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Abstract

Significant advances have been made to understand the genetic basis of breast cancer.

High, moderate and low penetrance variants have been identified with inter-ethnic variability

in mutation frequency and spectrum. Genome wide association studies (GWAS) are widely

used to identify disease-associated SNPs. Understanding the functional impact of these

risk-SNPs will help the translation of GWAS findings into clinical interventions. Here we aim

to characterize the genetic patterns of high and moderate penetrance breast cancer suscep-

tibility genes and to assess the functional impact of non-coding SNPs. We analyzed

BRCA1/2, PTEN, STK11, TP53, ATM, BRIP1, CHEK2 and PALB2 genotype data obtained

from 135 healthy participants genotyped using Affymetrix Genome-Wide Human SNP-Array

6.0. Haplotype analysis was performed using Haploview.V4.2 and PHASE.V2.1. Population

structure and genetic differentiation were assessed using principal component analysis

(PCA) and fixation index (FST). Functional annotation was performed using In Silico web-

based tools including RegulomeDB and VARAdb. Haplotype analysis showed distinct LD

patterns with high levels of recombination and haplotype blocks of moderate to small size.

Our findings revealed also that the Tunisian population tends to have a mixed origin with

European, South Asian and Mexican footprints. Functional annotation allowed the selection

of 28 putative regulatory variants. Of special interest were BRCA1_ rs8176318 predicted to

alter the binding sites of a tumor suppressor miRNA hsa-miR-149 and PALB2_ rs120963

located in tumorigenesis-associated enhancer and predicted to strongly affect the binding of

P53. Significant differences in allele frequencies were observed with populations of African

and European ancestries for rs8176318 and rs120963 respectively. Our findings will help to

better understand the genetic basis of breast cancer by guiding upcoming genome wide

studies in the Tunisian population. Putative functional SNPs may be used to develop an
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efficient polygenic risk score to predict breast cancer risk leading to better disease preven-

tion and management.

Introduction
Breastcanceris themostcommonmalignancyamongwomenandthefirst leadingcauseof
cancerdeathin femalesworldwide[1]. In Tunisia,it represents30%of all femalemalignancies,
with anincidenceof 30/100000makingit amajorpublichealthconcern[2, 3]. It isalsocharac-
terizedbyanearlyageatdiagnosis,tenyearsyoungerthanthatobservedin westerncountries
[4, 5]. About 5±10%of all breastcancercasescanbeattributedto hereditaryfactorsandup to
30%of whicharedueto germlinemutationsin �����/2 genes[6]. Other lessfrequently
alteredgenes,namely����, �	
�, �	
�� and	���, havebeenalsofound to increasebreast
cancerrisk.Mutationsin thesegenesaccountfor approximately5%of thefamilial breastcan-
cerrisk [7, 8]. In addition,morefrequent,but lesspenetrantgermlinemutationshavebeen
identifiedin familieswith breastcancerin genessuchas��

�, �	�, �����, and����� [9].
Breastcancerhasaheterogeneousgeneticcomponent.Thefrequencyandspectrumof muta-
tionsin predisposinggenesvarywidelyamongpopulations.Somemutationsareobservedin
distinctpopulationsandothersareethnicspecificdueto potentialfoundereffect[10,11].This
interethnicvariability ishighly influencedby thegeneticbackgroundandthegeneticstructure
of agivenpopulationthatplayanimportant role in diseasesusceptibility.Indeed,geneticpat-
terns,including linkagedisequilibrium(LD) profiles,haplotypestructureandallelefrequen-
cies,differ from oneethnicgroupto another.Characterizingthesegeneticpatternsmayhelp
to decipherthebiologicalmechanismsbehindbreastcancerdevelopment[12].

Furthermore,Genome-wideassociationstudies(GWAS)havesuccessfullymappedthou-
sandsof loci associatedwith complexhumandiseasesandphenotypesincludingbreastcancer
[13,14].Sofar,morethan170commongeneticvariantsassociatedwith breastcancerrisk
havebeenidentified.Thesecommonvariantsaccountfor about18%of thefamilial relative
risk [14].

To translateGWASfindingsinto biologicalinsightstowardsclinicalapplications,it is cru-
cial to understandthefunctionalimpactof diseaserisk SNPs.Theselatter,oftenlie in non-
codingregions,presumablyin regulatoryregions,suchasdistalenhancers,transcriptionfactor
(TF) binding sites,andaccessiblechromatinregions[15].

