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Introduction

Hearingloss which severehaffectgpatients'daily quality of life, is oneof the mostcommon
sensoryimpairments affectingapproximatelyoneto threenewbornsper everyl,000ive
births[1,2]. In China,thereareapproximately0.8million children(lessthan7 yearsof age)
with hearingimpairments,andthis proportion exhibitsan annualincreaseof 30,00Qhildren
[3]. Hearinglossis etiologicallyheterogeneougndit hasbeenestimatedhat atleasttwo
thirds of the case®f childhood-onsehearinglosshavegeneticcauses[4,5] o date,more
than80genesandmorethanahundredgenetidoci havebeenmappedandassociatedith
hereditaryhearingloss(http://hereditaryhearigloss.org/).

However previousepidemiologicastudieshaveshownthat nearlyhalf of NSHL casesire
relatedto the following geneswith recurrentmutationsin the Chinesepopulation:GJB2
(OMIM: 121011), GJB3 (OMIM: 603324), SLC26A4 (OMIM: 605646) andthe mitochondrial
geneMT-RNR1 (OMIM: 561000) [6+8]. With respecto geneticfactorsof NSHLin China,
GJB2 variantsappeato bethe mostcommon(23.37%)followedby variantsin the SLC26A4
(14.74%)MT-RNRI (2.56%)and GJB3(1.97%)genes[9,10Mutationsin the G/B2 geneare
themostfrequentcause®f nonsyndromicautosomatecessiveensorineurahearinglossin
mostAsianpopulationsjncluding Han Chinesg6]. Four commonmutations(c.235delC,
€.299 300delAT.176 191dell6andc.35delGrccountfor 88.0%of GJ/B2 mutantallelesn
the Chinesepopulation[11]. A SLC26A4 mutationis the secondnostcommoncauseof deaf-
nessn China[12]. Mutationsin the SLC26A4 geneareresponsibldor Pendredsyndrome
(PDS)andenlargedvestibularaqueducsyndrome(EVA), with hearinglossdetectedat birth
or in earlychildhood[13,14].In China,the mostcommonmutation of SLC26A4isIVS7-2
A>G, with anallelefrequencyrangingfrom 5.13%0 11.06%410, 15]. The GJB3 genewhich
isrelatedto hereditaryNSHL,wasfirst clonedin the Chinesepopulation,and mutationsin
GJB3 areassociatewith progressivénearingloss[7]. Themostcommonmutationsin G/B3
arec.538C>Tandc.547G>A16]. Althoughnucleargenedefectsonstitutethe majority of
case®f hereditaryhearingloss,it hasbecomeclearthat mutationsin mtDNA canalsocause
NSHL.Thebest-studiednutationsrelatedto aminoglycosidesusceptibilityarem.1555A>G
andm.1494T>0n the MT-RNRI geng[17+19].In apreviousstudy,we showedhat the
carrierfrequencyof commonmutationsof thefour above-mentionegenesamong9317new-
bornswas3.84%420], andanotherstudyconductedby Zhangshoweda highercarrierfre-
guencyof 5.52%n northern China[21]. Congenitaldeafnesaccountdor the overwhelming
majority of the populationwith prelingualdeafnesBecausé canaffectlanguageapacity,
thetiming of the detectionof hearingimpairmentis veryimportant. Therefore earlydetec-
tion, diagnosisandinterventionarenecessarfor newbornswvho aresusceptibléo deafness.
Deafnesgenescreeningnight identify the causeof deafnesatthe molecularevelandis thus
areliableandeffectivemethodfor identifying NSHL-associatedenemutation carriers.

At presentdifferentmethodsareusedfor the detectionof NSHL-associategenemuta-
tions,including classigolymeras&hainreaction/restrictionenzymeanalysifPCR-RFLP)
[22], denaturinghigh-performancdiquid chromatography{DHPLC) [23], matrix-assisted
laserdesorption/ionizaibn time-of-flight massspectrometrfMALDI-TOF-MS) [24] and
directsequencingSuchmethodspresentvariablechallengespr examplethe PCR-RFLP
methodcandetectalimited numberof mutationsin asinglerun, makingit insufficientfor
multi-alleledetection. Other methodshoweverrequireexpensivequipmentand personnel
with specializedbilities,makingthemunsuitabléfor first-line screeningn aclinic setting.

