtechnologies,ThermoFisherScien-
tific, Waltham,MA, USA).Thefirefly luciferaseactivityof eachsamplewasnormalizedby
RenillaluciferaseactivityandadjustedbypGL3-enhancermeanactivity.

Electrophoretic mobility shift assay
NK92nuclearextractswerepreparedwith theNE-PERNuclearandCytoplasmicExtraction
Reagents(ThermoFisherScientific,ThermoFisherScientific,Waltham,MA, USA).Oligonu-
cleotidesweredesignedbasedon thegenomicsequencesurroundingrs2736191;theSNPposi-
tion isshownin bold:5'-biotin- �*�*�$�*�*�*�&�7�&�&�7�*�*/�&�$�*�*�&�7�7�*�7�7�&�7�*�*.All oligonucleotides
wereorderedfrom Eurofins(Eurofins,Strasbourg,France).Weperformedgelmobility shift
assayswith theLightShiftChemiluminescentEMSAKit (ThermoFisherScientific)according
to themanufacturer'sprotocol.Forcompetitionassays,200or 400-foldexcessunlabelleddou-
ble-strandedvariantoligonucleotideswereincubatedwith theextracts(23ÊC,30min) before
probeaddition.Boundcomplexeswereseparatedon 6%polyacrylamidegelsandblottedonto
membrane.Theblot wasprocessedwith astreptavidin-horseradishperoxidaseconjugate-
baseddetectionmethod.
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In-silico identification of transcription factors candidates
An in silicopredictionof transcriptionfactor(TFs)candidateswasperformedusingReMap
[43] andENCODEcatalogsof ChIP-seqpeaksin lymphocytecells.To detectaco-localization
betweenthesetranscriptionfactorsbinding sitesandSNPs,wevisualizedtheTFsChIP-seq
peaksin theUCSCGenomebrowser[44]. Then,to selectTFscandidates,for whichthepeak
of ChIP-seqco-localizedwith theSNPof interestweretainedthosewith themaximumsignal
representedin blackin theUCSCgenomebrowserfor theENCODEcatalog[45]. In thecase
of ReMapcatalogs(2013unpublishedand[43]), weretainedall theTFs,for whichthepeakof
ChIP-seqco-localizedwith theSNP.

DNA pulldown and Western blot assays
DNA pulldownassaywasperformedasdescribedpreviously[46]. Briefly,complementary
TEG-biotinylatedoligonucleotidesencompassingthers2736191-G/Cbinding site,�*�*�$�*�*�*�&
�7�&�&�7�*�*/�&�$�*�*�&�7�7�*�7�7�&�7�*�* (thecritical SNPis in bold),wereannealedto form dsDNA.
TEG-biotinylateddsDNA(2 �g) wasconjugatedto 100�l streptavidin-boundmagneticbeads
(ThermoFisherScientific,ThermoFisherScientific,Waltham,MA, USA,Dynabeads,M280;
!"���) in binding/washingbuffer(10mM Tris±HCl [pH 8], 1 mM EDTA,and0.1M NaCl)
for 30min at room temperature.ConjugatedDNA wascollectedwith amagneticparticlecon-
centrator.DNA-conjugatedbeadswerethenblockedwith 0.5%BSAin TGEDNbuffer(120
mM Tris±HCl [pH 8], 1 mM EDTA,0.1M NaCl,1 mM DTT, 0.1%Triton X-100,and10%
glycerol)at room temperaturefor 1 h. Beadswerewashedin TGEDNbufferandresuspended
in 50�l TGEDN.Ten-microliterbeadsconjugatedto 2 �g DNA wereequilibratedwith
TGEDNbufferandincubatedwith 500�g NK92nuclearextractsand20�g herringsperm
DNA (Sigma-Aldrich,Saint-Louis,MO, USA)at4ÊCovernight.Beadswerewashedin
TGEDNbuffer,andboundmaterialswereelutedin 20�l of thesamebuffersupplemented
with 0.5%SDSand1M NaCl.

