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AbVWUacW

The aim Rf WhiV VWXd\ ZaV WR anal\]e SaWienWV fURm WZR diVWincW familieV ZiWh a nRYel diVWal WiWinRSaWh\
ShenRW\Se aVVRciaWed ZiWh e[acWl\ Whe Vame CNV in Whe TTN gene. We XVed an inWegUaWed VWUaWeg\
cRmbining deeS ShenRW\Sing and cRmSleWe mRlecXlaU anal\VeV in SaWienWV. The CNV iV Whe mRVW
SUR[imal RXW‐Rf‐fUame TTN YaUianW UeSRUWed and leadV WR abeUUanW VSlicing WUanVcUiSWV leading WR a
fUameVhifW. In WhiV caVe, Whe dRminanW effecW ZRXld be dXe WR dRminanW‐negaWiYe and/RU
haSlRinVXfficienc\. FeZ CNV in TTN haYe been UeSRUWed WR daWe. OXU daWa UeSUeVenW a nRYel
ShenRW\Se±genRW\Se aVVRciaWiRn and SURYideV h\SRWheVeV fRU iWV dRminanW effecWV.

IQWURdXcWLRQ

TiWin iV Whe laUgeVW knRZn SURWein and iV encRded b\ Whe TTN gene Rf 363 e[RnV. InWURdXcWiRn Rf NGS
in clinical SUacWice allRZed WR incUeaVe Whe nXmbeU Rf genRW\Se±ShenRW\Se aVVRciaWiRnV Rf
WiWinRSaWhieV.1 The mRde Rf inheUiWance iV eiWheU aXWRVRmal dRminanW RU UeceVViYe. The cRmbinaWiRn Rf
deeS ShenRW\Sing aVVRciaWed ZiWh RNA mRlecXlaU anal\VeV, ZeVWeUn blRW (WB), and fXncWiRnal VWXdieV
iV RfWen eVVenWial fRU Whe inWeUSUeWaWiRn Rf TTN YaUianWV.2, 3, 4, 5 AXWRVRmal dRminanW TTN mXWaWiRnV
caXVe WZR VkeleWal mXVcle diVRUdeUV. Tibial mXVcXlaU d\VWURSh\ (TMD), a laWe‐RnVeW diVWal m\RSaWh\
e[clXViYel\ affecWing Whe anWeUiRU cRmSaUWmenW Rf Whe lRZeU leg mXVcleV,6 iV Whe mRVW fUeTXenW adXlW‐
RnVeW m\RSaWh\ in Finland. PaWienWV aUe heWeUR]\gRXV fRU Whe FINmaj mXWaWiRn, an 11‐bS
inVeUWiRn/deleWiRn in Whe laVW e[Rn Rf Whe gene.6 HeUediWaU\ m\RSaWh\ ZiWh eaUl\ UeVSiUaWRU\ failXUe
(HMERF)7 iV chaUacWeUi]ed b\ SUR[imal and diVWal ZeakneVV Rf Whe fRXU limbV aVVRciaWed ZiWh eaUl\
RnVeW UeVSiUaWRU\ inYRlYemenW. MRVW HMERF SaWhRgenic YaUianWV aUe miVVenVe mXWaWiRnV, alZa\V
lRcali]ed in TTN e[Rn 344.7

FeZ cRS\ nXmbeU YaUiaWiRnV (CNV) in TTN haYe been UeSRUWed WR daWe, Zhich iV VXUSUiVing, giYen Whe
laUge Vi]e Rf Whe gene. ThiV ma\ be e[Slained b\ Whe YaUiabiliW\ Rf caSWXUe WechnRlRgieV, biRinfRUmaWic
SiSelineV fRU CNV deWecWiRn.8, 9 HeUe Ze deVcUibed SaWienWV fURm WZR diVWincW familieV ZiWh a nRYel
diVWal ShenRW\Se Rf WiWinRSaWh\, in ZhRm Ze idenWified b\ NGS an idenWical CNV.

MaWeULaOV aQd MeWKRdV

PaWieQW cRQVeQWV

InfRUmed cRnVenW Vigned b\ SaWienWV ZeUe RbWained fRU all VamSleV. The VWXd\ ZaV aSSURYed b\ Whe
eWhical gXidelineV iVVXed b\ RXU inVWiWXWiRnV fRU clinical VWXdieV in cRmSliance ZiWh Whe HelVinki
DeclaUaWiRn. PaWienWV RU SaUenWV gaYe infRUmed cRnVenW fRU Whe geneWic anal\ViV accRUding WR Whe FUench
legiVlaWiRn (CRmiWp de PURWecWiRn deV PeUVRnneV OUEST 6‐CPP1128HPS3 IDRCB‐2018‐AO2287‐48).

