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AbVWracW

DiagQRViV Rf P\RSaWhieV iV chaOOeQged b\ Whe high geQeWic heWeURgeQeiW\ aQd cOiQicaO RYeUOaS Rf Whe
YaUiRXV eWiRORgieV. We SUeYiRXVO\ UeSRUWed a Ne[W-GeQeUaWiRQ SeTXeQciQg VWUaWeg\ WR ideQWif\ geQeWic
eWiRORg\ iQ SaWieQWV ZiWh XQdiagQRVed LiPb-GiUdOe MXVcXOaU D\VWURShieV, CRQgeQiWaO M\RSaWhieV,
CRQgeQiWaO MXVcXOaU D\VWURShieV, DiVWaO M\RSaWhieV, M\RfibUiOOaU M\RSaWhieV, aQd h\SeUCKePia RU
effRUW iQWROeUaQce, XViQg a OaUge geQe SaQeO iQcOXdiQg geQeV cOaVVicaOO\ aVVRciaWed ZiWh RWheU eQWU\
diagQRVWic caWegRUieV. IQ WhiV VWXd\, Ze UeSRUW Whe cRPSUeheQViYe cOiQicaO-biRORgicaO VWUaWeg\ XVed WR
iQWeUSUeW NGS daWa iQ a cRhRUW Rf 156 SediaWUic aQd adXOW SaWieQWV, WhaW iQcOXded CRS\ NXPbeU VaUiaQWV
VeaUch, YaUiaQWV fiOWeUiQg aQd iQWeUSUeWaWiRQ accRUdiQg WR ACMG gXideOiQeV, VegUegaWiRQ VWXdieV, deeS
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SheQRW\SiQg Rf SaWieQWV aQd UeOaWiYeV, WUaQVcUiSWV aQd SURWeiQ VWXdieV, aQd PXOWidiVciSOiQaU\ PeeWiQgV.
GeQeWic eWiRORg\ ZaV ideQWified iQ 74 SaWieQWV, a diagQRVWic \ieOd (47.4%) ViPiOaU WR SUeYiRXV VWXdieV.
We ideQWified 18 SaWieQWV (10%) ZiWh caXVaWiYe YaUiaQWV iQ diffeUeQW geQeV (ACTA1, RYR1, NEB, TTN,
TRIP4, CACNA1S, FLNC, TNNT1, aQd PAPBN1) WhaW UeVXOWed iQ PiOdeU aQd/RU aW\SicaO SheQRW\SeV,
ZiWh high iQWUafaPiOiaO YaUiabiOiW\ iQ VRPe caVeV. MiOd SheQRW\SeV cRXOd PRVWO\ be e[SOaiQed b\ a OeVV
deOeWeUiRXV effecW Rf YaUiaQWV RQ Whe SURWeiQ. DeWecWiRQ Rf iQWeU-iQdiYidXaO YaUiabiOiW\ aQd aW\SicaO
SheQRW\Se-geQRW\Se aVVRciaWiRQV iV eVVeQWiaO fRU SUeciViRQ PediciQe, SaWieQW caUe, aQd WR SURgUeVV iQ Whe
XQdeUVWaQdiQg Rf Whe PROecXOaU PechaQiVPV Rf P\RSaWhieV.

Ke\Zords: P\RSaWhieV, Qe[W geQeUaWiRQ VeTXeQciQg, deeS SheQRW\SiQg, iQWeU-iQdiYidXaO YaUiabiOiW\,
aW\SicaO SheQRW\Se-geQRW\Se aVVRciaWiRQV

1. InWrodXcWion

IQheUiWed P\RSaWhieV aUe cOiQicaOO\ aQd geQeWicaOO\ heWeURgeQeRXV diVeaVeV, ZiWh 13 cOiQicaO aQd/RU
hiVWRORgicaO eQWU\ diagQRViV gURXSV UeSRUWed iQ Whe GeQe TabOe Rf NeXURPXVcXOaU DiVRUdeUV,
(hWWS://ZZZ.PXVcOegeQeWabOe.fU, acceSW RQ 9 JXO\ 2021) [1] MRUe WhaQ 200 geQeV aUe iPSOicaWed
iQcOXdiQg Whe giaQW aQd cRPSOe[ WiWiQ (TTN) aQd QebXOiQ (NEB) geQeV. The cRPSOe[iW\ iQcUeaVeV ZiWh
Whe eYROXWiRQ Rf kQRZOedge aQd Whe ideQWificaWiRQ Rf iPSRUWaQW cOiQicaO RYeUOaSV beWZeeQ each
SheQRW\Sic eQWU\. The bRXQdaUieV Rf Whe SheQRW\Sic eQWUieV UeSRUWed iQ Whe cOaVVificaWiRQ Rf P\RSaWhieV
aUe WhXV becRPiQg iQcUeaViQgO\ aPbigXRXV [2].

Ne[W-geQeUaWiRQ VeTXeQciQg (NGS) WechQRORgieV haYe ePeUged aV a UaSid aSSURach WR ViPXOWaQeRXVO\
aQaO\]e PXOWiSOe geQeV, iQcOXdiQg YeU\ OaUge geQeV VXch aV TTN aQd NEB. PUeYiRXV NGS VWXdieV iQ
PXVcOe diVeaVeV VhRZed a YaUiabOe UaWe Rf geQeWic diagQRViV, UaQgiQg fURP 30 WR 50% [3,4,5,6,7,8],
deSeQdiQg RQ Whe QXPbeU Rf geQeV iQcOXded iQ Whe SaQeO aQd Whe P\RSaWh\ cOaVVificaWiRQ cUiWeUia.

We SUeYiRXVO\ UeSRUWed Whe iPSOePeQWaWiRQ Rf a WaUgeWed NGS VWUaWeg\ aQd a YaUiaQW SUiRUiWi]aWiRQ WRRO,
Whe MRBiDiC SUiRUiWi]aWiRQ aOgRUiWhP (MPA) WR ideQWif\ YaUiaQWV iQ SaWieQWV ZiWh XQdiagQRVed LiPb-
GiUdOe MXVcXOaU D\VWURShieV (LGMD), CRQgeQiWaO M\RSaWhieV (CM), CRQgeQiWaO MXVcXOaU
D\VWURShieV (CMD), diVWaO P\RSaWhieV (DM), M\RfibUiOOaU M\RSaWhieV (MFM) aQd h\SeUCKePia RU
effRUW iQWROeUaQce [9,10]. BecaXVe Rf Whe cOiQicaO RYeUOaS beWZeeQ SheQRW\Sic gURXSV, Ze added
addiWiRQaO geQeV aVVRciaWed ZiWh RWheU eQWU\ diagQRVWic caWegRUieV (PaiQO\ CRQgeQiWaO M\aVWheQic
S\QdURPeV (CMS), UeWUacWiOe P\RSaWhieV, aQd PeWabROic P\RSaWhieV) [9], WR VeaUch fRU SRWeQWiaO
aW\SicaO SheQRW\Se-geQRW\Se aVVRciaWiRQV. We aOVR XSdaWed Whe geQe SaQeO WR iQcOXde QeZO\ ideQWified
geQeV, OeadiQg WR a SaQeO Rf 185 geQeV (SXSSOePeQWaU\ TabOe S1). CRPSaUed WR ZhROe-e[RPe
VeTXeQciQg, geQe SaQeO VeTXeQciQg SURYideV higheU Uead deSWh aQd heQce beWWeU cRYeUage Rf aOO e[RQV,
Zhich iQ addiWiRQ iV XVefXO fRU beWWeU deWecWiRQ Rf CNV (deOeWiRQV RU dXSOicaWiRQV), aV Ze SUeYiRXVO\
dePRQVWUaWed fRU OaUge geQeV VXch aV QebXOiQ RU WiWiQ [9]. IQ WhiV VWXd\, Ze UeSRUW Whe cRPSUeheQViYe
cOiQicaO-biRORgicaO aSSURach Ze XVed WR iQWeUSUeW NGS daWa iQ a cRhRUW Rf 156 SaWieQWV aQd VhRZed WhaW
WhiV VWUaWeg\ iV eVVeQWiaO WR SURgUeVV iQ Whe XQdeUVWaQdiQg Rf Whe PROecXOaU PechaQiVPV Rf P\RSaWhieV,
b\ ideQWif\iQg iQWeU-iQdiYidXaO YaUiabiOiW\ aQd aW\SicaO SheQRW\Se-geQRW\Se cRUUeOaWiRQV iQ P\RSaWhieV.