In this study,weaimedto developamore efficientgeneticdiagnosticassaypasecn the
PCR-RDBtechniquethat could beusedasafirst-line screeningool for prevalentmutationsin
the Chinesegpopulation.We selecte@0variantsof four genegGJB2, G/B3, SLC26A4 and
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MT-RNRI) thatarefrequentlyfound in the Chinesepopulationand causeNSHL to varying
degreesandwith differing phenotypesT his platformwill serveasausefuland cost-effective
first-line screeningool for genetidNSHLin the Chinesepopulation.

Methods
Subjects

We collectedsamplesrom neonatesvhowereborn in DongguanChildren'sHospitalbetween
Januan2015and October2015 All of the subjecthadundergoneraditional newbornhear-
ing screeningand deafnesgenescreenindy MALDI-TOF massspectrometryA total of 225
neonatesvith atleastoneof the 20variantsof the G/B2, GJB3, SLC26A4 and MT-RNRIgenes
in homozygoussingle-heterozygousy compound-heterozygousrmswererecruited.In
addition, 30normal control subjectavho passedhetraditional newbornhearingscreening
anddid not haveanyof the 20variantswerealsorecruited.This studywasapprovedandcon-
ductedin accordancavith the protocolsrecommendedy the Institutional Medicaland Ethics
Committeeof DongguanChildren'sHospital.Written informed consentwasobtainedfrom
the parentsor legalguardiansof the subjects.

The positivecontrolsusedfor the developmenbf the assayvereclinical blood samples
with 18commonNSHL mutations,andthe remainingtwo (c.167delTandc.589G >A)were
obtainedby site-directednutagenesiéShanghaShanjingBiologicalCompany).

Genomic DNA extraction

Peripherawhole-bloodsamplegrom all of the subjectavereobtainedin EDTA- contain-
ing tubes,andgenomicDNA wasextractedusingthe QIAamp DNA BloodMini kit (Qia-
gen,Hilden, Germany)accordingto the instructionsprovidedby the manufacturer A
guantitativeestimationof DNA expressiomwasperformedby spectrophotometryThermo-
FisherNanodrop,DE,and USA).ThegenomicDNA productswerestoredin afreezerat
-20EC.

Design of primers and probes

Tensetsof primersweredesignedor multiplex polymerasehainreactiong M-PCRs)to
amplifythe GJB2, G/B3, SLC26A4 and MT-RNR1 genespanningthe 20mutation sites
(Tablel). The5' endsof the primerswerelabeledwith biotin. A total of 30 probesjncluding
10normaland 20mutant probescoveringthe mutation sitesweredesignedTable2). Ten of
thenormal probeswereusedascontrolsfor 11 mutant probesandtheseancluded1226Nfor
€.1226G>Aandc.1229C>TTheremainingnine less-commomutations(c.167delT,
€.281C>T¢.589G>AJVS15+5G>AL.547G>Ar.1975G>C¢.2027T>Ac.1174A>Tand
€.2162C>Thadno positivecontrols.When positiveresultfor anyof thesenine mutations
wasobtained further verificationwasperformedby Sangesequencing.

Multiplex PCR amplification

Multiplex PCRamplificationwasperformedon an Mx3000pPCRmachine(StratageneCA,
USA).Thereactionswereconductedn afinal volumeof 25uL containing1xPCRbuffer
(MgClPlus),1xQiagerHotstarbuffer (Qiagen Hilden, Germany)0.2mmol/L of eachdNTP
(PromegaCA,USA),0.2umol/L of eachof thetwentyprimers,0.1U/uL HotStarTacgDNA
polymerasgQiagen Hilden, Germany)and 1~2ug of genomicDNA. Theamplificationswere
performedin two tubessimultaneouslyasdetailedin Tablel). The PCRconditionswere
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Table 1. Multiplex PCR primers.