MRlecXlaU aQal\VeV

The TTN gene (NM_001267550.1) CNV ZaV SUeYiRXVl\ idenWified in SaWienWV fURm familieV 1 and 2 b\
NGS WaUgeWed Rn 185 geneV8 and 54 geneV,3 UeVSecWiYel\. The SaWhRgeniciW\ Rf Whe idenWified TTN
YaUianW ZaV aVVeVVed WhURXgh a VeW Rf cUiWeUia SUeYiRXVl\ UeSRUWed,8 accRUding WR Whe AmeUican CRllege
Rf Medical GeneWicV and GenRmicV (ACMG) gXidelineV.10

Single‐nXcleRWide SRl\mRUShiVmV (SNP) ZiWhin and VXUURXnding Whe TTN lRcXV ZeUe anal\]ed b\ NGS
and Whe cRUUeVSRnding genRW\SeV ZeUe cRmSaUed beWZeen Whe WhUee SaWienWV.
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Famil\ 1

MRUShRlRgical aQal\VeV Rf PXVcle aQd iPPXQRhiVWRchePiVWU\

OSen mXVcle biRSVieV ZeUe SeUfRUmed, fUR]en, and fi[ed fRllRZing SUeYiRXVl\ deVcUibed VWandaUdi]ed
meWhRdV and anal\]ed ZiWh hiVWRchemical, hiVWRen]\maWic, WechniTXeV ZiWh lighW, and elecWURn
micURVcRS\.11, 12

TUaQVcUiSWV aQal\ViV

mRNAV e[WUacWiRn fURm mXVcle biRSV\, RT‐PCR and SangeU VeTXencing, and RNAVeT e[SeUimenWV
ZeUe SeUfRUmed aV SUeYiRXVl\ deVcUibed.2 PUimeUV XVed fRU cDNA VeTXencing aUe indicaWed in
Table S1.

WeVWeUQ blRW aQal\ViV

PURWeinV VRlXbili]aWiRn fURm mXVcle biRSVieV and WB anal\VeV Rn agaURVe and acU\lamide gel ZeUe
SeUfRUmed aV deVcUibed in [2]. PUimaU\ anWibRdieV, anWi‐WiWin VSecific fRU C‐WeUminal SaUW M10‐1 (RabbiW;
1:1000; kindl\ SURYided b\ DU IVabelle RichaUd13), and anWi‐WiWin N‐WeUminal (MRXVe; 1:1000; Sigma
SAB1400284, SW‐LRXiV, MO) ZeUe incXbaWed RYeUnighW aW 4�C in Od\VVe\  blRcking bXffeU in PBS.

ReVXOWV

CliQical aQd iPagiQg fiQdiQgV

PaWienW 1 (P1) and SaWienW 2 (P2), heU daXghWeU, ZeUe affecWed ZiWh SUR[imRdiVWal lRZeU limb
SUedRminanW m\RSaWh\. P1 haV 68 \eaUV Rld and deYelRSed, fURm Whe age Rf 40 \eaUV Rld, difficXlW\ fRU
climbing VWaiUV and Zalking Rn VlRSing gURXnd. FeZ \eaUV laWeU, Vhe deYelRSed a VWeSSing Zalking.
NeXURlRgic e[aminaWiRn VhRZed aWURSh\ Rf hamVWUingV, SVeXdRh\SeUWURShic aVSecW Rf Whe calYeV (Fig. 1
B1±3), and SUR[imRdiVWal ZeakneVV Rf Whe lRZeU limbV. Ankle dRUVifle[iRn ZaV affecWed aV ZaV SlanWaU
fle[iRn (4/5). CK leYelV ZeUe mildl\ eleYaWed beWZeen 200 and 500 UI/L. P2, heU daXghWeU, 47 \eaUV
Rld, deYelRSed fURm 2013 SURgUeVViYe lefW calf aWURSh\ and ZeakneVV fRU SlanWaU fle[iRn. AW Whe end Rf
2013, neXURlRgical e[aminaWiRn VhRZed mild bilaWeUal SRVWeUiRU Whigh aWURSh\, ZiWh maUked aV\mmeWUic
bilaWeUal calf and lefW WibialiV anWeUiRU aWURSh\ (Fig. 1B6,7). MXVcXlaU WeVWing did nRW VhRZ SUR[imal
ZeakneVV. LefW dRUVifle[RU ZaV aW 4/5 and lefW SlanWaU fle[RU ZaV aW 3/5. USSeU limbV ZeUe nRUmal. CK
leYelV ZeUe nRUmal and elecWURm\RgUaSh\ VhRZed a m\Rgenic SaWWeUn. CaUdiac echRgUaSh\ and
elecWURcaUdiRgUam ZeUe nRUmal. WhRle‐bRd\ mXVcXlaU MRI VhRZed inYRlYemenW ZiWh faWW\ infilWUaWiRn
Rf gUaciliV, lefW WibialiV anWeUiRU, and medialiV gaVWURcnemiXV (Fig. 1B8). P2 ViVWeUV, P3 aged 52 \eaUV,
and P4 aged 51 \eaUV cXUUenWl\ had nR mXVcXlaU cRmSlainWV. HRZeYeU, neXURlRgical e[aminaWiRn
VhRZed fRU bRWh, a diVcUeWe am\RWURSh\ Rf Whe XnilaWeUal UighW anWeUiRU leg, mRUe maUked fRU P3, aW Whe
limiW Rf SeUceSWiRn fRU P4. P4 haV a Whin face ZiWh maVVeWeU am\RWURSh\. MXVcle WeVWing ZaV nRUmal in
all fRXU limbV, CK leYelV ZeUe nRUmal, and caUdiRlRgical WeVWV (inclXding echRgUaSh\) ZeUe nRUmal. P3
mXVcle Vcan VhRZed diVcUeWe faWW\ infilWUaWiRn in Whe calf (Fig. S1A).