2. MaWerialV and MeWhodV

2.1. Patients

DNA VaPSOeV ZeUe fURP a cRhRUW Rf 156 SaWieQWV (82 PeQ aQd 74 ZRPeQ) fROORZed aW Whe FUeQch
SRXWh-WeVW RefeUeQce CeQWeU fRU NeXURPXVcXOaU DiVRUdeUV. ThiV cRhRUW iQcOXded 88 SaWieQWV ZiWh Whe
SediaWUic-RQVeW diVeaVe (QeRQaWaO RQVeW iQ 36 SaWieQWV) aQd 68 adXOWV, aOO ZiWh a geQeWicaOO\ XQcOaVVified
P\RSaWh\. MRVW caVeV ZeUe VSRUadic. FaPiO\ hiVWRU\ ZaV UeSRUWed b\ 22 SaWieQWV fURP 20 diffeUeQW
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faPiOieV, ZiWh a SaWWeUQ Rf iQheUiWaQce WhaW ZaV aXWRVRPaO dRPiQaQW (AD) iQ 12 faPiOieV, aXWRVRPaO
UeceVViYe (AR) iQ 6, aQd X-OiQked iQ 2 faPiOieV. IQ 11 SaWieQWV, a faPiO\ hiVWRU\ Rf P\RSaWh\ ZaV
UeYeaOed a SRVWHULRUL b\ UeOaWiYeV¶ cOiQicaO aQd PROecXOaU eYaOXaWiRQV.

BaVed RQ WheiU cOiQicaO SheQRW\Se, SaWieQWV had LGMD (Q = 45 SaWieQWV), CM (Q = 76), CMD (Q = 9),
DM (Q = 13), aQd h\SeUCKePia RU effRUW iQWROeUaQce (Q = 13). COiQicaO, biRchePicaO, aQd, ZheQ
aYaiOabOe, UadiRORgicaO aQd hiVWRSaWhRORgicaO daWa ZeUe UeWUieYed fRU aOO VXbjecWV. MRVW SaWieQWV
XQdeUZeQW SUeYiRXV SheQRW\Se-baVed geQeWic WeVWV WhaW e[cOXded YaUiaWiRQV iQ geQeV fUeTXeQWO\
iQYROYed iQ P\RSaWhieV.

The iQfRUPed cRQVeQW ZaV VigQed b\ aOO adXOW SaWieQWV aQd Whe SaUeQWV (RU OegaO UeSUeVeQWaWiYeV) fRU
chiOdUeQ befRUe PROecXOaU geQeWic WeVWiQg. The VWXd\ ZaV aSSURYed RQ 20 JXO\ 2021, b\ Whe IQVWiWXWiRQaO
ReYieZ BRaUd Rf MRQWSeOOieU UQiYeUViW\ HRVSiWaO, ZiWh Whe IRB SURjecW ideQWificaWiRQ cRde: IRB-
MTP_2021_07_202100912.

2.2. MolecXlar Anal\ses

TaUgeWed NGS aQaO\VeV ZeUe SeUfRUPed RQ DNA XViQg a cXVWRPi]ed SaQeO Rf 135 geQeV (Q = 133
SaWieQWV) VecRQdaUiO\ iQcUeaVed WR 185 geQeV (Q = 23 SaWieQWV) (SXSSOePeQWaU\ TabOe S1), Whe SeTCaS
EZ ChRice OibUaU\ caSWXUe kiW (RRche-NiPbOeGeQ), aQd SaiUed-eQd VeTXeQciQg (2 î 150 bS) RQ a V3
fORZ-ceOO XViQg a MiSeT VeTXeQceU (IOOXPiQa), aV SUeYiRXVO\ UeSRUWed [9]. VaUiaQWV ideQWified aV SRVVibO\
SaWhRgeQic ZeUe cRQfiUPed b\ cOaVVicaO SaQgeU VeTXeQciQg. FRU YaUiaQWV SUedicWed WR affecW VSOiciQg,
cDNA aQaO\VeV Rf Whe VSecific geQe ZeUe SeUfRUPed XViQg PRNA e[WUacWed fURP PXVcOe biRSVieV, aV
SUeYiRXVO\ UeSRUWed [9].

2.3. Bioinformatics

BiRiQfRUPaWicV aQaO\VeV fRU ViQgOe QXcOeRWide YaUiaQW (SNV) aQd cRS\ QXPbeU YaUiaQW (CNV) deWecWiRQ
ZeUe SeUfRUPed aV SUeYiRXVO\ deVcUibed [9]. The geQeUaWed YaUiaQW caOO fiOeV (Ycf) ZeUe aQaO\]ed XViQg
aQ iQ-hRXVe aQQRWaWiRQ VRfWZaUe WhaW iV baVed RQ ANNOVAR [11] aQd WhaW XVeV Whe fROORZiQg daWabaVeV
fRU YaUiaQW aQQRWaWiRQ: RefGeQ, KQRZQgeQe, cOiQVaU, KaYiaU, E[AC03, GQRPAD E[RPe, VQS138,
dbVQfS, dbVcVQY, aQd VSide[.

2.4. Variant Pathogenicit\ EYalXation

VaUiaQWV ZeUe e[SecWed WR be SUeVeQW iQ OeVV WhaQ 1% Rf geQeUaO SRSXOaWiRQ daWabaVeV VXch aV Whe
E[RPe AggUegaWiRQ CRQVRUWiXP (EXAC) aQd Whe GeQRPe AggUegaWiRQ DaWabaVe (GQRPAD). The
SaWhRgeQiciW\ Rf Whe ideQWified YaUiaQWV ZaV aVVeVVed XViQg Whe MPA VRfWZaUe [10] aQd a VeW Rf cUiWeUia
UeSRUWed b\ ZeQagXi eW aO. 2018 [9], accRUdiQg WR Whe APeUicaQ CROOege Rf MedicaO GeQeWicV aQd
GeQRPicV (ACMG) gXideOiQeV [12]. The MPA VRfWZaUe SURYideV a SUedicWiRQ VcRUe Rf iQcUeaViQg
SaWhRgeQiciW\, ZheUe 0 SUedicWV a QeXWUaO effecW aQd 10 a SaWhRgeQic effecW.

AOO SURbabOe diVeaVe-caXViQg YaUiaQWV ZeUe WheQ diVcXVVed iQ PXOWidiVciSOiQaU\ PeeWiQgV WR eYaOXaWe
WheiU SaWhRgeQiciW\ b\ cRPSaUiVRQ ZiWh Whe SaWieQW SheQRW\Se aQd Whe VXVSecWed PRde Rf iQheUiWaQce.
FXUWheU aQaO\VeV WR eVWabOiVh a diagQRViV aQd defiQe geQRW\Se-SheQRW\Se cRUUeOaWiRQV iQcOXded faPiOiaO
VegUegaWiRQ VWXdieV aQd deWaiOed SheQRW\Se aQaO\ViV WhURXgh addiWiRQaO cOiQicaO e[aPiQaWiRQ, ZhROe-
bRd\ PXVcOe MRI, aQd UeWUieYaO Rf daWa cRQceUQiQg biRchePicaO WeVWV aQd PXVcOe biRSV\ fiQdiQgV
(hiVWRORg\, iPPXQROabeOiQg, aQd/RU eOecWURQ PicURVcRS\).

3. ReVXlWV

PaWhRgeQic RU OikeO\ SaWhRgeQic YaUiaQWV ZeUe deWecWed iQ 74 Rf Whe 156 SaWieQWV (47.4%)
(SXSSOePeQWaU\ TabOe S2). NR diVeaVe-caXViQg YaUiaQW ZaV ideQWified iQ 72 SaWieQWV, aQd a YaUiaQW Rf
XQkQRZQ VigQificaQce (VUS) ZaV deWecWed iQ 10 SaWieQWV.
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APRQg Whe 98 SaWhRgeQic RU OikeO\ SaWhRgeQic YaUiaQWV, 36 ZeUe deVcUibed iQ Whe OiWeUaWXUe aV
SaWhRgeQic, 62 had QeYeU beeQ SUeYiRXVO\ UeSRUWed (FigXUe 1A). MRVW Rf WheP ZeUe PiVVeQVe YaUiaQWV
(59.2%) (FigXUe 1B). 26 diffeUeQW geQeV ZeUe affecWed, UefOecWiQg Whe geQeWic diYeUViW\ Rf heUediWaU\
P\RSaWhieV, ZiWh RYR1, NEB, aQd TTN Whe PRVW fUeTXeQW iPSOicaWed geQeV (FigXUe 1C).