Gene Mutation sites Primer sequences Size (bp) |PCRtube
GJB2 c.35delG, c.167delT, ¢.176_191del16, c.235delC, ¢.299-300delAT | HL1F: 5’ - AGAGCAAACCGCCCAGAGTAGAA -3’ 420 Tube |
HL1R: 5’ ~-GAAGATGACCCGGAAGAAGATGCT -3’
SLC26A4 | c.281C!IT HLA4F: 5’ - GGCTCCCCAAATACCGAGT -3’ 150 Tube |
HLA4R: 5’ - TGGTAGCTGGGGAGAAGTG -3’
¢.589G A HL5F: 5’ - CAGCTAGAGTCCTGATTGCCA -3” 250 Tube |
HL5R: 5’ - GCCTTAATAAGTGGGGTCTTGC -3’
IVS7-2A1G HL6F: 5’ - CAGCATTATTTGGTTGACA -3’ 304 Tube |
HL6R: 5’ - CCCTTGGGATGGATTTA -3’
€.2162C T, c.2168A !G HL10F: 5’ - AATGCGGGTTCTTTGACGACA -3’ 115 Tube |
HL10R: 5’ - AAATGGAACCTTGACCCTCTTGA -3’
Cc.1174A 1T, c.1226G A, c.1229C IT HL7F: 5" - GGACCACCACGCAGAGTAG -3’ 287 Tube Il
HL7R: 5’ - TGCCATTCCTCGACTTGTTCTC -3”
IVS15+5G A HL8F: 5’ - CAGTCCTATTTTCTATGGCAATGTC -3" | 177 Tube Il
HL8R: 5’ - TGCCCTACACAAAGGGAAGAGG -3”
¢.1975G IC, ¢c.2027T A HLO9F: 5’ - TGCTTACCAAGGAACAGTGTGT -3’ 334 Tube Il
HLO9R: 5’ - GCCCATGTATTTGCCCTGTTG -3
GJB3 ¢.538C IT, c.547G A HL2F: 5’ - GCCCCCTGCCCCAACATCGTG -3” 200 Tube Il
HL2R: 5’ - GTGGCAGCGGCAGGTGGAAGC -3”
MTRNR1 | m.1555A |G, m.1494C 'T HL3F: 5’ - TTAAGGGTCGAAGGTGGATTTAG -3 367 Tube Il
HL3R: 5’ - TGGTTTGGCTAAGGTTGTCTGGTA -3”

https://da.org/10.137 1§urnal.pon®177196.t001

basedn the manufacturer'snstructions:pre-denaturatiorat 95ECGor 5 min, 35cyclef
denaturationat 95ECor 30s,annealingat 55EJor 30s,andextensiorat 72ECor 30s,anda
final extensiorat 72Edor 5 min. The productsweresubsequentlyisualizedy electrophore-
sison al.5%agarosgel.

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 GJB2c.176_191del16
235M CTATGGGCCTGCAGCTG 235N CTATGGGCCCTGCAGCT GJB2 c.235delC

299M CTACCGGAGACGAGAAGAAGA 299N CTACCGGAGACATGAGAAGAAG GJB2c.299_300delAT
538M CTACATTGCCTGACCTACCG 538N CTACATTGCCCGACCTACC GJB3c.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 GJB2c.167delT

281M CGGGAGTTAGTATTGGGC SLC26A4 c.281C I'T
1174M GATCAGCTACATCTTCTCAGGA SLC26A4 c.1174A'T
1975M GCCTTCTGCTTGACTGTG SLC26A4 c.1975G !C
2162M ACATTCTTTTTGATGGTCC SLC26A4 c.2162C IT
547M ATTTTCTTCTTGGTAGGTCG GJB3c.547G A
589M CTGACTCTGCTGGTTAGAAT SLC26A4 c.589G 'A
IVS15+5M AAGTCCACAGTAAATATTITTATCC SLC26A41VS15+5G A
2027M AGTGAGATCACAGCGGGT SLC26A4 ¢.2027T 'A

https://da.org/10.1371durnal.pon®177196.t002
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Reverse dot blot assay

Thereversealot blot (RDB) procedureperformedin this studywasbasedn thatdescribedy
Lappinetal [25]. Thecarboxylgroupson the surfaceof the nylon membranewerenegatively
chargedandoligonucleotidgorobeswveresynthesizedisinga C6-amino-linkeron the 5' end
of the product,which waspositivelychargedThe probeswerefixed onto a BiodyneC nylon
membrangPall Corporation)afterthe membranewasactivatedoy incubatingwith 5%
1-ethyl3-dimethylaminopropylcarbodiimide(EDAC) for 30 minutesandthen soakingwith
0.1MNaOH for 5 minutes.