�
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Famil\ 2

Figure 1

Morphological, histopathological, and ultrastructure (EM) characteristics of patients. (A) Pedigree of the
famil\ 1. Patients hetero]\gous for the CNV are marked ³Del<11±18>/Zt³. P3 and P4 are colored in gre\
as there are paucis\mptomatic. (B1,2) Calf pseudoh\pertroph\ and posterior thigh atroph\ in P1. (B3) P1
T1 Zeighted Zhole‐bod\ muscular MRI: Bilateral posterior thigh, tibialis anterior, and gastrocnemius fatt\
replacement. (B8) Right tibialis anterior and bilateral calf atroph\ in P2. (B4,9) Biops\ of tibialis anterior
for P1 and gastrocnemius for P2. HE staining of patients P1 and P2: multiple muscular fibers Zith internal
and centrali]ed nuclei (B5,10) NADH staining shoZ multifocal areas Zith reduction of staining
compatible Zith minicores in P2. (C) Pedigree of the famil\ 2. P6 is colored in gre\ as she is
paucis\mptomatic. (D1) Atroph\ of loZer limbs in patient 5 (D2) T1 Zeighted muscular MRI in P5.
Diffuse fatt\ replacement of muscles in thigh posterior compartment and of tibial anterior. (D3±6) Muscle
biops\ of left tibialis anterior in P5, (D3,4) HE staining: atrophic fibers, intrac\toplasmic vacuoles (D3),
eosinophilic aggregate (D4), Zhich appears not fuschinophilic on Gomori Trichrome (D5), NADH
staining (D6), shoZing the absence of reactivit\ in multiple areas.

