


Introduction
Hearingloss,whichseverelyaffectspatients'dailyqualityof life, isoneof themostcommon
sensoryimpairments,affectingapproximatelyoneto threenewbornsperevery1,000live
births[1,2]. In China,thereareapproximately0.8million children(lessthan7 yearsof age)
with hearingimpairments,andthisproportion exhibitsanannualincreaseof 30,000children
[3]. Hearinglossisetiologicallyheterogeneous,andit hasbeenestimatedthatat leasttwo
thirds of thecasesof childhood-onsethearinglosshavegeneticcauses[4,5].To date,more
than80genesandmorethanahundredgeneticloci havebeenmappedandassociatedwith
hereditaryhearingloss(http://hereditaryhearingloss.org/).

However,previousepidemiologicalstudieshaveshownthatnearlyhalfof NSHLcasesare
relatedto thefollowinggeneswith recurrentmutationsin theChinesepopulation:GJB2
(OMIM: 121011),GJB3 (OMIM: 603324), SLC26A4 (OMIM: 605646) andthemitochondrial
geneMT-RNR1 (OMIM: 561000) [6±8].With respectto geneticfactorsof NSHLin China,
GJB2 variantsappearto bethemostcommon(23.37%),followedbyvariantsin theSLC26A4
(14.74%),MT-RNR1 (2.56%)andGJB3(1.97%)genes[9,10].Mutationsin theGJB2 geneare
themostfrequentcausesof nonsyndromicautosomalrecessivesensorineuralhearinglossin
mostAsianpopulations,includingHan Chinese[6]. Fourcommonmutations(c.235delC,
c.299_300delAT,c.176_191del16,andc.35delG)accountfor 88.0%of GJB2 mutantallelesin
theChinesepopulation[11]. A SLC26A4 mutation is thesecondmostcommoncauseof deaf-
nessin China[12]. Mutationsin theSLC26A4 geneareresponsiblefor Pendredsyndrome
(PDS)andenlargedvestibularaqueductsyndrome(EVA), with hearinglossdetectedatbirth
or in earlychildhood[13,14].In China,themostcommonmutationof SLC26A4 is IVS7-2
A>G,with anallelefrequencyrangingfrom 5.13%to 11.06%[10,15].TheGJB3 gene,which
is relatedto hereditaryNSHL,wasfirst clonedin theChinesepopulation,andmutationsin
GJB3 areassociatedwith progressivehearingloss[7]. Themostcommonmutationsin GJB3
arec.538C>Tandc.547G>A[16]. Althoughnucleargenedefectsconstitutethemajority of
casesof hereditaryhearingloss,it hasbecomeclearthatmutationsin mtDNA canalsocause
NSHL.Thebest-studiedmutationsrelatedto aminoglycosidesusceptibilityarem.1555A>G
andm.1494T>Cin theMT-RNR1 gene[17±19].In apreviousstudy,weshowedthat the
carrierfrequencyof commonmutationsof thefour above-mentionedgenesamong9317new-
bornswas3.84%[20], andanotherstudyconductedbyZhangshowedahighercarrierfre-
quencyof 5.52%in northernChina[21]. Congenitaldeafnessaccountsfor theoverwhelming
majority of thepopulationwith prelingualdeafness.Becauseit canaffectlanguagecapacity,
thetiming of thedetectionof hearingimpairmentisveryimportant.Therefore,earlydetec-
tion, diagnosis,andinterventionarenecessaryfor newbornswhoaresusceptibleto deafness.
Deafnessgenescreeningmight identify thecauseof deafnessat themolecularlevelandis thus
areliableandeffectivemethodfor identifyingNSHL-associatedgenemutationcarriers.

At present,differentmethodsareusedfor thedetectionof NSHL-associatedgenemuta-
tions,includingclassicpolymerasechainreaction/restrictionenzymeanalysis(PCR-RFLP)
[22], denaturinghigh-performanceliquid chromatography(DHPLC) [23], matrix-assisted
laserdesorption/ionization time-of-flight massspectrometry(MALDI-TOF-MS) [24] and
directsequencing.Suchmethodspresentvariablechallenges;for example,thePCR-RFLP
methodcandetectalimited numberof mutationsin asinglerun, makingit insufficientfor
multi-alleledetection.Othermethods,however,requireexpensiveequipmentandpersonnel
with specializedabilities,makingthemunsuitablefor first-line screeningin aclinic setting.