ThetargetDNA wasamplifiedwith 5' biotinylatedprimersandhybridizedto immobilized
oligonucleotide®n the membraneAll 30above-mentionegrobeswerefixedto aBiodyneC
membranegPallCorporation,NY, USA). The PCRproductswereheatedo atleast95ECand
thenimmediatelycooledto OECEachstrip and8mLofhybridizationsolutionA solutioncon-
sistingof 2xsalinesodiumcitrate (SSC-3nol/L NaCland0.3mol/Lsodiumcitrate)with 0.1%
SDS(pH 7.4)werepre-heatedo 45ECThedenaturedPCRproductswerethenadded andthe
stripswereincubatedat45ECor 2 h in ascrew-toptube. The stripsweresubsequentlyashed
with washsolutionB (0.5xSS@nd0.1%SDSpH 7.4)at45EJor 10min. Afterward,the strips
weretransferredo ahybridizationsolution A-diluted mixture containing0.125U/mL strepta-
vidin-horseradistperoxidaseonjugatq Roche Mannheim,Germany)andincubatedat room
temperaturdor 30min. Any excessonjugatenvasremovedthroughtwo washesvith solution
A. Thecolor-developingolutioncomposedf 0.1mg/mL tetramethylbenzidingihydrochlor-
ide (TMB) substratgSigmaTl 8768),0.015%2H,0, and0.1mol/L sodiumcitrate(pH 5.4)
werethenaddedandthe color reactionwasdevelopedor 20min. Bluedotsindicatedthe pos-
itive detection A positivecontrol wasperformedin eachexperimentio ensurethereliability
of the detectionsystemAll of the samplesvereanalyzedndependentlyoy DNA sequencing
to confirm the accuracyof the assay.

Results
Establishment of the assay

TheassayvasestablishedisingDNA samplesrom 18subjectswith mutationsandtwo plas-
mid samplexpressinghe remainingtwo known mutations ,whichwereintroducedthrough
site-directednutagenesislhe successfudlectrophoretograns shownin Fig 1. Whenanalyz-
ing theresultsanabsencef color developmentvith all or the majority of the control probes
servedasainvalid results.

Theassayf the 20 positivecontrol samplesestedyieldedthe expectedesults(Fig2 and S1
Fig). Thenormal DNA sampleshowedpositiveblue-coloredspotswith all of the control
probesandnegativewhite-coloredspotswith the mutation probesHomozygouDNA sam-
plesshowedblue-coloredspotswith the appropriatemutant probesand negativewvhite-col-
oredspotswith the correspondingorobes Heterozygousind compoundheterozygou®NA
sampleshowedlue-coloredspotswith oneandtwo mutant probesyespectivelyandthe cor-
respondingwhite-coloredcontrol-probespots.

Validation of the assay

We appliedour methodto agroup of 225neonatesvho carriedoneof 20deafnesgenemuta-
tionsand 30normal neonatesAll of the samplesveresubsequentligxaminedoy DNA
sequencingand 100%concordancavasfound betweerthe two methodologie$S2Fig).
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Sample 1 Sample 2 Sample 3 Sample 4 Sample 5§ Sample 6 Sample 7 Sample 8

2000bp

1000bp
750bp

500bp

250bp

100bp

Tube | Il | Il I | Il | Il | Il I Il | Il

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

https://cbi.org/10.1371djurnal.por.0177196.¢01

Discussion

We developedplatformthat canbeeasilyperformedwith commonequipment hasalow
costof lesshanUS$3and canbecompletedwithin 6 h. It is anidealmethodfor smallerclinics
andlaboratorieswith limited resourceshat couldallowthefront-line detectionof NSHL
genewithout havingto resortto direct DNA sequencingOur resultsfor 255unrelatedsub-
jectsshowedlL00%concordancavith the resultsof independentdirect sequencing.