PaWienW 5 (P5) deYelRSed difficXlW\ fRU Zalking and Zhen 50 \eaUV Rld deYelRSed difficXlW\ in
climbing VWaiUV. When 65, he SUeVenWed ZiWh a VWeSSing Zalking and XVed a cane 4 \eaUV laWeU. When 71,
he SUeVenWed ZeakneVV in Whe UighW XSSeU limb and RfWen fell and XVed a ZheelchaiU VRRn afWeU. The laVW
neXURlRgic e[aminaWiRn, Zhen he ZaV 80, VhRZed cRnVideUable SUR[imal (in Whe SRVWeUiRU cRmSaUWmenW
Rf WhighV) and diVWal aWURSh\ Rf lRZeU limbV, diVWal aWURSh\ Rf XSSeU limbV, SUR[imRdiVWal ZeakneVV Rf
lRZeU limbV ZiWh SUedRminance in diVWal VegmenWV, and diVWal ZeakneVV Rf XSSeU limbV (Fig. 1D1). CK
leYelV ZeUe mildl\ eleYaWed (300 UI/l). CaUdiac echRgUaSh\ VhRZed a VlighW lefW YenWUicXlaU
h\SeUWURSh\. MXVcXlaU MRI VhRZed faWW\ infilWUaWiRn Rf SRVWeUiRU Whigh mXVcleV, gUaciliV, addXcWRUV,
aV\mmeWUic inYRlYemenW Rf laWeUaliV YaVWi and UighW faWW\ infilWUaWiRn Rf lefW inWeUmediXV YaVWXV, faWW\
infilWUaWiRn Rf WibialiV anWeUiRU mXVcleV, and UighW gaVWURcnemiXV medialiV (Fig. 1D2). P6, hiV daXghWeU,
56 \eaUV Rld, iniWiall\ UeSRUWed aV aV\mSWRmaWic, haV YeU\ diVcUeWe clinical abnRUmaliWieV: anWeUiRU leg
deficiW SUedRminanWl\ Rn Whe UighW and childhRRd AchilleV¶ WendRn UeWUacWiRn (haV neYeU been able WR
VTXaW ZiWh feeW Rn Whe gURXnd) ZiWh WRe UeWUacWiRn, SUedRminanWl\ Rn Whe UighW (Fig. S2B). CK leYelV
ZeUe mildl\ eleYaWed (575 UI/L). MXVcle Vcan VhRZed bilaWeUal WibialiV anWeUiRU aWURSh\ and faWW\
degeneUaWiRn. P7, Whe mRWheU Rf P5, deYelRSed Zhen 50‐\eaU‐Rld difficXlW\ fRU Zalking ZiWh fUeTXenW
fallV. NeXURlRgic e[aminaWiRn Zhen Vhe ZaV 80, VhRZed maUked bilaWeUal Wibial anWeUiRU, gaVWURcnemiXV,
and glXWei aWURSh\. USSeU limbV ZeUe VSaUed. CK leYelV ZeUe VlighWl\ eleYaWed (242 UI/L). CaUdiac
eYalXaWiRn ZaV nRUmal. MXVcle MRI VhRZed bilaWeUal SRVWeUiRU cRmSaUWmenW Rf Whigh mXVcleV and
Wibial anWeUiRU faWW\ UeSlacemenW. MaWeUnal aXnW (P8) and gUandmRWheU (P9) ZeUe UeSRUWed WR be affecWed
ZiWh Whe Vame SUeVenWaWiRn bXW ZeUe nRW eYalXaWed b\ a neXURlRgiVW. NR famil\ link ZiWh Famil\ 1 ZaV
UeSRUWed, bXW bRWh familieV ZeUe fURm Whe nRUWhZeVW Rf FUance.

MXVcle PRUShRlRgical aQal\ViV

Anal\ViV Rf Whe mXVcleV biRSVieV Rf famil\ 1 SaWienWV UeYealed mXlWiSle mXVcXlaU fibeUV ZiWh inWeUnal
and cenWUali]ed nXclei (Fig. 1B4,9) and Whe SUeVence Rf mXlWifRcal aUeaV ZiWh UedXcWiRn Rf VWaining
cRmSaWible ZiWh minicRUeV ZiWh NADH VWaining (Fig. 1B5,10). The mXVcle biRSV\ Rf lefW WibialiV
anWeUiRU Rf SaWienW 5 (Fig. 1D3,4) VhRZV aWURShic fibeUV, inWUac\WRSlaVmic YacXRleV (Fig. 1D3) H&E
VWaining, eRVinRShilic aggUegaWe (Fig. 1D4), Zhich aSSeaUed nRW fXVchinRShilic Rn GRmRUi TUichURme
(Fig. 1D5). NADH VWaining (Fig. 1D6), VhRZed Whe abVence Rf UeacWiYiW\ in mXlWiSle aUeaV, ZiWh
minicRUeV‐like aVSecWV.
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MRlecXlaU UeVXlWV

NGS anal\VeV idenWified in P1, P2, P3, P4 fURm famil\ 1 and in P5, P6, P7 fURm famil\ 2, a
heWeUR]\gRXV deleWiRn Rf TTN e[RnV 11 WR 18, ZiWh deleWiRn bUeakSRinWV in inWURnV 10 and YeU\ clRVed WR
e[Rn±inWURn jXncWiRnV. GenRmic SangeU VeTXencing cRnfiUmed Whe SUeciVe bUeakSRinWV,
c.1662+15_3101‐3del (Fig. 2A),8 UeVXlWing in a Win\ 16 nXcleRWideV lRng UecRmbinanW inWURn beWZeen
e[RnV 10 and 19. ThiV CNV iV nRW UeSRUWed in Whe daWabaVe Rf genRmic YaUianWV
(hWWS://dgY.Wcag.ca/dgY/aSS/hRme). NGS anal\VeV did nRW deWecW RWheU TTN YaUianWV in trans nRr RWheU
VhaUed YaUianWV Rf inWeUeVW amRng bRWh familieV.