Theelutedproteinswereseparatedby10%SDS-polyacrylamidegelandtransferredelectro-
phoreticallyto aPVDFmembrane.Themembranewasthenblockedin a5%nonfatdry milk/
Tris-bufferedsolutionandincubatedwith primary antibodyovernight.ForSTAT4,STAT5A,
STAT5Bdetectiona1:250dilution of ananti-STAT4rabbitpolyclonalantibody(sc-489,Santa
CruzBiotechnologyInc.,Dallas,Texas,USA),anti-STAT5Arabbitpolyclonalantibody(sc-
1081,SantaCruzBiotechnologyInc, Dallas,Texas,USA),or ananti-STAT5Bmousemonoclo-
nalantibody(sc-1656,SantaCruzBiotechnologyInc.) wasused.ForSTAT3andEGR1detec-
tion, a1:500dilution of ananti-STAT3mousemonoclonalantibody(sc-8059,SantaCruz
BiotechnologyInc.) or ananti-EGR1rabbitpolyclonalantibody(sc-189,SantaCruzBiotech-
nologyInc.) wasused.And for RUNX3detectiona1:1000dilution of ananti-RUNX3mouse
monoclonalantibodywasused(ab40278,Abcam,Cambridge,UK). Theunboundprimary
antibodywasremovedbywashingthemembranewith 0.1%Tween/Tris-bufferedsolution,
followedby incubationwith horseradishperoxidase-conjugatedsecondaryantibodydilutedat
1:10000in 0.5%nonfatdry milk/Tween/Tris-bufferedsolution.Proteinswerevisualizedusing
ECL(GEHealthcareLife Science,Velizy-Villacoublay,France).

Results

Association of rs2736191 with mild malaria and the number of episodes
Threehundredandfifteenindividualsweresuccessfullygenotyped.Theobservedgenotype
frequenciesconformedto theHardy-Weinbergequilibrium (P= 0.5086).Theallelicfrequen-
ciesfor thers2736191-Gandrs2736191-Calleleswere0.73and0.27,respectively.
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To assesstheassociationof rs2736191polymorphismwith mild malariain thestudypopu-
lation,weperformedaChi-squaretestwith 1dfandalogisticregressionanalysis.Wefurther
evaluatedtheoddsratiosandtheir 95%confidenceintervals.Amongthe315individualsgeno-
typed,176presentedat leastonemalariaattackduring thestudy(Table1).Wefound thatcar-
riersof thers2736191-Callelehadasignificantlyhigherrisk of mild malariaattackwithout age
asacovariate(P= 0.033),andwith ageasacovariate(P= 0,029)(Table2).Wefurther looked
at theagedistribution in thestudypopulation.Fifty-three%of theindividualswereunder5
yearsold (Table3).Thus,wesplittedthepopulationinto two groups(subjectsunder5years
andsubjectsover5years),andtestedaninteractionbetweenAgeandrs2736191.Therewasa
significantinteraction(P= 0.001;OR= 2.80,95%confidenceinterval1.53±5.12),indicating
thatsubjectsunder5 yearsandsubjectsover5 yearsdifferedin theeffectof rs2736191.Thus,
weconductedananalysisafterstratifyingindividualsbyagecategories.For theover-5sub-
population,therewasasignificantassociationbetweenthers2736191-Calleleandmild
malariaattackwith abetterp-value(P= 0.008)(Table2),whereastherewasno longeranasso-
ciationfor theunder-5sub-population.

Furthermore,wetestedthecorrelationbetweenrs2736191genotypeandthenumberof
mild malariaepisodes(Tables4,andS2andS3Tables)usingKruskalandGoodman'sgamma
test.Wefound that rs2736191-Callelewassignificantlyassociatedwith anincreasednumber
of episodes(P= 0.036).In addition,weusedthePoissonregressionto assessthecorrelation
betweenrs2736191genotypeandthenumberof mild malariaepisodes,aftertakinginto
accountage.Theassociationwasno longersignificant(P= 0.087).Wealsoperformedananal-
ysisafterstratifyingbyagecategories(<5 yearsand�5 years)anddetectedasignificantasso-
ciationbetweenthers2736191-Ccarriageandanincreasednumberof episodein theover-5
sub-population(P= 0.006),whereastherewasno longeranassociationfor theunder-5sub-
population(P= 0,69).Weconfirmedtheassociationof rs2736191with thenumberof mild
malariaepisodesfor theover-5sub-populationbyusingthePoissonregressionwhentaking
into accountage(P= 0.020).