At presentthe MassARRAYsystencombinedwith aniPLEXassaywhichis ahigh-
throughputgenotypingtechnologybasedn MALDI-TOF massspectrometryisthe most
commondeafnesgene-detectingnethodusedin clinical settings[26x£29]This MassARRAY
systentandetectalargeamountof variantsin multiple samplesimultaneouslyNevertheless,
the MassARRAYsystenrequiresaveryexpensivglatformfor the analysiswhichlimits its
use.

Genetictestingcanpotentiallyallowanaccuratadiagnosisof NSHL,andadiagnosiof the
geneticetiologywill aid the clinical managemenof patientsjncluding the selectiorof the
mostappropriatetreatment.Combinednewbornhearingscreeningandeneticscreeningf
commondeafness-relategeneswill benefitthe earlydetectionof infantsat high risk of devel-
opingdelayechereditarysensorineuratleafnessr sensitivityto deafness-relatedrugsasvell
asthe diagnosiof hearinglossin children. The screeningf deafness-relategenesnight
effectivelypreventthe occurrenceand developmenbf deafnessI’he molecularetiology diag-
nosis,andeffectivegeneticcounselingof the probandarémportant for the preventionand
treatmentof deafness.

Becaus&JB2GJIB3SLC26A4andMT-RNR1arethefour mostcommoncausativeienes
of prelingualNSHLin the Chinesepopulationand hotspotmutationsof thesefour genesare
included,our assays expectedo coverasubstantiaportion of prelingualsevere-to-profound
genetidNSHL in the Chinesegopulation.Therestrictedtargetingreduceghe possibilityof
incidentalfindings but allowshighercoveraget alower costcomparedwith genome-wide
approachesrThis studyshowshatthis simpleandinexpensivenethodcanbeusedfor routine
moleculardiagnosisand potentiallyfor large-scalgeneticscreeningHowever it is possible
thatthe RDBwill beaffectedby the SNPnearthe mutation. Althoughthis did not occurin the
225positivesampleswewill taketestsamplesn the future study.

We proposethatthe PCR-RDBassays a highly accuraterapid and economicatlinical
assayhat canbepotentiallyusedfor neonatahearingscreeningandpersonalizeanedicine.
Childrenwith the MT-RNRI1mutation arerecommendedtayawayfrom aminoglycoside
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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) ¢.2162C !T homozygous or
heterozygous mutation; (D) m.1494C !T homoplasmic mitochondrial gene mutation; (E) IVS7-2A |G and
€.2168A !Gheterozygous compound mutations; and (F) normal samples.

https://abi.org/10.1371durnal.por.0177196.902

antibioticsto avoidthe developmenbf drug-inducedhearingloss Infantswith homozygous
or compoundheterozygouforms of the sameautosomarecessivgenemayshowthe symp-
tomsof deafnesatbirth, andclinicalandaudiologyinterventionshouldbeperformedassoon
aspossibleln infantswith homozygou®r heterozygoumutationsin autosomatominant
genesthe mutationscancausaleafnesgiowever someindividualsmayexhibithormal
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hearingatbirth anddevelopdelayedleafnessandtheyshouldbeguidedregardingoptimizing
their listeningenvironmentto refrain from developinghearingimpairmentduring their hear-
ing developmente.g. avoidanceof headtrauma,andtimely administrationof treatmentif
their auditorythresholdchanges.

In conclusionwedevelopednewmethodfor the geneticscreeningf hearinglossand
successfullgetectechearingloss-relatedjenetiomutationsprevalentn the Chinesepopula-
tion in homozygousantieterozygouforms,asvalidatedoy SangesequencingThis assays
expectedo serveasaprimary screeningool for genetichearinglossandcouldbehelpfulin
gene-basedndpersonalizedhearingrehabilitation.

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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