Figure 2

Genomic characteristics of the CNV, transcripts, and protein anal\ses. (A) cDNA sequencing of the titin
c.1662+15_3101‐3del allele using primers in e[ons 10 and 21 detected the deleted transcripts and shoZed
retention of the first 14 bases of intron 10 and the last tZo bases of intron 18. This leads to a frameshift
and a stop codon occurrence 11 codons doZnstream from the shift, in e[on 19. (B) RNAseq titin
transcripts pattern of P1 and a control muscle sample. Upper panel: control (blue) and P1 (red) sashimi
plots from IGV. LoZer panel: focus on the reading depth at the splice junctions for the control and P1
muscles. Read depth Zas specified in black numbering. P1 shoZs abnormal splicing from intron 10 to
intron 18 (represented in a green dashed line), corresponding to the CNV. In red, all other junctions Zere
similar to those of the control sample. Intronic retention of part of intron 13 Zas detected in the normal
allele, but this Zas also present in the control sample. Sequencing depth of intron retention Zas 112 reads
in intron 10 compared to 294 total reads in adjacent e[on 10 (38%), 103 reads in intron 18 compared to
216 total reads in e[on 19 (48%), (C) WB shoZing normal titin N2A isoform band at 3,8MDa from P1 and
P2 biopsies. ³I703´ is a positive control Zith C‐term homo]\gous truncated titin (c.106139dupA, p.
(Ser35381Glufs*4)) and ³Ctrl´ is a negative control from a health\ patient (Ctrl) (biops\ from M\obank‐
AFM).

CRmSaUiVRn Rf SNPV ZiWhin and VXUURXnding Whe TTN lRcXV VhRZed a cRmmRn haSlRW\Se Rf aW leaVW 42
SNP (271 kb) beWZeen bRWh familieV, VXggeVWing a cRmmRn anceVWRU VhaUed b\ Whe WZR familieV (daWa
nRW VhRZn). HRZeYeU, Whe e[acW limiWV Rf Whe cRmmRnl\ linked UegiRn ZeUe nRW defined ZiWh Whe NGS
anal\VeV SeUfRUmed.

TiWin cDNA anal\ViV fURm Whe P1 mXVcle VamSle UeYealed WhaW WZR nXcleRWideV in inWURn 18 and 14
nXcleRWideV in inWURn 10 aUe UeWained in Whe deleWed WUanVcUiSWV. ThiV inWURn UeWenWiRn UeVXlWV in fUameVhifW
and a VWRS cRdRn RccXUUence 11 cRdRnV dRZnVWUeam fURm Whe VhifW, in e[Rn 19 (Fig. 2A). RNAVeT
anal\ViV cRnfiUmed Whe UeWenWiRn Rf Whe 16 nXcleRWideV UecRmbinanW inWURn in Whe mXWanW allele (Fig. 2B).
SeTXencing deSWh Rf inWURn UeWenWiRn VhRZed a SURSRUWiRn Rf deleWed WUanVcUiSWV VlighWl\ lRZeU Whan
50%, VXggeVWing WhaW nRnVenVe‐mediaWed RNA deca\ (NMD) Rf Whe deleWed allele iV SURbabl\ abVenW RU
minimal. NR addiWiRnal abeUUanW WUanVcUiSW ZaV deWecWed. The e[SUeVViRn Rf Whe mXWaWed allele ZaV
eYalXaWed ZiWh an e[SUeVViRn UaWiR Rf fRXU SNPV lRcaWed dRZnVWUeam Rf Whe deleWiRn. We fRXnd
e[SUeVViRn leYelV Rf Whe alleleV aVVRciaWed ZiWh Whe CNV Rf 39% WR 45% (Fig. S2), highlighWing WhaW
nRnVenVe‐mediaWed deca\ Rf Whe deleWed allele iV SURbabl\ abVenW RU minimal. RNAVeT anal\VeV
e[clXded Whe SUeVence Rf elXViYe YaUianWV in trans nRW idenWified aW Whe DNA leYel.
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If nRW degUaded b\ Whe NMD, Whe deleWed WUanVcUiSWV aUe SUedicWed WR SURdXce a WUXncaWed SURWein ZiWh
an aSSUR[imaWe mRlecXlaU ZeighW Rf 60 kDa. P1 and P2 mXVcle VamSleV anal\VeV b\ WB VhRZed a WiWin
band Rf nRUmal Vi]e ZiWh C‐WeUm and N‐WeUm anWibRdieV cRUUeVSRnding WR Whe nRUmal allele (Fig. 2C).
TR deWecW Whe SUedicWed WUXncaWed SURWein, Ze SeUfRUmed WB anal\ViV Rn acU\lamide 12% gel, XVing an
N‐WeUminal anWi‐WiWin anWibRd\ againVW Whe 110 VWaUWing aminR acidV Rf WiWin (encRded b\ e[Rn 1 WR SaUW Rf
e[Rn 4 Rf Whe TTN gene) WhaW aUe lRcaWed XSVWUeam Rf Whe deleWiRn. BXW iW ZaV nRW SRVVible WR cRnclXde
Rn Whe abVence RU SUeVence Rf Whe WUXncaWed 60 kDa band, dXe WR Whe SUeVence Rf VeYeUal bandV in WhiV
Vi]e Uange cRUUeVSRnding WR VhRUWeU N‐WeUm Sh\ViRlRgical RU degUadaWiRn fRUmV Rf WiWin (Fig. S3).