Variousstudieshaveshownthatdisease-associatedvariantswereconsiderablyenrichedin
regulatoryelementsthatarewidelyspreadacrossthehumangenome.Indeed,severalvariants
for instancers1198588(locatedupstreamMIR137HG),rs4442975�������������� and
rs117480515�	������� havebeenfound to affecttheTF binding sitesandto regulategene
expression[15]. It wasdemonstratedalsothat rs4442975,whichisassociatedwith breastcan-
cer,disruptstherecruitmentof FOXA1andinteractswith the������ promoter[16]. An
increasingnumberof studieshavealsoshownthatgeneticvariationslocatedwithin the3'UTR
regionmaydisruptexistingor createnewmiRNA binding siteswhichpromotediseasedevel-
opmentandcancerpathogenesis[17].

To thisend,andto improveour knowledgeon thegeneticbackgroundandpredisposition
to breastcancerin theTunisianpopulationwehaveusedgenotypedataof 135healthyTuni-
sianindividualsto characterizethegeneticpatternsof highandmoderatepenetrancebreast
cancersusceptibilitygenesandto assessthefunctionalimpactof non-codingSNPsidentified
within thesegenes.
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Materials and methods

Studiedpopulation
Thestudycohortcomprisedatotalof 135healthyindividuals(103menand32women)origi-
natingfrom distinct regionsof Tunisia.No evidenceof personalor family historyof breastor
othermalignancieshavebeendetectedin thesefamilies.Indeed,adetailedfamilyhistoryques-
tionnairewasconductedin orderto collectmedicalinformation (cancerandgeneticdiseases)
of all familymembersincluding first, second-andthird-degreerelativesor anyotherfamily
memberwith personalhistoryof cancer.Accordingly,only subjectswith no family historyof
cancerwereselected.

Written informedconsentwasobtainedfrom all subjectsprior to specimencollection.This
studywasconductedin accordancewith theethicalstandardsof Helsinkideclarationand
approvedby thebiomedicalethicscommitteeof Institut PasteurdeTunis(Tunis,Tunisia-Reg-
istrationnumbers,PV09/06IRB#0,000,000,044).

GenotypingdataanalysisandSNPselection
Genotypingdataof highandmoderatepenetrancebreastcancersusceptibilitygenesrelativeto
135healthyparticipantspreviouslyinvestigatedusingAffymetrix Genome-WideHumanSNP
Array 6.0[18]. wereanalyzed.SNPsdetectedin eachgeneof interestnamely�����, �����,
�	
�, �	
��, 	���, �����, ��

� and����� aswellasthoseflanking50kbon eitherside,
coveringthesurroundingregulatoryregions,wereextractedusingPLINK version1.9[19].
Variantsdeviatingfrom theHardy-Weinbergequilibrium (HW p-valuecutoff<10�4) and
with lessthan75%of genotypedatawereexcluded.A totalof 387variantswereconsideredfor
further analysis.Genotypedata,coveringtheselectedSNPs,of individualsfrom 8distinctpop-
ulationsof the1000genomesprojectPhaseIII weredownloaded[20]. usingtheDataSlicer
ensembl'stool (https://www.ensembl.org/Homo_sapiens/Tools/DataSlicer).The8 investigated
populationsarethefollowings:UtahResidents(CEPH)with NorthernandWesternEuropean
Ancestry(CEU),Han Chinesein Beijing,China(CHB),GujaratiIndian from Houston,Texas
(GIH), Japanesein Tokyo,Japan(JPT),Luhyain Webuye,Kenya(LWK), MexicanAncestry
from LosAngelesUSA(MXL), Toscaniin Italia (TSI),Yorubain Ibadan,Nigeria(YRI).

Haplotypeanalysis
Haploviewversion4.2wasusedfor theanalysisof LD patternsandhaplotypeblocksaswellas
for thedetectionof taggingSNPsbasedon thegenotypedataof the135healthyTunisiansub-
jects.LD blocksweredefinedaccordingto thehaplotypeblockdefinition of Gabrielwhich
definesapair of SNPsto bein ªstrongLDº if theone-sidedupper95%confidenceboundon
D' is>0.98andthelowerboundisabove0.7[21].