OSeQ iQ a VeSaUaWe ZiQdRZ
FigXre 1

Diagnostic rate and molecXlar resXlts. (A) Reported in literatXre YersXs not reported Yariants. (B) Variant
t\pe. (C) FreqXenc\ of pathogenic Yariants b\ gene. (D) Rate of confirmed diagnosis according to each
phenot\pe in oXr stXd\ in comparison Zith scientific literatXre.

We cRXOd SeUfRUP YaUiaQWV VegUegaWiRQ aQaO\VeV iQ 58 faPiOieV. The YaUiaQW ZaV GH QRYR iQ 13 VSRUadic
caVeV, PaiQO\ ACTA1 (Q = 4), FLNC (Q = 2), aQd RYR1 (Q = 2), UeSUeVeQWiQg 17.6% Rf aOO VSRUadic caVeV
ZiWh a SRViWiYe geQeWic WeVW.

We SeUfRUPed cDNA VWXdieV WR aQaO\]e Whe effecWV RQ WUaQVcUiSWV Rf CAPN3, TTN, aQd NEB YaUiaQWV
SUedicWed WR affecW VSOiciQg [9]. ThiV SURcedXUe ZaV SaUWicXOaUO\ iPSRUWaQW WR chaUacWeUi]e SaWhRgeQiciW\
iQ cRPSOe[ geQeV, VXch aV TTN aQd NEB. We ideQWified e[RQ VkiSSiQg iQ WUaQVcUiSWV caUU\iQg Whe
VSOiciQg YaUiaQW, aQd aOVR acWiYaWiRQ Rf e[RQic RU iQWURQic cU\SWic VSOice ViWeV, OeadiQg WR abeUUaQW
WUaQVcUiSWV (FigXUe 2, aQd [13]).

OSeQ iQ a VeSaUaWe ZiQdRZ
FigXre 2

NebXlin mXscle transcripts anal\ses for the c.6075+5G>A Yariant in intron 47. (A) MXscle nebXlin
transcripts Zere anal\]ed b\ RT-PCR and seqXencing from mXscle biopsies of the patient harboring the
c.6075+5G>A hetero]\goXs Yariant and from a health\ control. Agarose gel electrophoresis shoZs the RT-
PCR prodXcts of nebXlin e[ons 46 to 48 transcripts from the mXscle of the patient (Lane 2) and the control
(Lane 3). Lane 1 represents the molecXlar Zeight marker (100±1000 kb ladder). These anal\ses shoZed
the presence of three popXlations of transcripts: a normal prodXct of 415 bases, a smaller transcript (310
bases) corresponding to e[on 47 skipping, and a larger fragment (466 bases). This transcript corresponds
to the retention of 51 nXcleotides in intron 47 dXe to the inactiYation of the WT splice site and the
actiYation of a cr\ptic donor splice site in intron 47 (green gt). (B) Diagram of the splicing pattern in
mXscle patient. 1EB e[ons are shoZn as bo[es. The splicing pattern of the WT RNA is schematicall\
shoZn in black color and other mXtated transcripts in red (e[on 47 skipping) and green (aberrant e[on 47
skipping).

3.1. Diagnostic Efficienc\ in Each Phenot\pic GroXp
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We Ueached a defiQiWiYe diagQRViV fRU 38 Rf Whe 76 SaWieQWV ZiWh CM. We fRXQd SaWhRgeQic YaUiaQWV iQ
12 geQeV (RYR1, NEB, ACTA1, TTN, MTM1, COL6A1, COL6A3, MYH7, TNNT1, CACNA1S, TRIP4,
aQd FLNC). IQ 32 Rf WheVe SaWieQWV, Whe diVeaVe had a QeRQaWaO RQVeW. The UaWe Rf SRViWiYe diagQRViV ZaV
SaUWicXOaUO\ high (82%) iQ SaWieQWV \RXQgeU WhaQ RQe \eaU ZiWh VeYeUe QeRQaWaO h\SRWRQia aQd
UeVSiUaWRU\ iQVXfficieQc\. RePaUkabO\, RQO\ RQe-WhiUd Rf PXVcOe biRSVieV SeUfRUPed iQ SaWieQWV ZiWh Whe
QeRQaWaO-RQVeW diVeaVe VhRZed VSecific hiVWRORgic abQRUPaOiWieV.

APRQg Whe QiQe SaWieQWV ZiWh CMD (aOO VSRUadic caVeV), Ze ideQWified Whe diVeaVe caXVe iQ fiYe SaWieQWV
ZhR haUbRUed SaWhRgeQic YaUiaQWV Rf Whe LAMA2, LMNA, aQd FKRP geQeV.

IQ SaWieQWV ZiWh LGMD (Q = 45), Whe geQeWic diagQRViV ZaV SRVVibOe iQ 18 SaWieQWV (40%). We deWecWed
SaWhRgeQic YaUiaQWV iQ 14 diffeUeQW geQeV (DYSF, CAPN3, FKRP, COL6A2, COL6A3, RYR1, ANO5,
LAMA2, DMD, SCGG, GMPPB, MTM1, TTN, aQd PABPN1). AOO SaWieQWV XQdeUZeQW a PXVcOe biRSV\
VhRZiQg hiVWRORgicaO feaWXUeV Rf P\RSaWh\ RU d\VWURSh\. SWaQdaUd iPPXQRhiVWRchePiVWU\ VWXdieV ZeUe
SeUfRUPed iQ 80% Rf SaWieQWV, aQd ZeVWeUQ bORW (WB) aQaO\ViV RQO\ iQ 30%. AV e[SecWed, Ze deWecWed
YaUiaQWV iQ cOaVVicaO LGMD geQeV PaiQO\ iQ SaWieQWV ZiWhRXW cRPSUeheQViYe iPPXQROabeOOiQg aQaO\VeV
RQ PXVcOe biRSV\. IQ RQe SaWieQW (I24), Ze ideQWified WZR YaUiaQWV iQ Whe GMPPB geQe. WB SeUfRUPed
afWeU Whe ideQWificaWiRQ Rf WhiV YaUiaQW VhRZed a gO\cRV\OaWiRQ defecW iQ aOSha-d\VWURgO\caQ, WhXV
cRQfiUPiQg Whe iPSOicaWiRQ Rf Whe GMPPB YaUiaQWV iQ Whe SaWieQW¶V SaWhRORg\ [14].

IQ 8 Rf Whe 13 SaWieQWV ZiWh DM, Ze fRXQd a SaWhRgeQic YaUiaQW iQ fRXU diffeUeQW geQeV (NEB, TTN,
MYOT, aQd MYH7). Of VSeciaO iQWeUeVW ZaV Whe fiQdiQg Rf WZR SaWhRgeQic NEB YaUiaQWV iQ WhUee adXOW
SaWieQWV ZiWh iVROaWed diVWaO ZeakQeVV (Vee beORZ).

APRQg Whe 13 SaWieQWV ZiWh iVROaWed h\SeUCKePia RU effRUW iQWROeUaQce, Ze deWecWed SaWhRgeQic
YaUiaQWV iQ fiYe SaWieQWV. IQWeUeVWiQgO\, YaUiaQWV ZeUe iQ geQeV XVXaOO\ iQYROYed iQ CM (ACTA1), RU
LGMD (ANO5, DMD, aQd SCGA) iQ SaWieQWV ZiWh a SVeXdR-PeWabROic SheQRW\Se. OQe SaWieQW
haUbRUed a SUeYiRXVO\ UeSRUWed SaWhRgeQic YaUiaQW iQ Whe STIM1 geQe.

IQ RXU cRhRUW, PaQ\ SaWieQWV had a TTN geQe YaUiaQW. We fRXQd fiYe SaWieQWV ZiWh WZR SaWhRgeQic
QRQVeQVe, fUaPeVhifW, aQd/RU VSOiciQg TTN YaUiaQWV LQ WUaQV (SXSSOePeQWaU\ TabOe S2). The cOiQicaO
SicWXUe ZaV heWeURgeQeRXV, YaU\iQg fURP cRQgeQiWaO ceQWURQXcOeaU P\RSaWh\ WR cRQgeQiWaO diVWaO
aUWhURgU\SRViV RU OiPb-giUdOe PXVcXOaU ZeakQeVV ZiWh caUdiRP\RSaWh\.