In thisstudy,weaimedto developamoreefficientgeneticdiagnosticassaybasedon the
PCR-RDBtechniquethatcouldbeusedasafirst-line screeningtool for prevalentmutationsin
theChinesepopulation.Weselected20variantsof four genes(GJB2, GJB3, SLC26A4 and
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MT-RNR1) thatarefrequentlyfound in theChinesepopulationandcauseNSHLto varying
degreesandwith differingphenotypes.Thisplatformwill serveasausefulandcost-effective
first-line screeningtool for geneticNSHLin theChinesepopulation.

Methods

Subjects

Wecollectedsamplesfrom neonateswhowereborn in DongguanChildren'sHospitalbetween
January2015andOctober2015.All of thesubjectshadundergonetraditionalnewbornhear-
ing screeninganddeafnessgenescreeningbyMALDI-TOF massspectrometry.A totalof 225
neonateswith at leastoneof the20variantsof theGJB2, GJB3, SLC26A4 andMT-RNR1genes
in homozygous,single-heterozygous,or compound-heterozygousformswererecruited.In
addition,30normalcontrol subjectswhopassedthetraditionalnewbornhearingscreening
anddid not haveanyof the20variantswerealsorecruited.Thisstudywasapprovedandcon-
ductedin accordancewith theprotocolsrecommendedby theInstitutional MedicalandEthics
Committeeof DongguanChildren'sHospital.Written informedconsentwasobtainedfrom
theparentsor legalguardiansof thesubjects.

Thepositivecontrolsusedfor thedevelopmentof theassaywereclinicalbloodsamples
with 18commonNSHLmutations,andtheremainingtwo (c.167delTandc.589G>A)were
obtainedbysite-directedmutagenesis(ShanghaiShanjingBiologicalCompany).

Genomic DNA extraction

Peripheralwhole-bloodsamplesfrom all of thesubjectswereobtainedin EDTA- contain-
ing tubes,andgenomicDNA wasextractedusingtheQIAampDNA BloodMini kit (Qia-
gen,Hilden, Germany)accordingto theinstructionsprovidedby themanufacturer.A
quantitativeestimationof DNA expressionwasperformedby spectrophotometry(Thermo-
FisherNanodrop,DE,andUSA).ThegenomicDNA productswerestoredin afreezerat
-20ÊC.

Design of primers and probes

Tensetsof primersweredesignedfor multiplexpolymerasechainreactions(M-PCRs)to
amplify theGJB2, GJB3, SLC26A4 andMT-RNR1 genesspanningthe20mutationsites
(Table1).The5' endsof theprimerswerelabeledwith biotin. A totalof 30probes,including
10normaland20mutantprobescoveringthemutationsites,weredesigned(Table2).Tenof
thenormalprobeswereusedascontrolsfor 11mutantprobes,andtheseincluded1226Nfor
c.1226G>Aandc.1229C>T.Theremainingnine less-commonmutations(c.167delT,
c.281C>T,c.589G>A,IVS15+5G>A,c.547G>A,c.1975G>C,c.2027T>A,c.1174A>T,and
c.2162C>T)hadno positivecontrols.Whenpositiveresultfor anyof theseninemutations
wasobtained,further verificationwasperformedbySangersequencing.

Multiplex PCR amplification

Multiplex PCRamplificationwasperformedon anMx3000pPCRmachine(Stratagene,CA,
USA).Thereactionswereconductedin afinal volumeof 25μL containing1×PCRbuffer
(MgCl2Plus),1×QiagenHotstarbuffer(Qiagen,Hilden,Germany),0.2mmol/L of eachdNTP
(Promega,CA,USA),0.2μmol/L of eachof thetwentyprimers,0.1U/μL HotStarTaqDNA
polymerase(Qiagen,Hilden,Germany)and1~2μgof genomicDNA. Theamplificationswere
performedin two tubessimultaneously(asdetailedin Table1).ThePCRconditionswere
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basedon themanufacturer'sinstructions:pre-denaturationat95ÊCfor 5min, 35cyclesof
denaturationat95ÊCfor 30s,annealingat55ÊCfor 30s,andextensionat72ÊCfor 30s,anda
final extensionat72ÊCfor 5 min. Theproductsweresubsequentlyvisualizedbyelectrophore-
sison a1.5%agarosegel.

Table 1. Multiplex PCR primers.