DLVcXVVLRQ

We SUeVenW a nRYel ShenRW\Se Rf dRminanW WiWinRSaWh\ dXe WR a WUXncaWing CNV in Whe TTN gene. The
SaWienWV SUeVenWed a YeU\ VlRZl\ SURgUeVViYe SUR[imRdiVWal mXVcXlaU inYRlYemenW Rf laWe RnVeW
(beWZeen fRXUWh and fifWh decadeV) and SUedRminanWl\ affecWing Whe lRZeU limbV. The RldeU SaWienW (P5,
68 \eaUV Rld) deYelRSed alVR diVWal XSSeU limb inYRlYemenW in Whe eighWieV. InWeUeVWingl\, Whe \RXngeU
SaWienW (P2, 47 \eaUV Rld) deYelRSed a YeU\ cleaU aV\mmeWUic calf aWURSh\ fRllRZed b\ lefW WibialiV
anWeUiRU aWURSh\ aV Whe fiUVW V\mSWRmV. ThiV SaUWicXlaU ShenRW\Se ZiWh iniWiall\ aV\mmeWUic calf
inYRlYemenW iV nRW a W\Sical feaWXUe aVVRciaWed ZiWh WiWinRSaWhieV. The SUeVence Rf inWeUnal nXclei and
minicRUeV Rn hiVWRlRgical VecWiRnV and SUedRminanW VemiWendinRVXV inYRlYemenW in ZhRle‐bRd\
mXVcXlaU MRI aW Whigh leYel ZaV VXSSlemenWal aUgXmenWV fRU diagnRViV Rf WiWinRSaWh\. InWeUeVWingl\,
familial VegUegaWiRn VWXdieV UeYealed WhaW WhUee UelaWiYeV aged 51, 52, and 56 \eaUV, in Whe Vame age
Uange aV Whe \RXngeU (P2) SaWienW, had mildeU ShenRW\SeV ZiWh mildl\ eleYaWed CK and aV\mmeWUic
anWeUiRU legV mXVcle injXU\.

We fRXnd in SaWienWV fURm bRWh familieV a heWeUR]\gRXV deleWiRn Rf e[RnV 11 WR 18 and Whe mRVW Rf
flanking inWURnV in TTN ZiWh idenWical genRmic bUeakSRinWV. TheUe cRXld be a link beWZeen Whe WZR
familieV Vince Ze idenWified a cRmmRnl\ linked UegiRn Rf aW leaVW 271 kb, VXggeVWing a cRmmRn
anceVWRU. BRWh familieV ZeUe fURm Whe nRUWhZeVW Rf FUance, bXW ZiWhRXW being able WR idenWif\ a
cRmmRn Vmall Yillage RU iVland. The Vi]e Rf Whe cRmmRn haSlRW\Se VXggeVWV a YeU\ ancienW mXWaWiRn
eYenW. GiYen Whe YaUiable e[SUeVViRn Rf Whe CNV UeSRUWed in Whe VWXd\, and Whe SRVVible Wechnical
difficXlWieV in deWecWing iW, Ze VSecXlaWe WhaW iW ma\ be UelaWiYel\ fUeTXenW bXW nRW deWecWed in SaWienWV.

SegUegaWiRn VWXdieV idenWified Whe CNV in Whe WhUee UelaWiYeV ZiWh a mildeU ShenRW\Se. AV fRU man\
dRminanW diVeaVeV, Whe mRlecXlaU baViV Rf WhiV YaUiable e[SUeVViYiW\ iV nRW deciSheUed; iW cRXld be dXe WR
mRdifieU geneV, enYiURnmenWal and/RU eSigeneWic facWRUV. FXUWheUmRUe, Whe cRmSle[iW\ Rf WiWin
alWeUnaWiYe VSlicing in Whe UegiRn Rf Whe CNV, SURbabl\ YaUiable accRUding WR SaWienWV¶ age and
mXVcleV,14 iV nRW cRnVideUed Vince RNAVeT SURYideV a VnaSVhRW Rf Whe WUanVcUiSWRme in Whe anal\]ed
mXVcle (i.e., WhaW VSecific anaWRmic mXVcle aW WhaW VSecific age).