3.2. At\pical Phenot\pe-Genot\pe Associations

IQ 51 SaWieQWV, Whe SaWhRgeQic YaUiaQW ZaV iQ RQe Rf Whe geQeV aVVRciaWed ZiWh Whe eQWU\-diagQRViV
SheQRW\Se, ZheUeaV 18 SaWieQWV had a QeZ RU YeU\ XQXVXaO SheQRW\Se/geQRW\Se aVVRciaWiRQ (TabOe 1).
IQ VRPe caVeV, WhiV cRQWUibXWed WR e[SaQdiQg Whe SheQRW\Se aVVRciaWed ZiWh a VSecific geQe. IQ Whe
RWheUV, Whe diVeaVe VeYeUiW\ RU Whe iQheUiWaQce PRde diffeUed fURP Whe cOaVVicaO cOiQicaO deVcUiSWiRQV.
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Table 1

COiQicaO feaWXUeV, PXVcOe MRI aQd hiVWRSaWhRORgicaO iQYeVWigaWiRQV iQ SaWieQWV ZiWh QeZ RU YeU\
XQXVXaO SheQRW\Se/geQRW\Se aVVRciaWiRQV.
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3.2.1. E[SaQdHd PKHQRW\SH-GHQRW\SH AVVRcLaWLRQV

OSeQ iQ a VeSaUaWe ZiQdRZ

AD: Autosomal Dominant; AR: Autosomal recessive; N: Normal. VL: Vastus lateralis; VM: Vastus medialis;
AM: Adductor magnus; AB: Adductor brevis; ST: Semitendinosus; SM: Semimembranosus; BF: Rectus femoris;
GMax: Gluteus maximus; GM: Gastrocnemius medialis; TA: Tibialis anterior; P: Peroneus; SO: Soleus;
Consang: consanguinit\. ND: Not done.

PaWieQW
Se[,
Age/

Age aW
OQVeW

COiQicaO FeaWXUeV CK MXVcOe BiRSV\
MXVcOe

MRI
FaPiO\
HiVWRU\

GeQeWic TeVWiQg

I298 
 

M, 38\/
QeRQaWaO

Neonatal h\potonia
 

Scoliosis
 

Progressive m\opath\
with contractures

 
Earl\-onset

cardiom\opath\ 
 

Restrictive respirator\
s\ndrome

N

T\pe I fiber
predominance.

 
C\toplasmic

bodies

ND Sporadic

c.3557C>T; p.
(Ala1186Val)

FLNC
NM_001458.4 

 
Missense GH QRYR

variant
 

Absent in Exac
and gnomAD

I111 
 

F, 4\/ 1\

Pierre Robin sequence
(micrognathia,

glossoptosis, and cleft
palate), scoliosis

 
Feeding difficulties 

 
Severe restrictive
cardiom\opath\

 
Mild proximal and

axial weakness

N
T\pe I fiber

atroph\
Normal Sporadic

c.4927+2T>A
FLNC 

 
GH QRYR splicing

variant 
 

HSF, MaxEnt:
-100% 

 
Absent in Exac
and gnomAD

I192 
 

M, 20\/
20\

As\mptomatic CK
elevation

 
Strictl\ normal

neurological
examination

x20
Some necrotic

fibers
 

Absence of rods
 

Normal Sporadic

c.889G>A; p.
(Ala297Thr)

AC7A1
NM_001100.3

 
GH QRYR missense
variant. Absent in

Exac and
gnomAD

I14 
 

F, 75\/
60\ 

 

Slowl\ progressive
axial weakness with

camptocormia 
 

Mild lower limb
proximal weakness

 
No ptosis, no

d\sphagia

N

Abnormal
m\ofibrillar

network
 

Rimmed and not
rimmed vacuoles

Paravertebral
VL, AB,
AM, SM,
GM, SO

Sporadic

c.30_31insGCA;
p.(Ala11dup)

 
3A3BN1

NM_004643.3
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3.2.2. MLOd PKHQRW\SHV

We ideQWified a SaWhRgeQic YaUiaQW iQ Whe RYR1 geQe iQ WZR VibOiQgV (I152 aQd hiV ViVWeU) ZiWh Whe
W\SicaO LGMD SheQRW\Se. YeW, RYR1 iV RQe Rf Whe geQeV PRVW fUeTXeQWO\ iPSOicaWed iQ CM bXW iV
XVXaOO\ QRW aVVRciaWed ZiWh PXVcXOaU d\VWURSh\. IQ Whe WZR VibOiQgV ZhR deYeORSed SUR[iPaO ORZeU
OiPb ZeakQeVV iQ Whe WhiUd decade Rf Oife, cUeaWiQe kiQaVe (CK) OeYeO ZaV YeU\ high ([20) aQd PXVcOe
biRSV\ VhRZed d\VWURShic feaWXUeV (FigXUe 3e-h). The hRPR]\gRXV PiVVeQVe YaUiaQW ideQWified iQ Whe
RYR1 geQe, c.6617C>T; S. (ThU2206MeW) (SIFT: 0.00; PRO\PheQ2: 0.998; MPA VcRUe: 9), ZaV
SUeYiRXVO\ deVcUibed iQ PaOigQaQW h\SeUWheUPia ZiWh AD WUaQVPiVViRQ. ThiV YaUiaQW haV beeQ fRXQd,
iQfUeTXeQWO\, aOVR iQ SaWieQWV ZiWh W\SicaO ceQWUaO cRUe diVeaVe (AR WUaQVPiVViRQ), eiWheU iQ a cRPSRXQd
heWeUR]\gRXV VWaWe iQ aVVRciaWiRQ ZiWh WUXQcaWiQg YaUiaQWV [14], RU iQ a hRPR]\gRXV VWaWe [15].

OSeQ iQ a VeSaUaWe ZiQdRZ
FigXre 3

Clinical featXres of patients Zith neZ genot\pe/phenot\pe associations: SeYere scoliosis in patient I111
aged 5 \ears Zith FLNC Yariant (A). TongXe fatt\ replacement inpatient I164 (B1) and his father (B2)
Zith CACNA1S Yariant. Hanging big toe and bilateral tibialis anterior and soleXs fatt\ replacement
inpatient I76 Zith tZo NEB Yariants (C, D). Patient I152 Zith LGMD phenot\pe and homo]\goXs RYR1
Yariant Zith seYere qXadriceps atroph\ ((), fatt\ replacement of qXadriceps, addXctors, semitendinosXs,
and gastrocnemiXs mXscles in mXscXlar Zeighted T1 MRI ()) and d\strophic pattern in mXscXlar biops\
(*, +). The black arroZ shoZs fatt\ replacement and the blXe arroZ, fibrosis.

MRUeRYeU, Ze ideQWified a hRPR]\gRXV iQ-fUaPe deOeWiRQ Rf e[RQ 8 aQd 9 iQ Whe TRIP4 geQe iQ aQ adXOW
SaWieQW (I60) ZiWh CM fURP a cRQVaQgXiQeRXV faPiO\. TRIP4 eQcRdeV RQe Rf Whe VXbXQiWV Rf Whe
WeWUaPeUic WUaQVcUiSWiRQaO cRacWiYaWRU AcWiYaWiQg SigQaO CR-iQWegUaWRU 1 (ASC-1). IQ 2016, WUXQcaWiQg
TRIP4 YaUiaQWV (AR WUaQVPiVViRQ) ZeUe iPSOicaWed iQ VeYeUe cRQgeQiWaO P\RSaWhieV [15] aQd VSiQaO
PXVcXOaU aWURSh\ [16]. PaWieQW I60 had a cRPSOeWeO\ diffeUeQW aQd PiOdeU SheQRW\Se ZiWh VORZO\
SURgUeVViYe PiOd SUR[iPaO aQd a[iaO ZeakQeVV ViQce chiOdhRRd, aVVRciaWed ZiWh OaWeU-RQVeW diOaWed
caUdiRP\RSaWh\ (TabOe 1). WeVWeUQ bORW aQaO\ViV Rf ASC-1 e[SUeVViRQ iQ Whe PXVcOe biRSV\ VhRZed Whe
abVeQce Rf Whe fXOO-OeQgWh SURWeiQ [17]. IQ WhiV SaWieQW, Ze aOVR fRXQd a WUXQcaWiQg YaUiaQW iQ Whe TTN
geQe (c.6379_6380deO; S.(T\U2127LeXfV*8). ThiV ePShaVi]eV Whe cRPSOe[iW\ aQd Whe chaOOeQge Rf NGS
daWa iQWeUSUeWaWiRQ. IQdeed, heWeUR]\gRXV WUXQcaWiQg YaUiaQWV iQ TTN haYe beeQ PaiQO\ iPSOicaWed iQ
caUdiRP\RSaWh\ ZiWhRXW VkeOeWaO PXVcOe iQYROYePeQW. The SUeVeQce Rf Whe VaPe TTN YaUiaQW iQ hiV
ROdeU aV\PSWRPaWic ViVWeU ideQWified b\ VegUegaWiRQ VWXdieV aOVR VXggeVWed Whe abVeQce Rf SaWhRgeQiciW\
Rf WhiV YaUiaQW aORQe, aW OeaVW iQ Whe cRQWe[W Rf AD WUaQVPiVViRQ.