Gene Mutation sites Primer sequences Size (bp) PCR tube

GJB2 c.35delG, c.167delT, c.176_191del16, c.235delC, c.299-300delAT HL1F:5’-AGAGCAAACCGCCCAGAGTAGAA-3’
HL1R: 5’-GAAGATGACCCGGAAGAAGATGCT -3’

420 Tube I

SLC26A4 c.281C�!T HL4F: 5’- GGCTCCCCAAATACCGAGT -3’
HL4R: 5’- TGGTAGCTGGGGAGAAGTG -3’

150 Tube I

c.589G�!A HL5F: 5’- CAGCTAGAGTCCTGATTGCCA -3’
HL5R: 5’- GCCTTAATAAGTGGGGTCTTGC -3’

250 Tube I

IVS7-2A�!G HL6F: 5’- CAGCATTATTTGGTTGACA -3’

HL6R: 5’- CCCTTGGGATGGATTTA-3’

304 Tube I

c.2162C�!T, c.2168A�!G HL10F: 5’- AATGCGGGTTCTTTGACGACA -3’
HL10R: 5’- AAATGGAACCTTGACCCTCTTGA-3’

115 Tube I

c.1174A�!T, c.1226G�!A, c.1229C�!T HL7F: 5’- GGACCACCACGCAGAGTAG -3’
HL7R: 5’- TGCCATTCCTCGACTTGTTCTC -3’

287 Tube II

IVS15+5G�!A HL8F: 5’- CAGTCCTATTTTCTATGGCAATGTC-3’
HL8R: 5’- TGCCCTACACAAAGGGAAGAGG -3’

177 Tube II

c.1975G�!C, c.2027T�!A HL9F: 5’- TGCTTACCAAGGAACAGTGTGT -3’
HL9R: 5’- GCCCATGTATTTGCCCTGTTG -3

334 Tube II

GJB3 c.538C�!T, c.547G�!A HL2F: 5’- GCCCCCTGCCCCAACATCGTG -3’
HL2R: 5’- GTGGCAGCGGCAGGTGGAAGC -3’

200 Tube II

MTRNR1 m.1555A�!G, m.1494C�!T HL3F: 5’- TTAAGGGTCGAAGGTGGATTTAG -3’
HL3R: 5’- TGGTTTGGCTAAGGTTGTCTGGTA-3’

367 Tube II

https://doi.org/10.1371/journal.pone.0177196.t001

Table 2. NSHL gene mutation detecti on probes.

Name of probe Mutation detecti on probe (5'!3') Name of probe Normal probe (5'! 3') Detected mutation sites

35M CGATCCTGGGGGTGTGA 35N GATCCTGGGGGGTGTGA GJB2 c.35delG

176M CCTGCAGCCAGCTACGATCAC 176N CAGGCTGCAAGAACGTGTGCTAC GJB2 c.176_191del16

235M CTATGGGCCTGCAGCTG 235N CTATGGGCCCTGCAGCT GJB2 c.235delC

299M CTACCGGAGACGAGAAGAAGA 299N CTACCGGAGACATGAGAAGAAG GJB2c.299_300delAT

538M CTACATTGCCTGACCTACCG 538N CTACATTGCCCGACCTACC GJB3 c.538C�!T

1494M CCGTCACCCTTCTCAAGTATAC 1497N CCGTCACCCTCCTCAAGTAT MT-RNR1 m.1494C�!T

1555M TAGAGGAGGCAAGTCGTAACA 1555N GAGGAGACAAGTCGTAACATGG MT-RNR1 m.1555A�!G

IVS7-2M TTATTTCGGACGATAATTGCT IVS7-2N GTTTTATTTCAGACGATAATTGCT SLC26A4 IVS7-2A�!G

2168M TGACGGTCCGTGATGCTA 2168N TGACGGTCCATGATGCTATAC SLC26A4 c.2168A�!G

1226M CACTGCTCTTTCCCACACG 1226N/1229N CTCTTTCCCGCACGGCC SLC26A4 c.1226G�!A

1229M GCTCTTTCCCGCATGGC SLC26A4 c.1229C�!T

167M GCAGCCAGCTACGATCAC GJB2 c.167delT

281M CGGGAGTTAGTATTGGGC SLC26A4 c.281C�!T

1174M GATCAGCTACATCTTCTCAGGA SLC26A4 c.1174A�!T

1975M GCCTTCTGCTTGACTGTG SLC26A4 c.1975G�!C

2162M ACATTCTTTTTGATGGTCC SLC26A4 c.2162C�!T

547M ATTTTCTTCTTGGTAGGTCG GJB3 c. 547G�!A

589M CTGACTCTGCTGGTTAGAAT SLC26A4 c.589G�!A

IVS15+5M AAGTCCACAGTAAATATTTTATCC SLC26A4IVS15+5G�!A

2027M AGTGAGATCACAGCGGGT SLC26A4 c.2027T�!A

https://doi.org/10.1371/journal.pone.0177196.t002
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Reverse dot blot assay

