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Abstract
Wereportonanearly-onsetneurodegenerativeencephalopathywithdistalspinal
muscularatrophycausedbyTBCEmutations,withlle155Asnoccurringatthe
heterozygous/homozygousstateinallaffectedsubjects. Clinicalfeaturesresemblethe
phenotypeofpmn/pmnmice(Thce "™%?*®Y)andareassociatedwithreduced TBCElevels
andalteredtubulinpolymerization.Whiletruncating TBCEmutationshavebeendescribed
toperturbdevelopmentalprocesses,wedocumentaltered TBCEfunctionasacauseof

neurodegenerationinhumans.



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

Tubulinopathiesincludeafamilyofsevereneurodevelopmentaldisorderscausedby
mutationsinmultiplegenesencodingtubulinisoforms(i.e., TUBA1A, TUBA8, TUBB2B,
TUBB3andTUBB5),withdefectiveneuronalmigrationandmalformationofthecerebral
cortexrepresentingmajorfeatures®. TruncatingmutationsinTBCE (tubulin-specific
chaperoneE),oneofthefivetubulinbindingco-factorsinvolvedintubulinfoldingand

polymerization,areknowntocausetworareneurodevelopmentaldiseases,

hypoparathyroidism-retardation-dysmorphism(HRD)andKenny-Caffeysyndrome(KCS)?.

Morerecently,microtubule-disruptingmutationsintubulingeneshavebeenshownto
triggerneurodegeneration,asillustratedby TUBA4AandTUBB4Amutationsunderlying
amyotrophiclateralsclerosis*andhypomyelinatingleukodystrophyassociatedwith
progressivespasticdystonictetraplegia® respectively. Similarly,amissensemutationin
Tbcehasbeenassociatedwithprogressivedistalmotorneuronopathyinmice®, butno
similarphenotypehassofarbeenreportedinhumans.
Weusedatrio-basedwholeexomesequencing(WES)strategytodelineatethe
molecularbasisofanovelrecessiveencephalopathyaffectingtwoapparentlyunrelated
youngsubjectsoriginatingfromtheislandoflschia,Southernltaly(Fig.1a). Both
individualsshoweddevelopmentaldelaywithoutdysmorphiaorgrowthdefects,and
manifestedearly-onset,slowlyprogressivedistalmotorneuropathyresemblingdistal
spinalmuscularatrophy,withbilateralfootdropassociatedtospasticityandcerebellar
ataxia.WESdatawereanalyzedtoidentifygenessharedbytheprobandshaving
functionallyrelevantrare/privatevariants(On-linemethods),takingintoaccount
recessiveinheritancemodels(SupplementaryTableS1). Weidentifiedonlyonegene,
TBCE,satisfyingthesefilteringcriteria. Subject1544334(Pt1)washomozygousforthe
c.464T>Amissensechange(p.lle155Asn),whichwasinlinewiththedocumented
consanguinityascertainedinthefamily;subject2518864(Pt2)wasacompound

heterozygoteforthesameaminoacidsubstitutionandthetruncatingc.1076delCchange



83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

(p-Ser359fs*1).Sangersequencingconfirmedbothmutationsandsegregationinboth
families(SupplementaryFig.S1).Thesharedgenomicregionencompassingthe
c.464T>Achangecovered2.5Mb(chrl:234529552-237060433).Mutationscanofthe
TBCEcodingsequenceperformedonl4subjectswithsimilarclinicalfeaturesallowedto
identifyathirdfamilyfromthesamegeographicalareahavingtwomonozygotictwins
homozygousforthec.464T>Achange.Allsubjectsexhibitedearly-onset,slowly
progressivespasticataxia,distalspinalmuscularatrophy,cerebellaratrophy,and
developmentaldelay(SupplementaryTableS2).Thisphenotypeisreminiscentofthe
mutantpmn/pmnmousewithprogressivemotorneuronopathy,hindlimbatrophyand
reducedbrainsize®.Inthesesubjects,theneurodegenerativesigns,normal
calcium/phosphatemetabolism,andabsenceofrepeatedinfections(Supplementary
Information)clearlydifferfromHRDandKCS.
TCBEischaracterizedbyaCAP-GlydomainattheN-terminus,followedbynine
tandemlyarrangedleucine-richrepeats(LRRs),andaC-terminalubiquitin-likedomain
(SupplementaryFig.S1).lle™’isahighlyconservedresidueacrossorthologs
(SupplementaryFig.S1)locatedwithintheLRRdomain.AhomologymodeloftheTBCE
regionspanningthenineLRRs(residues123-

348)wasgenerated,whichfittedwellwiththeestablishedstructureofthesemotifs®, andplacedile’®®i

ntothehydrophobiccore
stabilizingthesecondLRRmotif(Fig.1b).Theintroductionofthehydrophilicasparagine
ispredictedtoperturbdramaticallythestructureofthemotifandtheoverallfoldingofthe
LRRdomain.SinceLRRdomainsarefunctionalmodulesthatmediateprotein-protein
interaction,thisaminoacidsubstitutionisexpectedtoaffectTBCEfunctionortheoverall
TBCEstructureandproteinstability. Toverifythelatterhypothesis,thelevelofthe TBCE
proteinwasevaluatedinprimaryfibroblastsobtainedfromPtlandPt2.Westernblot
analysisdocumentedastronglyreducedamountof TBCEcomparedtocontrolcells(Fig.