FiQaOO\, Ze fRXQd a (GCN)11 e[SaQViRQ iQ Whe PABPN1 geQe iQ a ZRPaQ ZiWh iVROaWed caPSWRcRUPia
(I14). UQOike Whe W\SicaO SUeVeQWaWiRQ Rf RcXORShaU\QgeaO PXVcXOaU d\VWURSh\ (OPMD) WhiV SaWieQW
QeYeU cRPSOaiQed Rf SWRViV RU difficXOW\ VZaOORZiQg. The PXVcOe biRSV\ VhRZed feaWXUeV cRPSaWibOe
ZiWh P\RfibUiOOaU P\RSaWh\ aQd UiPPed YacXROeV. IQ a UeceQW VeUieV, RQO\ 6 Rf Whe 354 SaWieQWV ZiWh
OPMD had a (GCN)11 aOOeOe [18]. AOO WheVe SaWieQWV had OaWeU diVeaVe RQVeW aQd SWRViV cRXOd be abVeQW.
TR RXU kQRZOedge, WhiV iV Whe fiUVW caVe Rf iVROaWed caPSWRcRUPia caXVed b\ WhiV e[SaQViRQ.

We ideQWified WZR OikeO\ SaWhRgeQic YaUiaQWV iQ Whe NEB geQeV iQ WhUee adXOWV
ZiWh SXUe DM: RQe SaWieQW ZiWh VSRUadic diVeaVe (I112) aQd WZR VibOiQgV (I76, I77) iQ aQRWheU faPiO\.
NEB YaUiaQWV aUe XVXaOO\ aVVRciaWed ZiWh chiOdhRRd-RQVeW CM ZiWh a[iaO aQd SUR[iPaO ZeakQeVV.
CRQYeUVeO\, WheVe WhUee SaWieQWV had a OaWe-RQVeW SURPiQeQW diVWaO ZeakQeVV, ZiWh iVROaWed biOaWeUaO fRRW
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dURS (FigXUe 3c,d). MXVcOe biRSV\ aQaO\ViV b\ RSWicaO aQd eOecWURQ PicURVcRS\ did QRW fiQd aQ\ URd.
PaWieQWV I76 aQd I77 had a fUaPeVhifW deOeWiRQ iQ e[RQ 63 (c.8860deOG) aQd a PiVVeQVe YaUiaQW LQ WUaQV,
c.21928T>C; S.(SeU7310PUR), SUedicWed WR aOWeU QebXOiQ cRQfRUPaWiRQ becaXVe SUROiQe iV kQRZQ WR
diVUXSW SURWeiQ fROdiQg [19]. PaWieQW I112 ZaV cRPSRXQd heWeUR]\gRXV fRU Whe PiVVeQVe YaUiaQWV
c.21790G>C; S.(AVS726HiV) (SIFT: 0.001; PRO\PheQ: 0.897; MPA VcRUe: 6) aQd c.194C>T; S.
(PUR65LeX) (SIFT: 0.00; PRO\PheQ: 0.32; MPA VcRUe: 4). DeVSiWe Whe iQcRQcOXViYeQeVV abRXW Whe
SaWhRgeQiciW\ Rf Whe NEB YaUiaQWV iQ WhiV SaWieQW, Ze h\SRWheVi]ed WhaW PiVVeQVe NEB YaUiaQWV cRXOd be
UeVSRQVibOe fRU a PiOdeU adXOW-RQVeW SheQRW\Se ZiWhRXW URdV, aV UeSRUWed b\ WaOOgUeQ-PeWWeUVRQ eW aO.
[20]. TheVe aXWhRUV deVcUibed fRXU FiQQiVh faPiOieV ZiWh WZR diffeUeQW hRPR]\gRXV NEB PiVVeQVe
YaUiaQWV aQd PiOd diVWaO P\RSaWh\. CRPSaUiVRQ Rf Whe YaUiaQWV fRXQd iQ RXU WhUee SaWieQWV ZiWh VRPe
SUeYiRXVO\ UeSRUWed NEB PiVVeQVe YaUiaQWV iQdicaWed WhaW Whe\ SUedRPiQaQWO\ RccXU aW cRQVeUYed
UeVidXeV iQ Whe NEB UeSeaW PRWif (D[2(E/D)[4K[6(S/N)[3YK), aQd WhaW SUROiQe PXWaQWV cOXVWeU aW
VSecific ViWeV Rf WhiV PRWif (FigXUe 4).

OSeQ iQ a VeSaUaWe ZiQdRZ
FigXre 4

Alignment of 1EB repeat domains The figXre represents the alignment of selected NEB repeats, Zith
conserYed residXes highlighted in \elloZ (and/or gra\). ResidXes are indicated b\ the single-letter amino
acid code. ³MXtated´ residXes identified inpatient I112 (p.(Asp7264His)=D7264H, in repeat 201), patients
I76,77 (p.(Ser7310Pro)=S7310P, in repeat 202) and patient I173 (p.(T\r1680C\s)=Y1680C, in repeat 43)
are highlighted in pXrple. ³MXtated´ residXes from preYioXsl\ reported NEB patients Zith missense
Yariants are highlighted in c\an/blXe (references on the right). Corresponding ³mXtant´ residXes (single-
letter amino acid code) are indicated at the top of the figXre. The figXre shoZs that almost all pathogenic
missense Yariants clXster either at the conserYed residXes of the repeat motif
(DX2(E/D)X4KX6(S/N)X3YK) or at 3 specific non-conserYed positions for Proline ³mXtants´ (P, at the
top of the figXre, and Zhich are notorioXs fold disrXptiYe mXtants).

SiPiOaUO\, NGS aOORZed Whe ideQWificaWiRQ Rf a GH QRYR YaUiaQW iQ ACTA1 [c.889G>A; S.(AOa297ThU)] iQ
a 20-\eaU-ROd SaWieQW (I192) ZiWh aV\PSWRPaWic CK OeYeO eOeYaWiRQ aQd QRUPaO QeXURORgicaO
e[aPiQaWiRQ. ThiV PiVVeQVe ACTA1 YaUiaQW iV QRW fRXQd iQ Whe geQeUaO SRSXOaWiRQ (E[AC, gQRPAD)
(SXSSOePeQWaU\ TabOe S2). The S.(AOa297ThU) YaUiaQW iV SUedicWed b\ Whe FROdX aOgRUiWhP WR iQdXce a
VhifW Rf L\ViQe 326 aQd L\ViQe 328, dXe WR Whe Vi]e aQd SROaUiW\ Rf Whe PXWaQW WhUeRQiQe Vide chaiQ (
FigXUe 5). The chaQge iQ SURWeiQ cRQfRUPaWiRQ cRXOd haYe aQ iPSacW RQ SURWeiQ fXQcWiRQ, aV L\ViQe 328
iV SUedicWed WR iQWeUacW ZiWh Whe P\RViQ head GOX354 UeVidXe. ThiV VhifW iQdXced b\ Whe YaUiaQW cRXOd
WhXV ZeakeQ RU PRdif\ Whe iQWeUacWiRQ ZiWh Whe P\RViQ chaiQ. A YaUiaQW iQ L\V328 ZaV aOVR ideQWified
aV UeVSRQVibOe fRU QePaOiQe P\RSaWh\ VXggeVWiQg aQ iPSRUWaQW UROe Rf WhiV UeVidXe fRU PXVcOe
cRQWUacWiRQ [21,22]. MiOd adXOW-RQVeW P\RSaWh\ haV beeQ UeOaWed WR ACTA1 YaUiaQWV [23,24]; hRZeYeU,
WhiV iV Whe fiUVW deVcUiSWiRQ Rf a VXbcOiQicaO SheQRW\Se chaUacWeUi]ed b\ aV\PSWRPaWic CK eOeYaWiRQ.
HRZeYeU, Ze caQQRW e[cOXde WhaW WhiV PighW UeSUeVeQW aQ age-deSeQdeQW SeQeWUaQce iVVXe.
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3.2.3. RHcHQWO\ IdHQWLILHd PKHQRW\SH-GHQRW\SH AVVRcLaWLRQV