In eachsample,thegenotypefrequenciesfor eachSNPwerecheckedfor consistency
betweentheobservedvaluesandthoseexpectedfrom Hardy-Weinbergequilibrium usingthe
samesoftware.WeusedtheprogramPHASEversion2.1in orderto estimatehaplotypesdistri-
bution of ����� and����� genesusinggenotypedataof taggingSNPs.PHASEimplements
aBayesianstatisticalmethodfor reconstructinghaplotypesfrom populationgenotypedata
[22,23].Theresultinghaplotypesin addition to thoseof 8 populations(CEU,CHB,GIH, JPT,
LWK, MXL, TSIandYRI) of the1000genomesproject(constructedusingPHASE2.1)were
alignedwith MEGA version7 [24]. Thesehaplotypeswerethenusedto constructahaplotype
networkusingNetworksoftware5.0.0.1(http://www.fluxus-engineering.com/netwinfo.htm)
in orderto assessintrapopulationvariability in haplotypedistribution.Only haplotypeshaving
frequency>1% wereconsideredfor theHaplotypeNetworkanalysis.
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Population structure andgeneticdiversity analysis
Populationstructureandgeneticdifferentiationwereevaluatedusingprincipalcomponent
analysis(PCA)andfixation index(FST).

PCAwasperformedusingthetoolsetPlink1.9.Thetwo first PCAswerethenplottedusing
theggplot2Rpackage[25]. WhenperformingPCAanalysisonly SNPswith thefollowingcri-
teriawereconsidered:HWE p-value> 0.0001,haveagenotypingcallrateof greaterthan95%,
MAF �0.05, andr2 < 0.6.FST-valueswerecalculatedusingPlink1.9basedon themethodof
Weir andCockerham[19]. FST-valuesrangefrom 0 to 1.High Fstimpliesaconsiderable
degreeof differentiationamongpopulationswhilevaluesnear0 indicatelittle genetic
subdivision.

Functional effectprediction
To predictthefunctionalimpactof thestudiedSNPsandto identify functionalvariantsthat
couldcontributeto diseaserisk,several�� ���� ! predictiontoolshavebeenused.Sincemostof
thevariationscoveredbySNParraysarenon-coding,wehaveusedtoolsanddatabasesprovid-
ing annotationinformation on non-codingSNPs.

To prioritize variations,wehaveproceededasfollows:1) RegulomeDB,adatabasethat
annotatesSNPswith knownandpredictedregulatoryelementsin theintergenicregionsof the
H. sapiensgenome,wasusedto analyzetheregulatoryeffectsof noncodingvariants[26].

2) Top rankedSNPs(RegulomeDBscore= 1) weretheninvestigatedusingtheGTExportal
to evaluatetheassociationof potentialfunctionalvariantswith geneexpressionin breastmam-
marytissue[27] 3) SNPnexus[28] andVARAdb[15] databaseswereusedto annotatevaria-
tionsandto retrieveregulatoryfeaturesof theinvestigatedSNPswhileSNPinfowebserver
wasusedto predictthepotentialmiRNA binding sites(https://snpinfo.niehs.nih.gov/cgi-bin/
snpinfo/snpfunc.cgi).

Statisticalanalysis
Comparisonof allelefrequenciesof thecandidateSNPswasperformedusingChi-squaretest
with onedegreeof freedom.Bonferroni'sadjustmentswereappliedfor theselectedSNPsand
ap-value<0.05wasconsideredstatisticallysignificant.

miRNAs pathwaysinvestigation
WedeterminedthepathwaysthatareregulatedbymiRNA usingmiR+Pathway(http://www.
insect-genome.com/miR-pathway)thatprovideinformation regardingmiRNA-target
interactions.

Results
In thecurrentstudy,wehaveassessedlinkagedisequilibriumandhaplotypediversitywithin
highandmoderatepenetrancebreastcancersusceptibilitygenesin theTunisianpopulation
throughtheanalysisof 387SNPsidentifiedin �����, �����, �	
��, �	
�, 	���, �	�,
�����, ��

� and����� genes.