1c),suggestiveofrapiddegradationoftheTBCEmutant.Ofnote,reductioninTBCE



109 levelswasmorepronouncedinfibroblastsfromPt2,whowascompoundheterozygotefor

110  thelle155AsnandSer359fs*1changes.Inthesecells, TBCEmRNApoolwasreducedto

111 halfofnormal(asshownbyreal-timeqRT-PCR)(Fig.1d),andthemutantallelecarrying

112 theframeshiftvariantwasundetectablebySangersequencingofretro-transcribedRNA

113  (datanotshown),indicatingnonsense-mediatedmRNAdecay.A

114  similarreductioninThcelevelswasdocumentedinfibroblasts(Fig.1e)andmotoneurons’ofthepmn/p
115 mnmouse.Remarkably,TBCEIeveIshadbeenreportedtobevirtualIyabsentinHRDandKCSB.
116 TBCEisrequiredforthefoldingofa-tubulin,o/p-tubulindimerizationand

117  subsequentheterodimerpolymerizationintomicrotubules,whicharemajorcomponentsoftheneur
118  onalcytoskeleton®. Toexploretheimpactofthetwo TBCEmutationson

119  microtubulepolymerization,wefirstdeterminedthelevelsoftotal,solubleandpolymerized

120  a-tubulininpatientandcontrolfibroblasts,usingbiochemicalfractionation. Thelevelof

121 totalo-tubulinwasnotaffected.Bycontrast,theamountofpolymerizeda-tubulinwas

122 significantlyreducedcomparedtocontrolcells(Fig.2a),inlinewithwhatoccurredintail

123 fibroblastsofpmn/pmnmice(Fig.2b). Wethendeterminedthenucleationofmicrotubules

124  atthecentrosomeandatextracentrosomalsites. Centrosomesorganizethespindle

125  microtubulesduringmitosis,andconfocalmicroscopyanalysisofsynchronizedfibroblasts

126  frompatientswithmutatedTBCEallelesdocumentedabnormalmitoticmorphologyand

127  disorganizedmitoticmicrotubules;spindlesappearedasymmetricandunrefined,with

128 irregularasterstructure(SupplementaryFig.S2). Defectivenucleationof

129  extracentrosomalmicrotubuleswasalsonoticed. Specifically,weobservedsignificantly

130  reducedlevelsofGolgi-associateddetyrosinatedo-tubulininpatientfibroblasts(Fig.2c),

131 inlinewiththereportedlossofGolgi-derivedmicrotubulesinmotorneuronsofpmn/pmn

132 mice’.

133 Todemonstratealteredmicrotubuledynamics,wetreatedthefibroblastcultureswith

134  themicrotubule-disruptingdrugnocodazole,andanalyzedmicrotubuleregrowthafterdrug
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washout.Incontrolfibroblasts,microtubulebegantopolymerizeefficientlyasearlyas10
minutesafternocodazolewashout,andextendedpolymerizedstructureswerewell-formed
at30min(Fig.2d).Differently,microtubulere-polymerizationappearedmarkedlydelayed
inpatientfibroblasts;microtubuleswerealsolessabundantandstronglydisorganizedin
bothearlyandlatestagesofre-polymerization.Suchaltereddynamicsappeared
particularlypronouncedinfibroblastswithcompoundheterozygosityforthelle155Asnand
Ser359fs*1changes,consistentwiththemoreprofoundreductionof TBCEexpression
levels.
Overall,wedescribeanewdistalneuronopathyandspasticataxiacausedbybiallelic
mutationsinTBCEoverlappingthephenotypeofpmn/pmnmouse,awell-knownmodelof
motorneurondisease.Onthebasisofthepreviouslydocumentedimpactofabolished
TBCEfunctionondevelopmentalprocessesandgrowth,ourfindingsdemonstratea

stringentrequirementofTBCEfunctionspecificallyforneuronalsurvivalandfunction.

URLs

GenomeAnalysisToolkit,https://www.broadinstitute.org/gatk/;Gene,
http://www.ncbi.nim.nih.gov/gene/;RCSBProteinDataBank,
http://www.rcsb.org/pdb/home/home.do;Gromacs, http://www.gromacs.org;SWISS-
MODEL, http://swissmodel.expasy.org;vmd, http://www.ks.uiuc.edu/Research/vmd/;

MODELLER,https://salilab.org/modeller/.