OSeQ iQ a VeSaUaWe ZiQdRZ
FigXre 5

StrXctXre prediction of the p.(Ala297Thr) Yariant. Based on the 6BNO PDB strXctXres [25] the 297
Alanine residXe Zas mXtated in Threonine Zith the fold X algorithm [26] on YASARA softZare [27]. The
p.(Ala297Thr) Yariant is predicted b\ fold X to indXce a shift of L\sine 326 and L\sine 328, dXe to the si]e
and polarit\ of the mXtant threonine side chain. L\sine residXes 326 and 328 are shoZn in dark blXe, Zhile
Ala297 (left panel) Zas shoZn in gre\ and Threonine 297 (right panel) in \elloZ. The molecXlar sXrface is
colored in a green cloXd.

We fRXQd FLNC YaUiaQWV iQ WZR
SaWieQWV ZiWh CM aQd caUdiRP\RSaWh\ (I111 aQd I298). BRWh SaWieQWV had a ViPiOaU SheQRW\Se ZiWh
cRQgeQiWaO h\SRWRQia, VcROiRViV, PiOd SUR[iPaO aQd a[iaO ZeakQeVV, aQd eaUO\-RQVeW VeYeUe
caUdiRP\RSaWh\ (FigXUe 3A). PaWieQW I111 had aQ FLNC YaUiaQW iQ Whe caQRQicaO dRQRU VSOice ViWe Rf
e[RQ 28 (c.4927+2T>A) WhaW iV SUedicWed WR affecW VSOiciQg aQd iV QRW SUeVeQW iQ Whe geQeUaO SRSXOaWiRQ.
PaWieQW I298 caUUied a PiVVeQVe YaUiaQW iQ e[RQ 21 [c.3557C>T; S.(AOa1186VaO)], SUeYiRXVO\ UeSRUWed aV
SaWhRgeQic [28]. AW Whe WiPe Rf Whe ideQWificaWiRQ Rf WheVe YaUiaQWV, FLNC YaUiaQWV had beeQ aVVRciaWed
ZiWh caUdiRP\RSaWh\, bXW QRW ZiWh CM. ThiV chaQged iQ 2017, ZheQ JaQiQ eW aO deVcUibed a 10-\eaU-ROd
giUO ZiWh CM, d\VPRUShic VhRUW Qeck, caUdiRP\RSaWh\, aQd UedXciQg bRdieV iQ PXVcOe biRSV\ dXe WR a
GH QRYR FLNC YaUiaQW [S.(GO\1168AVS)] (NeXURPXVcXOaU diVRUdeUV, SXSSO 2, OcWRbeU 2017). MRUe
UeceQWO\, KiVeOeY eW aO., [28] UeSRUWed fRXU SaWieQWV ZiWh YeU\ eaUO\ RQVeW CM (PeaQ age aW RQVeW: 2.2
\eaUV) ZiWh SUR[iPaO ZeakQeVV, aUWhURgU\SRViV (iQ WhUee SaWieQWV), aQd UeVWUicWed caUdiRP\RSaWh\. ThUee
Rf WheP had Whe VaPe FLNC YaUiaQW aV RQe Rf RXU SaWieQWV [S.(AOa1186VaO)].

AQRWheU e[aPSOe Rf SaWieQWV ZiWh a UeceQWO\ ideQWified SheQRW\Se-geQRW\Se aVVRciaWiRQ cRQceUQed WZR
adXOW SaWieQWV (I303 aQd I164) ZiWh PiOd cRQgeQiWaO P\RSaWh\ dXe WR SaWhRgeQic YaUiaQWV iQ Whe
CACNA1S geQe. COaVVicaOO\, WhiV geQe ZaV iQYROYed iQ dRPiQaQW h\SRkaOePic SeUiRdic SaUaO\ViV bXW, aW
Whe WiPe Rf RXU aQaO\VeV, SchaUWQeU eW aO., [29] UeSRUWed a VeUieV Rf eOeYeQ SaWieQWV ZiWh cRQgeQiWaO
P\RSaWh\ dXe WR CACNA1S SaWhRgeQic YaUiaQWV ZiWh UeceVViYe RU dRPiQaQW effecWV. OXU WZR SaWieQWV
SUeVeQWed SheQRW\Sic feaWXUeV ViPiOaU WR WhRVe deVcUibed b\ SchaUWQeU eW aO., SaUWicXOaUO\ VeYeUe QeRQaWaO
h\SRWRQia, UeVSiUaWRU\ aQd feediQg difficXOWieV, aQd SURgUeVViYe iPSURYePeQW ZiWh age. We cRQfiUPed
Whe AR WUaQVPiVViRQ iQSaWieQW I303 ZhR haUbRUed WZR LQ WUaQV QRQVeQVe CACNA1S YaUiaQWV
[c.2970G>A; S.(TUS990*) aQd c.5104C>T; S.(AUg1702*)]. We fRXQd Whe PiVVeQVe YaUiaQW c.2447T>G;
S.(LeX816AUg) iQSaWieQW I164. ThiV CACNA1S YaUiaQW, Zhich iV abVeQW iQ Whe geQeUaO SRSXOaWiRQ,
affecWV a YeU\ cRQVeUYed aPiQR acid UeVidXe aQd iV SUedicWed WR be SaWhRgeQic b\ SIFT (VcRUe: 0.0) aQd
PRO\PheQ2 (VcRUe: 0.99). The MPA VcRUe ZaV 10. The YaUiaQW ZaV WUaQVPiWWed b\ Whe faWheU, ZhR ZaV
SaXciV\PSWRPaWic. FaPiOiaO VegUegaWiRQ aQaO\ViV UeYeaOed Whe SUeVeQce Rf Whe YaUiaQW iQ hiV faWheU,
iQiWiaOO\ UeSRUWed aV aV\PSWRPaWic. FiQaOO\, a deWaiOed cOiQicaO e[aPiQaWiRQ VhRZed PiOd cOiQicaO VigQV
aQd MRI highOighWed faWW\ UeSOacePeQW iQ Whe WRQgXe (FigXUe 3B2), VXSSRUWiQg WhaW Whe YaUiaQW ZaV
SaWhRgeQic, bXW ZiWh YaUiabOe e[SUeVViYiW\.

We ideQWified TNNT1 YaUiaQWV iQ WZR SaWieQWV (I401 aQd I172). PaWieQW I401 had a hRPR]\gRXV deOeWiRQ
iQ Whe TNNT1 geQe (c.192+244_388-1191deO), SUedicWed WR Oead WR Whe iQ-fUaPe deOeWiRQ Rf e[RQV 8 aQd
9. WeVWeUQ bORW aQaO\ViV UeYeaOed Whe WRWaO abVeQce Rf Whe WURSRQiQ SURWeiQ, QR VPaOOeU baQd
cRUUeVSRQdiQg WR Whe WUXQcaWed SURWeiQ ZaV YiVibOe [30]. She had a VeYeUe SheQRW\Se (PaUked QeRQaWaO
h\SRWRQia, URdV iQ Whe PXVcOe biRSV\) WhaW ZaV UePiQiVceQW Rf Whe SUeYiRXVO\ UeSRUWed SaWieQWV ZiWh
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UeceVViYe SaWhRgeQic YaUiaQWV iQ TNNT1 [30,31]. The VecRQd SaWieQW (I172) had a PiOdeU SheQRW\Se
ZiWh SUR[iPaO aQd a[iaO ZeakQeVV iQ chiOdhRRd. NeXURORgicaO e[aPiQaWiRQ VhRZed PiOd dRUVaO fOe[iRQ
ZeakQeVV Rf Whe feeW, VcaSXOa aOaWa, aQd faciaO SaUeViV. We ideQWified a GH QRYR PiVVeQVe dRPiQaQW
YaUiaQW: c.200A>G; S.(HiV67AUg) iQ e[RQ 8 (SIFT: 0.002; PRO\PheQ: 0.22; MPA VcRUe: 7). The high
MPA VcRUe, Whe abVeQce Rf WhiV GH QRYR YaUiaQW iQ Whe geQeUaO SRSXOaWiRQ (E[ac aQd gQRPAD), aQd iWV
ORcaOi]aWiRQ iQ Whe dRPaiQ Rf iQWeUacWiRQ ZiWh WURSRP\RViQ VXSSRUW iWV SaWhRgeQic effecW. AW Whe WiPe Rf
aQaO\ViV, RQO\ UeceVViYe YaUiaQWV iQ TNNT1 had beeQ UeSRUWed (Vee DiVcXVViRQ).