Wehavealsoinvestigatedthefunctionalimpactof theidentifiedSNPsandselectedputative
functionalvariantsthatmaycontributeto diseasesusceptibility.Interpopulationvariability
betweentheTunisianpopulationand8 otherdistinctpopulationsof the1000genomesproject
wasalsoassessed.
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Haplotypeanalysis
Haplotypeanalysiswasperformedfor eachgeneof interest.LinkageDisequilibrium(LD) pro-
filesandhaplotypestructurewithin theTunisianpopulationandthoseof the1000genomes
projectareillustratedin Fig1.In theTunisianpopulation,haplotypeanalysisrevealedhigh
levelsof recombinationacrosstheinvestigatedgenes.In fact,mostof thevariationsshowlow
levelsof LD andhaplotypeblocksaremediumto smallseparatedby recombinationhotspots
regions.Thesmallestblockswereobservedin �����, �	
�, �	
�� and	��� genesin favor
of higherrecombinationratesin thesegenescomparedto theothers.Whencomparinghaplo-
typestructureof thecharacterizedethnicitieswenotethat theTunisianpopulationtendsto
haveLD patternscomparableto thatobservedin populationswith African ancestriesnamely
Yorubain Ibadan,NigeriaandLuhyain Webuye,Kenya.However,theTunisianpopulation
seemsto havesmallerhaplotypeblockscomparedto all theotherworldwidepopulationsand
thiscanbeclearlyobservedin �����, ����� and�	� genes.Particularlyfor ����� gene,
LD patternsandhaplotypeblocksaremorelikely similar to thoseobservedin Americanpopu-
lation with MexicanAncestry.To assessthegeneticdiversityof theTunisianpopulationwe

Fig 1. LD patternsandhaplotypestructure of high andmoderatepenetrancebreastcancersusceptibilitygenesin the Tunisian population and8
populationsof the 1000genomesproject. LD blockswereconstructed usingHaploviewprogramversion4.2.In eachboxtheintensityof theshadow
representstheincreasingstrengthof LD. White blankboxesrepresentlackof LD whiledarkboxessignifystrongLD patterns.TaggingSNPsare
highlightedin bold.

https://doi.org/10.1371/journal.pone.0265638.g001
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havebuilt ahaplotypenetworkfor themajorsusceptibilitygenes����� and�����. Haplo-
typesusedto constructthenetworkaregivenin S1Table.

For the����� geneatotalof 29haplotypeswereanalyzed.TheH1 haplotypewasthe
mostcommon(n = 511)occurringin all analyzedpopulationsexceptthat from Yorubain Iba-
dan(Fig2).ThesecondmostcommonhaplotypewasH2 (n = 252)andwasobservedacross
all populationsincludedin thisstudy.Asshownin Fig2all haplotypesidentifiedin theTuni-
sianpopulationaresharedwith morethanoneotherpopulation.Threehaplotypesnamely
H17,H21,andH25arespecificto thosewith African ancestryTUN-LWK-YRI. Regarding
����� gene,87haplotypeswerestudied.ThemostfrequenthaplotypewasH29found in 4
populationsCHB,GIH, JPTandMXL. HaplotypesH1, H3, H4, andH6 werefound to bespe-
cific to theTunisianpopulation.

Furthermore,wehavecalculatedallelefrequenciesanddefinedhaplotypetaggingSNPs
(htSNPs)for eachgeneof interest(S2andS3Tables).

Population structure andgeneticdiversity analysis
To further investigatethegeneticdiversityof theTunisianpopulationandto assessits genetic
ancestry,aPCAwasperformed.This lattershowedthat theTunisianpopulationisclustered

Fig 2. Median-joining haplotypenetwork for BRCA1(A) andBRCA2(B) gene.Thesizesof thecirclesare
proportionalto haplotypefrequencyandeachcolor referto adistinctpopulation.

https://doi.org/10.1371/journal.pone.0265638.g002
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with populationsof European(CEU& TSI),SouthAsian(GIH), andMexicanancestry(MXL)
(Fig3).Theplot alsoclearlyrevealsthatpopulationsof African ancestry(LWK andYRI) are
distinguishedfrom non-Africanpopulationsandform adistinctcluster.

Furthermore,weusedWright's fixation indexFstto evaluatethegeneticdivergenceamong
Tunisianandtheother8 worldwidepopulations(S1Appendix).Fstvaluesrangedfrom 0 to
0.496.Thehighestlevelsof differentiationwereencounteredin comparisonwith populations
of African (YRI = 0.442& LWK = 0.426)andEastAsian(JPT= 0.469& CHB= 0.364)ethnic-
ity. Theseresultssupportthefindingsof thePCAandindicatethat thegeneticbackgroundof
theTunisianpopulationiscloserto thatof populationswith non-Africanancestry.