Thereversedot blot (RDB)procedureperformedin thisstudywasbasedon thatdescribedby
Lappinetal [25]. Thecarboxylgroupson thesurfaceof thenylon membranewerenegatively
charged,andoligonucleotideprobesweresynthesizedusingaC6-amino-linkeron the5' end
of theproduct,whichwaspositivelycharged.Theprobeswerefixedonto aBiodyneC nylon
membrane(PallCorporation)afterthemembranewasactivatedby incubatingwith 5%
1-ethyl3-dimethylaminopropylcarbodiimide(EDAC) for 30minutesandthensoakingwith
0.1MNaOHfor 5 minutes.

ThetargetDNA wasamplifiedwith 5' biotinylatedprimersandhybridizedto immobilized
oligonucleotideson themembrane.All 30above-mentionedprobeswerefixedto aBiodyneC
membrane(PallCorporation,NY, USA).ThePCRproductswereheatedto at least95ÊCand
thenimmediatelycooledto 0ÊC.Eachstrip and8mLofhybridizationsolutionA solutioncon-
sistingof 2×salinesodiumcitrate(SSC-3mol/L NaCland0.3mol/Lsodiumcitrate)with 0.1%
SDS(pH 7.4)werepre-heatedto 45ÊC.ThedenaturedPCRproductswerethenadded,andthe
stripswereincubatedat45ÊCfor 2 h in ascrew-toptube.Thestripsweresubsequentlywashed
with washsolutionB(0.5×SSCand0.1%SDS,pH 7.4)at45ÊCfor 10min. Afterward,thestrips
weretransferredto ahybridizationsolutionA-diluted mixturecontaining0.125U/mL strepta-
vidin-horseradishperoxidaseconjugate(Roche,Mannheim,Germany)andincubatedat room
temperaturefor 30min. Any excessconjugatewasremovedthroughtwo washeswith solution
A. Thecolor-developingsolutioncomposedof 0.1mg/mL tetramethylbenzidinedihydrochlor-
ide(TMB) substrate(SigmaT8768),0.015½H2O2 and0.1mol/L sodiumcitrate(pH 5.4)
werethenadded,andthecolor reactionwasdevelopedfor 20min. Bluedotsindicatedthepos-
itive detection.A positivecontrol wasperformedin eachexperimentto ensurethereliability
of thedetectionsystem.All of thesampleswereanalyzedindependentlybyDNA sequencing
to confirm theaccuracyof theassay.

Results

Establishment of the assay

TheassaywasestablishedusingDNA samplesfrom 18subjectswith mutationsandtwo plas-
mid samplesexpressingtheremainingtwo knownmutations,whichwereintroducedthrough
site-directedmutagenesis.Thesuccessfulelectrophoretogramisshownin Fig1.Whenanalyz-
ing theresults,anabsenceof colordevelopmentwith all or themajority of thecontrol probes
servedasainvalid results.

Theassayof the20positivecontrol samplestestedyieldedtheexpectedresults(Fig2 andS1
Fig).ThenormalDNA samplesshowedpositiveblue-coloredspotswith all of thecontrol
probesandnegativewhite-coloredspotswith themutationprobes.HomozygousDNA sam-
plesshowedblue-coloredspotswith theappropriatemutantprobesandnegativewhite-col-
oredspotswith thecorrespondingprobes.HeterozygousandcompoundheterozygousDNA
samplesshowedblue-coloredspotswith oneandtwo mutantprobes,respectively,andthecor-
respondingwhite-coloredcontrol-probespots.

Validation of the assay

Weappliedour methodto agroupof 225neonateswhocarriedoneof 20deafnessgenemuta-
tionsand30normalneonates.All of thesamplesweresubsequentlyexaminedbyDNA
sequencing,and100%concordancewasfoundbetweenthetwo methodologies(S2Fig).
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Discussion
Wedevelopedaplatformthatcanbeeasilyperformedwith commonequipment,hasalow
costof lessthanUS$3andcanbecompletedwithin 6h. It isanidealmethodfor smallerclinics
andlaboratorieswith limited resourcesthatcouldallowthefront-line detectionof NSHL
geneswithout havingto resortto directDNA sequencing.Our resultsfor 255unrelatedsub-
jectsshowed100%concordancewith theresultsof independentdirectsequencing.