DeVSiWe Whe laUge Vi]e Rf Whe TTN gene, feZ CNVV haYe been UeSRUWed, if cRmSaUed WR Whe DMD gene
fRU e[amSle. In addiWiRn WR Wechnical UeaVRnV, WhiV can alVR be e[Slained b\ Whe lRZ Vi]e Rf inWURnV
(Vince XVXall\ Whe bUeakSRinWV Rf CNVV aUe in inWURnic UegiRnV) and Whe facW WhaW mRVW Rf Whe TTN e[RnV
aUe V\mmeWUic (ZiWh a nXmbeU Rf nXcleRWideV mXlWiSle Rf 3). PURbabl\ VRme Vmall CNVV UeVXlW in a VWill
fXncWiRning SURWein ZiWhRXW an\ clinicall\ UeleYanW ShenRW\Se, aV UeSRUWed fRU deleWiRnV in e[Rn 48 in
DMD.15, 16 One SXbliVhed TTN CNV iV a UeceVViYe laUge deleWiRn Rf e[RnV 34 WR 41, aVVRciaWed in
trans ZiWh a fUameVhifW mXWaWiRn S.(L\V3596AVnfV*), UeSRUWed in a famil\ ZiWh a VeYeUe ShenRW\Se (lRVV
Rf ambXlaWiRn befRUe Whe age Rf 40 and maUked h\SeUCKemia).17 The VecRnd CNV SUeYiRXVl\
deVcUibed iV a deleWiRn Rf e[RnV 346 WR 362 (A‐band) SUedicWed WR caXVe fUameVhifW ZiWh dRminanW
inheUiWance9 ZiWh eaUl\ RnVeW VkeleWal mXVcle inYRlYemenW and dilaWed caUdiRm\RSaWh\ deYelRSing in
laWeU decadeV. NR WB daWa ZeUe UeSRUWed WR deWeUmine if Whe WUXncaWed WiWin ZaV SUeVenW RU nRW.
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In RXU UeSRUW, mXVcle RNAVeT VWXdieV deWecWed, in addiWiRn WR Whe e[RnV 11±18 deleWiRn, abeUUanW
VSlicing ZiWh UeWenWiRn Rf Whe Win\ 16 nXcleRWideV UecRmbinanW inWURn, Zhich iV SUeVXmabl\ WRR Vmall WR
be UecRgni]ed b\ VSlicing facWRUV and leadV WR a VWRS 11 cRdRnV dRZnVWUeam fURm Whe fUameVhifW. In Whe
abVence Rf deWecWable NMD, Whe deleWiRn iV SUedicWed WR lead WR a WiWin SURWein Rf 60 kDa lacking a laUge
SaUW Rf I‐band, all A‐band, and M‐band. ThiV SUedicWed WUXncaWed SURWein ZRXld SUeVeUYe Whe inVeUWiRn
dRmainV in Whe Z‐diVk, VXggeVWing a SRVVible dRminanW‐negaWiYe effecW. HRZeYeU, aV WB VWXdieV cRXld
nRW cRnfiUm nRU e[clXde Whe SUeVence Rf Whe deleWed SURWein, degUadaWiRn Rf Whe highl\ WUXncaWed SURWein,
dXe WR iWV SURbable inVWabiliW\ and nRn‐fXncWiRnal cRnfRUmaWiRn, cannRW be e[clXded. ThiV VXggeVWV a
SRVVible addiWiRnal haSlRinVXfficienc\ effecW.

We WhXV UeSRUW Whe idenWificaWiRn Rf Whe fiUVW TTN CNV ZiWh VkeleWal inYRlYemenW Rnl\ and dRminanW
inheUiWance. AlWhRXgh Ze haYe e[WenViYel\ WUied WR aVVeVV Whe effecW Rf Whe deleWiRn aW Whe SURWein leYel
XVing a cRmSUehenViYe aSSURach, Whe effecW iV VWill XncleaU. AddiWiRnal fXncWiRnal VWXdieV ZRXld be
XVefXl WR aVVeVV Whe effecW Rf WhiV deleWiRn Rn VkeleWal mXVcle cellV.

AXWKRU CRQWULbXWLRQV

A.P., R.J.M., C.M., and M.C. cRnceiYed and deVigned Whe VWXd\; A.P., R.J.M., F.C., C.T., D.L., H.P.,
E.U.C., D.G., N.L., M.M., E.L., V.R., K.G., P.R., M.K., C.M., and M.C. acTXiUed and anal\]ed Whe
daWa; A.P., R.J.M., and M.C. ZURWe Whe manXVcUiSW.