Functional annotation
Thevastmajority of SNPscharacterizedfrom genotypingdataarelocalizedin untranslated
regions.Giventhatnon-codingelementscanhavediverserolesin theregulationof protein-
codinggenes,weperformedfunctionalannotationusingRegulomeDBto identify potential
functionalvariants.RegulomeDBusesascoringsystemto classifyvariations.Lowerscores
indicateincreasingevidencefor avariantto belocatedin afunctionalregion[26]. To prioritize
candidatefunctionalvariantsonly top rankedones,thosebelongingto category1,werecon-
sideredfor further analysis.Thesevariationsarelikely to affectbinding andarelinked to the
expressionlevelof atargetgene.TheseSNPswerethenexploredin theGTExdatabaseto eval-
uatetheir associationwith geneexpressionin breastmammarytissue.Additional regulatory
featureswerealsoassessedusingSNPNexus,VARAdbandSNPinfoweb-basedtools.A total
of 28potentiallyfunctionalSNPs,with supportingevidenceof regulatoryfunctionswere
selected(Table1).

In the����� gene,6 putativefunctionalvariantsweredetected(Table1).All thesevaria-
tionsareassociatedwith theexpressionlevelsof ����, anon±proteincodinggenethat resides
adjacentto �����. Furthermore,the3 first SNPs(rs1043284,rs2271539,rs1567832)were
locatedin typicalenhancersandamongthesevariantsrs2271539liesin H3K4me3histone
modificationregion.Wehavealsofound that rs8176318setsin anopenchromatinregion
whilers4793197waslocatedin enhancerstargeting�����, �����, "�	� and�#���� genes.
Additional �� $��� ! analysisshowedthat rs1043284,rs10840,rs8176318arepredictedto alter

Fig 3. Principal componentanalysisof high andmoderatepenetrancesusceptibility genes.Thefirst two principal
components(PCs)areplottedandcolouredaccordingto populationancestry.

https://doi.org/10.1371/journal.pone.0265638.g003
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thebinding sitesof severalmiRNAsincludinghsa-miR-149,hsa-miR-544andhsa-miR-639.
For �����, 3candidatevariantswereselectednamelyrs206336,rs206337andrs798273.
rs206336andrs206337werelocatedin typicalenhancers,in accessiblechromatinregionsand
lie alsoin theH3K4me3histonemodificationregion.For �	
��, rs12488wasassociatedwith
theexpressionlevelsof ���!/0�. in bothbreastmammarytissueandbreasttumors.It alsosets
in superenhancersandin chromatinregionswith H3K4me3mark.

Considering	��� gene,rs1050540waspredictedto alterthebinding sitesof hsa-miR-579
whilers1050541seemsto affectthebinding sitesof 8distinctmiRNAssuchashsa-miR-1224-
5pandhsa-miR-1265.For the�	� gene,rs228591wasfound to beassociatedwith �	�
expressionin breasttumors(p-value= 0.000362)andrs227073waslocatedin breastcancer-
associatedenhancertargeting�	� gene.In �����, 13candidatefunctionalvariantswere
selected(Table1).Theselatterwereassociatedwith geneexpressionof ��	�� andwere
locatedin tumorigenesis-associatedenhancers.

�����_rs6497674 waslocatedin openchromatinregions,whereasrs380618waslocatedin
chromatinregionswith H3K4me3mark.Interestingly,rs120963waslocatedin atumorigene-
sis-associatedenhancer,associatedwith histonemarkH3K4me3andwaspredictedto strongly
affectthebinding of 3 TFsTP53,STAT3andCEBPG.It wasalsolocatedin enhancerstarget-
ing �����, ��#����, #����, 
����, ��	�� and���� genes.

Allele frequencycomparisonbetweendifferent ethnic groups
Thepairwisecomparisonof allelefrequenciesof thecandidateSNPsbetweentheTunisian
populationandthoseof the1000genomesprojectrevealedsignificantdifferencesin allelefre-
quencieseitherwith Africans,Europeans,Americans,or Asians(S4Table).Takingtheexam-
plesof rs1043284andrs10840in the����� gene,significantdifferenceswereobservedwith
all populationsexceptthosefrom Europeanancestry.Nevertheless,for ����� geneallelefre-
quenciesof rs11642434,rs120963,rs420259,rs26760,rs35635andrs26766weresignificantly
differentfrom thoseobservedin Europeanethnicpopulations.Moreover,comparedto Afri-
canpopulations,significantdifferencesin allelefrequencieswerefound for rs2271539,
rs1567832,rs8176318,rs4793197in �����, rs1050541in 	���, rs5752811�� ��

� and
rs459894,rs426745,rs120963in ����� gene.Furthermore,whenconsideringall 1000
genomesproject`spopulationsmergedtogetherwenotethat �����_rs206336,
�����4rs206337, �	
��_rs12488, �	�_rs228591 and�	� _rs227073hadallelefrequencies
specificto theTunisianpopulation.

miRNAs pathwaysinvestigation
In our study,severalSNPswerefound to alterthebinding sitesof miRNAs.Someof these
miRNAsareinvolvedin important pathways,suchasthePI3-Akt signalingpathway,Rassig-
nalingpathway,MAPK signalingpathway,P53signalingpathway.. .ect(S5Table).Moreover,
severalmiRNAsinvolvedin cancerpathwayswereidentified.Interestingly,hsa-miR-136,hsa-
miR-639andhsa-miR-298werefound to regulateseveralcancerpathwayssuchasbreast,colo-
rectal,pancreatic,gastric,andprostatecancer.

Discussion
Considerableprogresshasbeenmadetowardstheunderstandingof thegeneticbasisof
breastcancer[29]. Sofar,Genome-wideassociationstudieshavesuccessfullyidentified
morethan170loci associatedwith breastcancerrisk [14]. Theserisk-associatedSNPsare
usuallynot thecausalones,but theyarein high LD with functionalSNPscausativeof the
investigatedphenotype[17,29].To identify functionalSNPs,it is essentialto considerthe
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haplotypestructureof thestudiedpopulation.Thishasbeenfacilitatedby genomesequenc-
ing projectsincluding theInternationalHapMapProjectandthe1000GenomesProjectthat
haveproducedhighqualitygenotypingdatain largesamplesizesof diversehumanpopula-
tions.Thishelpsin identifyingfunctionalSNPsbyusingpopulation-specifichaplotypestruc-
tures[17]. Unfortunately,North African populationsarenot representedin theseprojects
hencetheneedto characterizethegeneticrisk loci andhaplotypestructureof susceptibility
genesto betterunderstandtheGWASfindings.Theclinical insightsderivedfrom GWAS
findingshavebeenlimited giventhatmostof therisk -associatedSNPshavebeenmappedto
non-codingregionsandtheinterpretationof their functionalimpactremainschallenging
[13]. In thecurrentreport,wehavecharacterizedtheLD patternsandhaplotypeblocksof
highandmoderatepenetrancesusceptibilitybreastcancergenes.Wehavealsoassessedthe
functionalimpactof thestudiedSNPs.Characterizationof haplotypestructuresshoweddif-
ferencesin LD patternsbetweengeneswith high levelsof recombinationandhaplotype
blocksof moderateto smallsize.Theseresultsarepredictablegiventhefactthat theAfrican
populationis olderthantheotherpopulations,in which therehavebeenmorerecombina-
tion eventsresultingin smallerblocs[30]. Thesefindingsarealsoin accordancewith previ-
ousreportswherepopulationswith African ancestrywerefound to havesmallerblocksthan
non-Africanpopulations[17,31].In addition,variationin LD patternsbetweengenesare
expected.In fact,it wasshownthat thestrengthandthedistanceoverwhichLD extendsvary
alongchromosomesandfrom oneregionof thegenometo another[32,33].Severalfactors
seemto shapepatternsof diversityandLD in thehumangenome.Theseincludedpopulation
size,geneticdrift, selection,demographicfactorsandvariableratesof mutationandrecom-
bination.WehavealsodeterminedtaggingSNPsconstitutedwith themostinformative
markersthatcanbeusedin upcominglarge-scalebreastcancerassociationstudiesin Tuni-
sia.In thecurrentreport taggingSNPswereusedto constructahaplotypeNetworkfor
���� genesthat includedgenotypicdatafrom Tunisiaandfrom 8 otherhumanpopula-
tions.Themostfrequenthaplotypesidentifiedfor eachgeneareprobablytheancestralones
from whichall othershavederived.Moreover,Tunisianhaplotypesshowedaheterogeneous
distribution, somearesharedwith differentpopulationsandothersareuniqueto theTuni-
sianpopulation.Theseresultsreflectthemosaicgeneticstructureof theTunisianpopulation
whichmayexplainthegeneticheterogeneityof breastcancerin Tunisia.Thisobservation
wasfurther confirmedwith PCAandFstestimation.In fact,our findingshaverevealedthat
theTunisianpopulationtendsto haveamixedorigin divergentfrom thatof African popula-
tions.In fact,it wasfound to beclusteredwith populationsof European,SouthAsian,and
Mexicanancestryandshowedahigh levelof differentiationwith thoseof African ethnicity.
Thiscouldbeexplainedbymigratorywaivesthatoccurredin Mediterraneancountries.
Indeed,throughoutits history,Tunisiahaswitnessedinvasionsandseveralmigratoryflows
in prehistoricandhistoricperiodswhichcontributedto its geneticdiversity[34,35].Our
findingsarein accordancewith previousstudiesinvestigatingthegeneticstructureof the
Tunisianpopulation.In fact,it wasdemonstratedthat theTunisianpopulationhasan
admixedgeneticstructurewith prevalenceof theEurasianlineages,followedby theSub-
SaharanandNorth African ancestries[36,37].Furthermore,wehaveexploredthefunctional
impactof thestudiedSNPsandhaveselected28putativefunctionalvariants.Thesevaria-