Table 1. Clinical data of individ uals for rs2736191 polymo rphism.

Genotype Unaffected
Individual s

Affected
Individual s

Total

GG 83 (61.1%) 85 (48%) 168 (53.3%)

GC 43 (31.2%) 78 (44%) 121 (38.4%)

CC 12 (8.7%) 14 (8%) 26 (8.3%)

Total 138 (100%) 177 (100%) 315 (100%)

https://doi.org/10.1371/journal.pone.0187818.t001

Table 2. Association tests of rs2736191 with mild malaria.

Whole study populati on Individuals �� 5a Individual s � 5b

P OR 95%CI P OR 95%CI P OR 95%CI

Univariate anlysisc 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 analysisd 0.029 1.67 1.05±2.63 0.52 1.22 0.66±2.27 0.009 2.57 1.27±5.20

a Children under 5 years of age
b Children over 5 years of age
c 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
d 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://doi.org/10.1371/journal.pone.0187818.t002
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rs2736191 affects NCR3 expression
To examinewhetherthers2736191G>C affects���� promoteractivity;weperformedsix
genereporterassaysin K-562cells.Asshownin Fig1,thetranscriptionalactivitydrivenby the
p-C constructcontainingthers2736191-Calleledecreasednearby37%comparedwith that
drivenby thep-G constructcontainingthers2736191-Gallele(P= 0.00762).

Effect of rs2736191 polymorphism on transcription factors binding to the
promoter
Thecis-regulatoryeffectof rs2736191polymorphismon transcriptionfactorsbinding was
testedthroughanEMSA.Two majorDNA-protein complexeswererevealed,asshownin Fig
2.To assessif these2 complexesbind specificallyandpreferentiallyoneof thetwo variants,we
performedcompetitionassaywith anincreasingamountof non-labelledprobescontaining
eithertheC or theG allele.Bothcomplexesappearedto haveastrongeraffinity for theG allele
asonly thers2736191-Gunlabelledprobeabolishedveryefficientlythebinding of thesecom-
plexescomparedto thers2736191-Cunlabelledprobe(Fig2).

STAT4 and RUNX3 bindings are altered by rs2736191 polymorphism
An in silicopredictionof transcriptionfactorcandidatesusingReMapandEncodecatalogs
of ChIP-seqpeaksin lymphocytecellswasperformedandvisualizedin theUCSCGenome
browser.Weexploretheco-localizationof ChIP-seqpeakswith rs2736191andtheSNPsin
stronglinkagedisequilibriumwith it. TheSNPexhibitingthestrongestlinkagedisequilib-
rium with rs2736191wasrs2256974(r2 = 0.699).Rs2256974is locatedin anon-conserved
regionwith neitherDNAse1footprinting nor H3K27Acmark co-localizationandwithout
evidenceof transcriptionfactorsbinding site,in contrastto rs2736191polymorphism.
Indeed,rs2736191wasco-localizedwith STATsfamily members(ReMapcatalog)andSP1,
RUNX3,EGR1,EBF1(ENCODEcatalog)transcriptionfactors.AsSP1andEBF1signals
werequite low,weselectedSTATsfamily members,RUNX3andEGR1for further in vitro
analysis.