At present,theMassARRAYsystemcombinedwith aniPLEXassay,which isahigh-
throughputgenotypingtechnologybasedon MALDI-TOF massspectrometry,is themost
commondeafnessgene-detectingmethodusedin clinicalsettings[26±29].ThisMassARRAY
systemcandetectalargeamountof variantsin multiple samplessimultaneously.Nevertheless,
theMassARRAYsystemrequiresaveryexpensiveplatformfor theanalysis,whichlimits its
use.

Genetictestingcanpotentiallyallowanaccuratediagnosisof NSHL,andadiagnosisof the
geneticetiologywill aid theclinicalmanagementof patients,including theselectionof the
mostappropriatetreatment.Combinednewbornhearingscreeningandgeneticscreeningof
commondeafness-relatedgeneswill benefittheearlydetectionof infantsathigh risk of devel-
opingdelayedhereditarysensorineuraldeafnessor sensitivityto deafness-relateddrugsaswell
asthediagnosisof hearinglossin children.Thescreeningof deafness-relatedgenesmight
effectivelypreventtheoccurrenceanddevelopmentof deafness.Themolecularetiology,diag-
nosis,andeffectivegeneticcounselingof theprobandareimportant for thepreventionand
treatmentof deafness.

BecauseGJB2,GJB3,SLC26A4,andMT-RNR1arethefour mostcommoncausativegenes
of prelingualNSHLin theChinesepopulationandhotspotmutationsof thesefour genesare
included,our assayisexpectedto coverasubstantialportion of prelingualsevere-to-profound
geneticNSHLin theChinesepopulation.Therestrictedtargetingreducesthepossibilityof
incidentalfindingsbut allowshighercoverageatalowercostcomparedwith genome-wide
approaches.Thisstudyshowsthat thissimpleandinexpensivemethodcanbeusedfor routine
moleculardiagnosisandpotentiallyfor large-scalegeneticscreening.However,it ispossible
that theRDBwill beaffectedby theSNPnearthemutation.Althoughthisdid not occurin the
225positivesamples,wewill taketestsamplesin thefuturestudy.

Weproposethat thePCR-RDBassayisahighlyaccurate,rapidandeconomicalclinical
assaythatcanbepotentiallyusedfor neonatalhearingscreeningandpersonalizedmedicine.
Childrenwith theMT-RNR1mutationarerecommendedstayawayfrom aminoglycoside

Fig 1. PCR product s of eight samples obtained by electropho resis in a 1.5% agarose gel stained with
ethidium bromide . I and II represents PCR products of tube I and II respectively.

https://doi.org/10.1371/journal.pone.0177196.g001
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antibioticsto avoidthedevelopmentof drug-inducedhearingloss.Infantswith homozygous
or compoundheterozygousformsof thesameautosomalrecessivegenemayshowthesymp-
tomsof deafnessatbirth, andclinicalandaudiologyinterventionshouldbeperformedassoon
aspossible.In infantswith homozygousor heterozygousmutationsin autosomaldominant
genes,themutationscancausedeafness,However,someindividualsmayexhibitnormal

Fig 2. Layout of the probes in the nylon strip designed for the reverse dot blot assay and
represe ntative results of the genotyping of 20 NSHL-associated gene mutations using the revers e dot
blot assay. N denotes the wild-type probes,and M denotes the mutation probes. (A). Layout of the probes in

the nylon strip; (B) c.167delT homozygous or heterozygous mutation; (C) c.2162C�!T homozygous or

heterozygous mutation; (D) m.1494C�!T homoplasmic mitochondrial gene mutation; (E) IVS7-2A�!G and

c.2168A�!Gheterozygous compound mutations; and (F) normal samples.

https://doi.org/10.1371/journal.pone.0177196.g002
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hearingatbirth anddevelopdelayeddeafness,andtheyshouldbeguidedregardingoptimizing
their listeningenvironmentto refrain from developinghearingimpairmentduring their hear-
ing development,e.g.,avoidanceof headtrauma,andtimely administrationof treatmentif
their auditorythresholdchanges.

In conclusion,wedevelopedanewmethodfor thegeneticscreeningof hearinglossand
successfullydetectedhearingloss-relatedgeneticmutationsprevalentin theChinesepopula-
tion in homozygousandheterozygousforms,asvalidatedbySangersequencing.Thisassayis
expectedto serveasaprimary screeningtool for genetichearinglossandcouldbehelpfulin
gene-basedandpersonalizedhearingrehabilitation.

Supporting information
S1 Fig. Results of the genotyping of 20 NSHL-associated gene mutations and normal sam-

ples using the reverse dot blot assay.

(TIF)

S2 Fig. Sequencing results of NSHL-associated gene mutations.

(TIF)
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