tionswerelocatedin transcriptionalregulatoryregionssuchasenhancers,TFs,accessible
chromatinregionsandmiRNAsbinding sites.An interestingvariantwasdetectedin �����
geners8176318thatwasassociatedwith ���� geneexpressionin mammarytissueandwas
predictedto alterthebindingsof 6 distinctmiRNAs.���� is anon±proteincodinggene
localizedadjacentto the����� gene.Thetwo genesareseparatedbyonly 218basepairs
andtheir transcriptionisdivergent.Somestudieshaverevealedthat ���� and����� genes
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mayin fact,bereciprocallyregulated.In anumberof cell lines,higherlevelsof ���� expres-
sionarecorrelatedwith low ����� levels.Thiscouldreflectcompetitionbetweenthepro-
motersfor RNA polymeraseII andalsosuggeststhatactivationof the���� promotercould
leadto decreased����� expression[38]. In light of theseobservations,wemayhypothesize
thatSNPsfound to beassociatedwith increased���� expressioncouldbeassociatedwith
downregulationof ����� andhencewith breastcancerrisk.Nevertheless,andin amore
recentstudy,Xiaoetal.haveshownthat ���� encodesalongnon-codingRNA andsup-
pressestumor developmentthroughregulationof adenosinemonophosphate±activatedpro-
tein kinase(AMPK) activationwhichmeansthatdownregulationof ���� genemayalso
predisposeto cancer[39]. In apreviousgenomewideSNPgenotypingstudyconductedby
our group,aputativefunctionalSNPªrs9911630ºwasalsofound to beassociatedwith the
expressionlevelsof ����. Thisvariant,andin addition to its functionalimpactcontributed
verysignificantlyto thegeneticvariabilitybetweenAfrican andnon-Africanpopulations
[12]. �����_rs8176318 thatwearedescribingherehasbeenreportedasbeingassociated
with familial breastandovariancancerin Thaipopulationandwith triple negativedisease
amongAfrican Americanwomen[40]. It wasalsofound to beassociatedwith decreased
����� expressionin breastcancercell lines,andwith greaterlikelihoodof havingstageIV
breastcancer[41]. It iswellestablishedthatallelefrequencyvariesbetweenpopulations
worldwideleadingto variationin diseasesusceptibility.�����_rs8176318 wasidentified
with arelativelyhigh frequencyin Tunisianhealthyindividuals(27.6%).Comparisonof
allelefrequencyrevealedstatisticallysignificantdifferenceswith African populations,YRI
(12.5%),andLWK (11.1%),with respectivep-valuesof 0.0004388and0.0001243.These
resultsshowedthat theTunisianpopulationmayhaveanincreasedbreastcancerrisk com-
paredto populationsfrom African ancestries.Likewise,amongputativemiRNAsdisrupted
by this variant,hsa-miR-149wasreportedto bedownregulatedin breasttumorsandit is
usuallyrecognizedasatumor suppressorwith reductionin severalcancers[42]. Further-
more,wehavefound thathsa-miR-639regulatesseveralcancerpathwaysincludingbreast,
endometrial,pancreatic,andcolorectalcancer.It wasalsodemonstratedthat theup-regula-
tion of this miRNA contributesto breastcancerinvasionandmetastasis[43]. Another inter-
estingvariantwasidentifiedin ����� geners120963.ThisSNPwaspredictedto strongly
affectthebinding of threeTFsTP53,STAT3andCEBPG.Thetumor suppressorp53is a
DNA-binding transcriptionfactorthatplaysacritical role in preventingcancerprogression.
Altering thebinding of thisTF maypromotecancergrowth[44]. Thisvariantwasalso
locatedin enhancerstargeting�����, ��#����, #����, 
����, ��	�� and���� genes
in breastmyoepithelialprimary cells.Enhancerscanactivategenetranscriptionby recruiting
transcriptionfactors,chromatinremodelingfactorsandRNA PolymeraseII [45]. Single
nucleotidevariantsin theseregulatoryelementsmight affecttranscriptionfactorbindings,
andin turn, makeanessentialcontribution to diseaseprogressionby alteringtheexpression
of thetargetgenes[46]. Thisvariantsitesalsoin chromatinregionswith theH3K4me3
mark.This latter is oneof theepigeneticmodificationsto histoneproteins[47]. that iswidely
enrichedatpromotersandtranscriptionalstartsites(TSS)of highlyexpressedgenes[48]. It
wasshownthatH3K4me3interactswith chromatinremodelersandpromotesrecruitment
of basictranscriptionfactorsto facilitatetranscriptionactivation[47,49].Along theselines,
variationsin tumor suppressorgenesoccurringin H3K4me3domainsmayaltertheaccessi-
bility of genesfor transcriptionandpromotecancerdevelopmentandprogression.Previous
studiesinvestigating�����_ rs120963havereportedincreasedbreastcancerrisk associated
with this variant[50,51].Comparisonof allelefrequencythatwehaveconductedshowed
statisticallysignificantdifferencesbetweentheTunisianpopulationandthoseof European
andAfrican ancestries.SeveralothercandidatefunctionalSNPslocatedin openchromatin
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regionswereidentifiedsuchas�����4/$��'��' and��

�4/$�������. Accessiblechro-
matin representsthetranscriptionallyactivestateof eachgene.It displayslowernucleosomal
densityor evennucleosome-freeregionsandcapturesmorethan90%of TFstargetregions
[52,53].Variationsidentifiedwithin theseregionsmaythereforeaffectgeneexpressionby
alteringTFsbindingssites.TheseputativefunctionalSNPsthatwehavecharacterizedshould
beprioritized in upcomingassociationstudiessincetheymayactasgeneticmarkersof can-
cerrisk. In fact,theycouldserveto developapolygenicrisk score(PRS)specificto theTuni-
sianpopulationwhichwill helpto improvebreastcancerscreeningin Tunisianindividuals.
ThisPRSconstituteanestimateof anindividual'sgeneticsusceptibilityto atrait or disease,
estimatedaccordingto their genotypeprofile andrelevantGWASdata[54]. In fact,combi-
nationsof known risk-associatedvariantsmight beusefultoolsin identifying individuals
with relativelyhigherrisk amonggeneralpopulationsfor targetedcancerprevention[55,
56].Indeed,severalpreviousstudieshavedescribedahigherPRSamongwomendiagnosed
with breastcancerwhencomparedto healthyindividuals[57]. Thecorrelationbetweenthe
PRSandthegeneticliability to diseasehasledto its routineapplicationin biomedical
research[54]. Implementingpolygenictestingin theTunisianpopulationis of keeninterest.
It mayhelpto resolvepart of themissingheritabilityandto identify at risk womenwith
uninformativegenetictestresults.Thiswill revolutionizehealthservicesby providingper-
sonalizedrisk assessmentswithin populationbreastscreeningprograms[57].

Conclusions
In thecurrentreportcharacterizationof theLD profilesandhaplotypestructuresshowed
somesubstantialdifferencesbetweenthestudiedgenesandalsoamongpopulations.This
underscorestheneedto characterizeeachlocusof interestprior to associationstudies.Haplo-
typedistribution wasalsoheterogeneous,reflectingthemosaicstructureof theTunisianpopu-
lation.Wehavealsoprovidedanoverviewof thepotentialfunctionalvariantsthatcouldbe
associatedwith breastcancerrisk in theTunisianpopulationandthatmayserveto developa
PRSleadingto betterdiseaseprevention.
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