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://doi.org/10.1371/journal.pone.0187818.t003

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

Genotyp e Number of mild malaria episodes Total

0 1 2 3 4 5

GG 83 (60.1%) 54 (49.6%) 16 (43.2%) 6 (37.5%) 7 (53.8%) 2 (100%) 168 (53.3%)

GC 43 (31.2%) 47 (43.1%) 21 (56.8%) 6 (37.5%) 4 (30.8%) 0 (0%) 121 (38.4%)

CC 12 (8.7%) 8 (7.3%) 0 (0%) 4 (25%) 2 (15.4%) 0 (0%) 26 (8.3%)

Total 138 (100%) 109 (100%) 37 (100%) 16 (100%) 13 (100%) 2 (100%) 315 (100%)

https://doi.org/10.1371/journal.pone.0187818.t004
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Thus,wepulled-downNK92nuclearproteinsthatbounda26bp double-strandedbiotiny-
latedprobecontainingeitherthers2736191-Cor rs2736191-Gvariantusingstreptavidin-mag-
neticbeads.Wefurther analyzedtheboundproteinsbyperformingawestern-blotwith
antibodiesdirectedagainstSTATs,RUNX3andEGR1.

Wedid not observeabinding of STAT3,STAT5A,STAT5BandEGR1transcriptionfactors
to thesequencecontainingthers2736191polymorphism(datanot shown).In contrast,weevi-
dencedthatRUNX3andSTAT4boundthesequencecontainingthers2736191polymorphism,
andthat thebinding to theonepresentingtheG allelewasstrongerwhencomparedto theone
presentingtheC allele(Fig3).

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://doi.org/10.1371/journal.pone.0187818.g001

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://doi.org/10.1371/journal.pone.0187818.g002
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Discussion
Wehavepreviouslyevidencedagenome-widesignificantlinkageof mild malariawith chro-
mosome6p21,whichcontains���� encodingfor theNkp30receptor[7], anddetecteda
geneticassociationbetweenrs2736191polymorphism(locatedin ���� promoterregion)and
mild malariain thesameBurkinabepopulation[10]. Thelocationof theSNPwithin thepro-
motersuggestedthat thisSNPisa���-regulatory variantcontrolling ���� expression.In this
study,wethusevaluatedtheassociationbetweenrs2736191andmild malariain aCongolese
cohortandassessedits cis-regulatoryeffect.

Wefound that rs2736191-Ccarriershadasignificantincreasednumberof mild malaria
episodescomparedto thenon-carriers.In thecaseof theaffectedvs.unaffectedphenotype,
themultivariatelogisticregressionanalysisrevealedthat,aswellasthestudyin BurkinaFaso
[10], rs2736191polymorphismwassignificantlyassociatedwith theuncomplicatedform of
malaria.It shouldbestressed,nevertheless,that thepresentstudyin Congowasbasedon a
passivefollow up,whereasthestudyin BurkinaFasowasbasedon anactivefollow-up;also,
thepassivefollow-upcanbeconsideredalimit of thepresentstudy.In spiteof this limit, the
oddsratio obtainedfor theover-5populationwasverycloseto theodd-ratioobtainedin the
Burkinabepopulation(OR= 2.59andOR= 2.93,respectively),whichwasmainlycomposed
of childrenover-5yearsof age.

Luciferaseassaysperformedin K-562cellsexpressingNCR3mRNA[47] further supporteda
functionalroleof thisSNP.Indeed,weobservedthatthep-Gconstructpresentingrs2736191-G
allelehada37%increasedpromoteractivitycomparedto thep-Cconstructpresentingrs2736191-
Callele.Furthermore,gelshiftexperiments,performedwith NK92nuclearproteinextracts,showed
anincreasedbindingaffinity of thers2736191-Galleleto two nuclearproteincomplexescompared
to thers2736191-Callele.