CRQfOLcW Rf IQWeUeVW

The aXWhRUV declaUe nR cRnflicW Rf inWeUeVW.

SXSSRUWLQJ LQfRUPaWLRQ

Table S1. PUimeUV XVed fRU gDNA and cDNA anal\VeV.

FigXUe S1. AddiWiRnal ShenRW\Se daWa fRU P3 and P6. (A) P3 mXVcle Vcan VhRZed diVcUeWe faWW\
infilWUaWiRn in Whe calf (B) P6 clinical ShRWRgUaSh\'V, anWeUiRU leg deficiW SUedRminanWl\ Rn Whe
UighW and childhRRd AchilleV¶ WendRn UeWUacWiRn ZiWh WRe UeWUacWiRn, SUedRminanWl\ Rn Whe UighW
(C) P6 mXVcle Vcan VhRZed bilaWeUal WibialiV anWeUiRU aWURSh\ and faWW\ degeneUaWiRn.

FigXUe S2. EYalXaWiRn Rf NRnVenVe‐MediaWed mRNA Deca\ (NMD) Rf Whe mXWaWed allele XVing
SNP e[SUeVViRn leYelV. The fRXU SNPV fRU Zhich Ze cRXld aVVign each allele WR Whe mXWaWed RU
Zild‐W\Se WUanVcUiSW aUe UeSUeVenWed Rn Whe WRS. FRU each Rf Whem, Whe SeUcenWage Rf e[SUeVViRn
Rf Whe allele Rn Whe mXWaWed WUanVcUiSW and WhRVe Rn Whe Zild‐W\Se WUanVcUiSW aUe indicaWed. The\
ZeUe RbWained b\ SeUfRUming a UaWiR baVed Rn Whe nXmbeU Rf UeadV fRU each allele RbWained b\
RNAVeT in mXVcleV fURm P1 and P2 SaWienWV. ThiV anal\ViV UeYealed Rn fRXU lRcaWiRnV Rf
WUanVcUiSWV 39%, 45%, 44%, and 45% e[SUeVViRn leYel Rf Whe mXWaWed WUanVcUiSW, VXggeVWing
abVence RU minimal NMD.

FigXUe S3. WeVWeUn blRW anal\ViV Rf P1 and P2 WR deWecW SRWenWial WiWin WUXncaWed SURWein. WeVWeUn
blRW anal\ViV Rf P1 and P2 XVing SDS‐12% AcU\lamide gelV, CRRmaVVie cRlRUaWiRn (A), and
UeYelaWiRn b\ a WiWin N‐ WeUminal anWibRd\ (Sigma SAB1400284) (B). The SUedicWed 60 kDa WiWin
band cRUUeVSRnding WR Whe WUXncaWed SURWein dXe WR Whe c.1662+15_3101‐3del YaUianW iV nRW
deWecWable, dXe WR Whe SUeVence Rf VeYeUal bandV in WhiV Vi]e Uange cRUUeVSRnding WR VhRUWeU N‐
WeUm Sh\ViRlRgical RU degUadaWiRn fRUmV Rf WiWin.

Click heUe fRU addiWiRnal daWa file.(518K, SGI)
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AcNQRZOedJPeQWV

The aXWhRUV Whank M\Rbank‐AFM fRU SURYiding cRnWURl mXVcle biRSVieV, IVabelle RichaUd fRU WiWin
anWibRd\ SURYided, EmmanXelle PiRn fRU EngliVh Ueading, Tan\a SWRjkRYic fRU SRViWiYe cRnWURl biRSV\,
and GiVqle BRnne and FUench TTN cRnVRUWiXm fRU WheiU diVcXVViRn abRXW TTN SaWienWV.

FXQdLQJ SWaWePeQW

ThiV ZRUk ZaV fXnded b\ CenWUe HRVSiWalieU RpgiRnal UniYeUViWaiUe de MRnWSellieU gUanW DRCI‐GCS‐
MERRI; AFM‐TplpWhRn gUanW AFM 21384.

NRWeV

FXQdiQg IQfRUPaWiRQ

ThiV ZRUk ZaV fXnded b\ AFM 21384 gUanW (The FUench MXVcXlaU D\VWURSh\ AVVRciaWiRn (AFM‐
TplpWhRn)) and Whe DplpgaWiRn j la RecheUche CliniTXe eW j l'InnRYaWiRn dX GURXSemenW de CRRSpUaWiRn
SaniWaiUe de la MiVViRn d'EnVeignemenW, de RecheUche, de RpfpUence eW d'InnRYaWiRn (DRCI‐GCS‐
MERRI) de MRnWSellieU‐NvmeV.
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