4. DiVcXVVion

OXU iQWegUaWed cOiQicaO-biRORgicaO aSSURach WR aQaO\]e NGS daWa iQ a cRhRUW Rf 156 SaWieQWV ZiWh
geQeWicaOO\ XQcOaVVified P\RSaWhieV aOORZed Whe ideQWificaWiRQ Rf Whe geQeWic defecW iQ 46.7% Rf
SaWieQWV, aQd WR UeYeaO iQWeUiQdiYidXaO YaUiabiOiW\ aQd aW\SicaO SheQRW\Se-geQRW\Se aVVRciaWiRQV.

The gORbaO diagQRViV UaWe iV ViPiOaU WR WhaW Rf SUeYiRXV VWXdieV RQ P\RSaWhieV (fURP 30 WR 50%
[3,4,5,6,7,8,32]) (FigXUe 1A), ZheUeaV SUeOiPiQaU\ WeVWV (iPPXQROabeOOiQg, VeTXeQciQg Rf feZ geQeV)
had e[cOXded Whe PRVW cRPPRQ PXVcOe diVRUdeUV, WhXV cRQVWiWXWiQg a VeOecWiRQ biaV. ThiV ZaV RbYiRXV
fRU LGMD SaWieQWV iQ ZhRP PXVcOe iPPXQRhiVWRchePicaO aQaO\VeV aQd VeTXeQciQg Rf feZ geQeV
(PaiQO\ CAPN3, ANO5, aQd FHSD) ZeUe XVXaOO\ SeUfRUPed aV a fiUVW-OiQe, SURbabO\ e[SOaiQiQg Whe
ORZeU UaWe Rf SRViWiYe diagQRViV (40%) WhaQ Whe RWheU VWXdieV (51.2% iQ Whe VeUieV b\ SaYaUeVe eW aO.,
[6]). IQ PRVW SaWieQWV ZheUe Ze fRXQd LGMD geQe YaUiaQWV, UeWURVSecWiYe aQaO\ViV Rf Whe PXVcOe biRSV\
VhRZed WhaW iPPXQROabeOOiQg VWXdieV ZeUe iQcRPSOeWeO\ RU QRW SeUfRUPed. IQWeUeVWiQgO\, Ze deWecWed
YaUiaQWV iQ geQeV WhaW aUe QRW XVXaOO\ UeSRUWed iQ LGMD (LAMA2, RYR1, RU PAPBN2). UQOike RWheU
VWXdieV, Ze did QRW deWecW aQ\ GAA geQe YaUiaQW becaXVe, iQ FUaQce, PaOWaVe acid acWiYiW\ iV PeaVXUed
V\VWePaWicaOO\ iQ PRVW SaWieQWV VXVSecWed WR haYe a P\RSaWh\ befRUe geQeWic WeVWiQg. OQ Whe RWheU haQd,
Whe geQeWic diagQRViV UaWe ZaV SaUWicXOaUO\ high (82%) iQ SaWieQWV ZiWh VeYeUe QeRQaWaO cRQgeQiWaO
P\RSaWh\ aQd UeVSiUaWRU\ iQVXfficieQc\ ZhR VhRZed PaUked geQeWic heWeURgeQeiW\. The cOiQicaO
SheQRW\Se iV Rf OiPiWed YaOXe fRU Whe diagQRViV iQ WheVe SaWieQWV becaXVe PRVW QeRQaWeV ZiWh cRQgeQiWaO
P\RSaWh\ VhaUe cRPPRQ cOiQicaO feaWXUeV Rf h\SRWRQia, SRRU feediQg, aQd fUeTXeQWO\, UeVSiUaWRU\
iQVXfficieQc\. MRUeRYeU, PXVcOe biRSVieV SeUfRUPed dXUiQg Whe fiUVW PRQWhV Rf Oife ZeUe RfWeQ QRW
iQfRUPaWiYe fRU a VSecific VXbW\Se Rf P\RSaWh\. CRQVeTXeQWO\, Ze SURSRVe WhaW WaUgeWed NGS VhRXOd be
Whe fiUVW diagQRVWic WeVW fRU WhiV gURXS Rf SaWieQWV WR aYRid XQQeceVVaU\ PXVcOe biRSVieV. FXUWheUPRUe,
Whe high UaWe Rf SRViWiYe UeVXOWV aOORZV XV WR RffeU aSSURSUiaWe geQeWic cRXQVeOiQg WR Whe faPiOieV.

The cRPSUeheQViYe cOiQicaO biRORgicaO diagQRVWic PeWhRdRORg\ XVed iQ WhiV ZRUk cRXOd e[SOaiQ Whe
UePaUkabO\ high SeUceQWage Rf QeZ RU XQXVXaO SheQRW\Se-geQRW\Se aVVRciaWiRQV (PRUe WhaQ 10% Rf
caVeV). IQdeed, iQ addiWiRQ WR iQ ViOicR SUedicWiRQV aQd faPiOiaO VegUegaWiRQ VWXdieV Rf YaUiaQWV, Whe
SURcedXUe fRU YaOidaWiQg Whe aVVRciaWiRQ beWZeeQ aW\SicaO RU iQcRPSOeWe SheQRW\SeV aQd geQeWic
YaUiaQWV iQcOXded aOVR deeS SheQRW\SiQg (i.e., deWaiOed cOiQicaO e[aPiQaWiRQ, ZhROe-bRd\ PXVcOe MRI,
aQd addiWiRQaO WechQiTXeV fRU PXVcXOaU biRSV\ aQaO\ViV, VXch aV eOecWURQ PicURVcRS\), PXOWidiVciSOiQaU\
cRQceUWaWiRQ, e[haXVWiYe aQd cRQWiQXRXV OiWeUaWXUe XSdaWe aQd if QeceVVaU\, adYice fURP iQWeUQaWiRQaO
OabRUaWRUieV WhaW aUe e[SeUWV iQ VSecific geQeV. FRU VRPe caVeV, fXQcWiRQaO VWXdieV (WUaQVcUiSWV aQd
SURWeiQ) ZeUe Qeeded WR cRQfiUP WheVe cRUUeOaWiRQV (FigXUe 6).
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OSeQ iQ a VeSaUaWe ZiQdRZ
FigXre 6

Proposed approach to identif\ neZ genot\pe/phenot\pe associations.

MiOd SheQRW\SeV cRXOd be e[SOaiQed b\ a OeVV deOeWeUiRXV effecW Rf YaUiaQWV RQ Whe SURWeiQ. FRU iQVWaQce,
iQ iQSaWieQW I14, ZiWh a diagQRViV Rf OPMD, Whe SUeVeQce Rf Whe (GCN)11 e[SaQViRQ iQ PABPN1 (RQO\
RQe UeSeaW abRYe Whe QRUPaO OiPiW Rf WeQ) PighW haYe caXVed a PiOdeU SheQRW\Se cRPSaUed ZiWh RWheU
SaWieQWV, dXe WR a OeVV WR[ic gaiQ-Rf-fXQcWiRQ effecW. OQ Whe RWheU haQd, iQSaWieQW I192 ZiWh
aV\PSWRPaWic CK eOeYaWiRQ aQd a GH QRYR ACTA1 PiVVeQVe YaUiaQW S.(AOa297ThU), WhUee-diPeQViRQaO
VWXdieV SUedicWed a chaQge iQ Whe cRQfRUPaWiRQ Rf aOSha-acWiQ WhaW PighW affecW iWV fXQcWiRQ b\
PRdif\iQg Whe iQWeUacWiRQ ZiWh Whe P\RViQ chaiQ, aQd QRW b\ iQWeUfeUiQg ZiWh acWiQ SRO\PeUi]aWiRQ aV
UeSRUWed fRU cOaVVicaO SheQRW\SeV [33,34].