Acknowledgments

Wearegratefultotheparticipatingpatientsandtheirfamilies. Thisworkwassupportedin
partbygrantsfromFondazioneBambinoGesu(ViteCoraggiosetoM.T.),Bulgari
(GeneRaretoB.D.)andMinisterodellaSalute(RC2015andRC2016,t0A.F.,M.N.,G.Z.,

E.B.andM.T.).


http://www.broadinstitute.org/gatk/%3B
http://www.broadinstitute.org/gatk/%3B
http://www.ncbi.nlm.nih.gov/gene/%3B
http://www.rcsb.org/pdb/home/home.do%3B
http://www.ks.uiuc.edu/Research/vmd/%3B

161

162  Authorcontributions

163  A.S.,G.B.,T.R.andE.P.designedandperformedthebiochemicalandfunctionalstudies,
164  analyzedthedata;S.B.performedmutationanalyses;E.F.,C.C.,andS.C.carriedoutthe
165  confocallaserscanningmicroscopyanalysisofculturedhumanandmicefibroblasts;A.C.,
166  M.N.andV.C.performedWESdataprocessing,analysisandvalidation.E.Bell.performed
167  thestructuralanalyses.G.T,A.D’A.,B.D.,G.Z.,D.D.,D.M.andC.D.-V.clinically

168  characterizedtheaffectedsubjects,collectedbiologicalspecimensandstudied

169  histopathologyofmusclebiopsies.M.T.,G.H.andE.B.conceivedtheproject,designed
170  andsupervisedtheexperiments,analyzedandinterpretedthedata,andwrotethe
171 manuscript.Allauthorscontributedtothefinalmanuscript.

172

173  Competingfinancialintereststatement

174  Allauthorsstatethattheyhavenocompetingfinancialinterests.

175

176  References

177 1.Ba  hi-BuissonN.,etal.Brain137,1676-1700(2014).

178 2.Pa  rvariR.etal.Nat.Genet.32,448-452(2002).

179  3.Smi  thB.N.,etal.Neuron84,324-331(2014).

180 4.Si monsC.,etal. Am.J.Hum.Genet.92,767-773(2013).

181  5.Mart  inN.,etal.Nat.Genet.32,443-447(2002).

182 6.Be llaJ.,etal.Cell.Mol.LifeSci.65,2307-2333(2008).

183 7.Be llouzeS.etal. Hum.Mol.Genet.23,5961-5975(2014).

184 8. Co urtensW.,etal. Am.J.Med.Genet.A140,611-617(2006)

185 9. KapiteinL.C.andHoogenraadC.C.Neuron87,492-506(2015).

186



187
188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

LegendstoFigures

Figurel. TBCEmutationscauseearly-onsetencephalopathywithdistalspinal
muscularatrophy.(a)ClinicalfeaturesofPt1(1)andPt2(4,5,6);musclebiopsyofPt1
stainedwithATPase4.3(2)andesterase(3)showingneurogenicabnormalities; brain
MRIsofPt1(7,8,9,at2years;10,11,12,at3years)andPt2 (13,14,15,atlyear;16,
17,18,at2years).Notethehypoplasiaofcorpuscallosum,andcerebellaratrophywithprominentf
olia(12,17).(b)HomologymodeloftheTBCELRRdomain.lle'*with
surroundinghydrophobicresiduescontributetothehydrophobiccorerequiredforproper
foldingofthedomain.(c)Westernblot(WB)analysisdocumentingreducedTBCElevels
inpatientfibroblasts.Dataarepresentedasmeanszs.d.,*indicatesP<0.05. (d)Real-
timeqgRT-PCRshowingmarkedlyreducedexpressionlevelof TBCEmMRNAInfibroblasts
fromPt2.*indicatesP<0.05.(e)WBanalysisdemonstratingreducedlevelsofTbceinthe

pmn/pmnmouse(Thce ™54¢Y):recombinantprotein(TBCE)isalsoreported.

Figure2.Defectivemicrotubulepolymerizationinsubjectswith
homozygous/heterozygousTBCEp.lle155Asnsubstitution,andpmn/pmnmice.(a)
Westernblot(WB)analysesshowingtotal(T),soluble(S)andpolymerized(P)a-tubulin
(above),detyrosinatedtubulin(middle),andB-actin(below)inpatientfibroblastsand
controlcells(Ctrl1,Ctrl2).Diagrams(right)showreducedfractionsofpolymerizeda.-
tubulinanddetyrosinatedtubulininpatientfibroblasts.(b)WBanalysesshowingreduced
amountofpolymerizeda-tubulin(P)infibroblastsfrompmn/pmnmicecomparedto
fibroblastsfromunaffectedmice.(c)Immunofluorescenceanalysisdocumentinglossof
microtobulescontainingdetyrosinatedtubulin(detyr-Tub)inpatientfibroblasts.Notethat

detyrosinatedmicrotubules(red)incontrolfibroblastsarecloselyassociatedwithGM130-
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stainedGolgimembranes(green).NucleiareDAPI-stained.Scalebar,10um. (d)
Immunofluorescenceanalysesshowingreducedre-polymerizationofmicrotubules
followingnocodazoletreatmentinfibroblastsfromPtlandPt2,andcontrolcells(Ctrl).

Scalebar,20um.
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