On thebasisof bioinformaticanalyses,weidentifiedseveraltranscriptionfactorcandidates
correspondingto thesecomplexes.Furthermore,pull-downwestern-blotexperimentconfirmed
thatbothSTAT4andRUNX3boundtheregionencompassingrs2736191with ahigheraffinity
for theG allele.STAT4isessentialfor IL-12mediatedcytotoxicityandIFN�
 productionin

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://doi.org/10.1371/journal.pone.0187818.g003
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mouseandhumanNK cells[48] andadirectbinding to perforin promoterhasalreadybeen
reportedin humanNK cells[49]. ConcerningRUNX3transcriptionfactor,it ishighlyexpressed
in naturalkiller cells[50] but fewisknownaboutits function in thesecells.Nevertheless,Leva-
non � ��. haveshownthat,in mice,RUNX3cooperationwith ETSandT-boxtranscriptionfac-
torsregulatestheinterleukin-15-mediatedtranscriptionprogramduring activationof Natural
Killer cells[51]. Mostof thetime,thethreeNCR1,NCR2,andNCR3wereshownto beco-
expressed,suggestingaco-regulationof thethreeNCRs,whereasareducedexpressionof the
threeNCRshasbeenassociatedwith impairedNK cytolyticfunction [52,53].Moreover,RUNX3
hasbeenshownto alsoregulateNCR1expression[54] andETS-1transcriptionfactorwasalso
shownto bind to aspecificandcommonregionin theNCRspromoters[55].Our resultsfurther
supportthatRUNX3canbeoneof thesekeyregulatoryfactorsthatsustainthecoordinatedreg-
ulationof threeNCRs.

Theroleof NK cellsin malariahasbeenextensivelyinvestigatedevokingeithertheir cyto-
kineproductionfunction [27,56,57]or their cytotoxicresponseto infectedredbloodcells[28±
33].Accordingto Mavoungou� ��. [30,33],themechanismunderlyingNK cellscytotoxicityin
��������	� 
������
	� malaria,is therecognitionof theDBL1�� domainof theparasiticanti-
genPfEMP1by theNKp30activatingreceptor,resultingin parasitizedredbloodcellslysis.All
togethertheseresultssupportthebiologicalmodelinvolvingNKp30receptorin thecytotoxic
responseto parasitizedRBC.However,NK cellreceptorsandinfectedRBCligandsleadingto
thiscytotoxicresponseremainscontroversial.Indeed,PfEMP1that isknownto bind several
othermoleculessuchasICAM-1, complementreceptor1 (CR1),heparansulfate(HS),chon-
droitin sulfateA (CSA)andCD36[58], havefailedto activateNK cellcytotoxicityin otherstud-
ies[26,59].Nevertheless,in thefirst studytheauthorstestedtheinteractionbetweenPfEMP1
andCSA,whilein thesecondstudy,authorshavelookedfor NK cytotoxicitymarkersafter6
hoursof co-culturewith eitherinfectedredbloodcells(iRBC)expressingPfEMP1or iRBCnot
expressingPfEMP1arguingthat theliganddensityof nativePfEMP1on thesurfaceof iRBCis
not enoughto activateNK cellscytotoxicitycomparedto �� #� 
� highconcentrationof peptidic
DBL-1�� asproposedbyMavoungou� ��. [33].Though,becauseof itsbindingabilitieswith var-
iousreceptors,its diversityandits variabledensityon iRBC[60,61],involvementof PfEMP1
andits interactorson NK cellssurfacemeritsfurther investigation.

Besides,otherligandsandreceptorshavebeenproposedto beinvolvedin thecytotoxic
responseof NK cells,amongthem,Hsp70,whichisaªselfºstressligand[62] or LFA-1,which
isamoleculeessentialfor stablecontactwith targetcells[29,63].Astriggeringof at leasttwo
activatingreceptorsisessentialfor efficientNK cellscytotoxicityandcytokinerelease[64], a
synergisticeffectalsosuggestedbyMavoungou� ��. [33] in amalarialcontext,theseresultsdo
not seemscontradictory.However,thissynergisticactivationrequiresfurther investigation.

In conclusion,wereplicatedandextendedtheassociationof rs2736191with mild malaria
in anindependentpopulationliving in CentralAfrica.Moreover,weevidencedits effecton
thepromoteractivityandon thebinding of nuclearproteins,including transcriptionfactors,
suchasSTAT4andRUNX3.Theseresultssupportthehypothesisthat rs2736191altersthe
activationof NK cells,andthusinfluenceshumanmalariaresistance.
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