OXU VWXd\ aOVR highOighWV Whe iPSRUWaQce Rf cOiQicaO aQd UadiRORgicaO iQYeVWigaWiRQV Rf Whe SaWieQW¶V
UeOaWiYeV, iQ RUdeU WR aVVeVV YaUiabOe e[SUeVViYiW\ aQd iQcRPSOeWe SeQeWUaQce, fUeTXeQWO\ VeeQ iQ
dRPiQaQW diVeaVeV, aV iOOXVWUaWed fRU SaWieQW I164 aQd hiV faWheU. The deWaiOed hiVWRORgicaO deVcUiSWiRQ
aOVR iV fXQdaPeQWaO WR cRQfiUP Whe deOeWeUiRXV UROe Rf a YaUiaQW. FRU iQVWaQce, iQ SaWieQWV I142 aQd I162,
NGS aQaO\ViV ideQWified Whe SUeVeQce Rf a TTN deOeWiRQ ZiWh Whe dRPiQaQW WUaQVPiVViRQ iQ Whe faPiO\.
The SUeVeQce Rf hiVWRORgicaO feaWXUeV WhaW aUe cOaVVicaOO\ aVVRciaWed ZiWh TTN YaUiaQWV (QXcOeaU
iQWeUQaOi]aWiRQ aQd PiQicRUeV), aOWhRXgh QRW VSecific, aQd Whe W\SicaO faWW\ UeSOacePeQW iQ Whe
VePiWeQdiQRVXV PXVcOe RbVeUYed b\ MRI ZeUe VXSSOePeQWaU\ eYideQce iQ VXSSRUW Rf Whe YaUiaQW
SaWhRgeQiciW\ (VXbPiWWed).

TR daWe, RQO\ a OiPiWed QXPbeU Rf SaWieQWV ZiWh QePaOiQe P\RSaWh\ caXVed b\ TNNT1 YaUiaQWV haYe
beeQ UeSRUWed iQ Whe OiWeUaWXUe. IQiWiaOO\, Whe diVeaVe ZaV ideQWified iQ Whe APiVh SRSXOaWiRQ iQ
PeQQV\OYaQia (hRPR]\gRXV QRQVeQVe fRXQdeU YaUiaQW c.538G>T; S.(GOX180*)). LaWeU, RWheU AR caVeV
ZeUe deVcUibed iQ RWheU SRSXOaWiRQV [31,35,36]. We ideQWified TNNT1 YaUiaQWV iQ WZR SaWieQWV ZiWh CM.
OQe Rf WheP (I172) had a heWeUR]\gRXV GH QRYR PiVVeQVe YaUiaQW. ReceQWO\, KRQeUVPaQ eW aO., [37]
UeSRUWed a OaUge faPiO\ ZiWh QePaOiQe P\RSaWh\ caXVed b\ a heWeUR]\gRXV PiVVeQVe YaUiaQW
(c.311A>T); S.(GOX104VaO) iQ e[RQ 9 Rf TNNT1 WhaW VegUegaWeV aV aQ AD YaUiaQW. ThiV cOiQicaO
deVcUiSWiRQ bURXghW VRPe iQVighWV iQWR Whe SaWhRgeQic UROe Rf Whe heWeUR]\gRXV YaUiaQW fRXQd iQ RXU
SaWieQW. MRUeRYeU, RXU YaUiaQW iV ORcaOi]ed iQ Whe VaPe dRPaiQ Rf iQWeUacWiRQ beWZeeQ TNNT1 aQd
WURSRP\RViQ, ZiWh a SRVVibOe effecW RQ Whe SURWeiQ affiQiW\.

ReSRUWiQg QeZ SaWieQWV ZiWh UeceQWO\ deVcUibed SheQRW\Se-geQRW\Se aVVRciaWiRQV iQ TNNT1,
CACNA1S, aQd FLNC geQeV iV iPSRUWaQW WR beWWeU defiQe Whe cOiQicaO feaWXUeV aQd iQheUiWaQce SaWWeUQ Rf
WheVe diVRUdeUV. MRUeRYeU, Whe aYaiOabiOiW\ Rf PRUe iQfRUPaWiRQ haV highOighWed Whe Zide RYeUOaS aPRQg
Whe cOiQicaO SheQRW\SeV Rf diffeUeQW PXVcXOaU diVRUdeUV. The NGS WechQRORg\ VhRXOd VigQificaQWO\
cRQWUibXWe WR UedefiQiQg MD cOaVVificaWiRQ WhURXgh e[WeQViYe geQe aQaO\ViV aQd deWaiOed SheQRW\Se-
geQRW\Se cRUUeOaWiRQV. IQ SaWieQWV ZiWhRXW a geQeWic diagQRViV deVSiWe WaUgeWed NGS aQaO\ViV, ZhROe
e[RPe RU ZhROe geQRPe VeTXeQciQg, SRVVibO\ cRPSOePeQWed b\ RNAVeT VWXdieV, ZiOO aOORZ
ideQWif\iQg Whe caXVaWiYe YaUiaQW eiWheU iQ geQeV aOUead\ aVVRciaWed ZiWh P\RSaWhieV (e.g., iQWURQic
YaUiaQWV) RU iQ geQeV WhaW haYe QRW beeQ iPSOicaWed iQ VXch diVRUdeUV. A beWWeU kQRZOedge Rf Whe geQeWic
baVeV Rf PXVcXOaU diVRUdeUV ZiOO cRQWUibXWe WR iPSURYiQg RXU kQRZOedge abRXW Whe geQe aQd SURWeiQ
fXQcWiRQV iQ QRUPaO PXVcOe aQd SaWhRORgicaO cRQdiWiRQV.



9/3/2021 AQ IQWegUaWed COLQLcaO-BLRORgLcaO ASSURach WR IdeQWLf\ IQWeULQdLYLdXaO VaULabLOLW\ aQd AW\SLcaO PheQRW\Se-GeQRW\Se CRUUeOaWLRQV LQ M\RSaWhLeV: E[SeUL«

hWWSV://ZZZ.QcbL.QOP.QLh.gRY/SPc/aUWLcOeV/PMC8392536/ 14/18

5. ConclXVionV

We VhRZed WhaW WhiV aSSURach iV eVVeQWiaO WR SURgUeVV iQ Whe XQdeUVWaQdiQg Rf Whe PROecXOaU
PechaQiVPV Rf P\RSaWhieV, b\ ideQWif\iQg iQWeU-iQdiYidXaO YaUiabiOiW\ aQd aW\SicaO SheQRW\Se-geQRW\Se
cRUUeOaWiRQV iQ P\RSaWhieV. MRUeRYeU, RXU UeVXOWV iOOXVWUaWe WhaW NGS aQaO\VeV, cOiQicaO aQd UadiRORgicaO
e[aPiQaWiRQ Rf UeOaWiYeV aUe eVVeQWiaO WR ideQWif\ SaXci-V\PSWRPaWic UeOaWiYeV aQd WheQ iPSURYe
diagQRViV aQd aSSURSUiaWe caUe iQ faPiOieV.

AcknoZledgmenWV

We WhaQk Whe SaWieQWV aQd WheiU faPiOieV fRU WheiU cROOabRUaWiRQ. The aXWhRUV aUe gUaWefXO WR AFM (The
FUeQch MXVcXOaU D\VWURSh\ AVVRciaWiRQ (AFM-TpOpWhRQ)) aQd WR AgeQce de Oa BiRPpdeciQe fRU WheiU
VXSSRUW.

SXpplemenWar\ MaWerialV

The fROORZiQg aUe aYaiOabOe RQOiQe aW hWWSV://ZZZ.PdSi.cRP/aUWicOe/10.3390/geQeV12081199/V1, TabOe
S1: E[WeQded geQe SaQeO (Q = 185) XVed fRU NGS VWXd\. TabOe S2: DeWaiOed OiVW Rf SaWhRgeQic
PXWaWiRQV.

COick heUe fRU addiWiRQaO daWa fiOe.

AXWhor ConWribXWionV

CRQceSWXaOi]aWiRQ, R.J.M. aQd M.C.; BiRiQfRUPaWicV, H.P. aQd K.Y.; FRUPaO aQaO\ViV, D.L., C.T., R.Z.,
aQd E.C.; IQYeVWigaWiRQ, R.J.M., G.S., U.W.-L., P.C., C.C., C.E., D.R., V.R., A.M.d.P., E.U.-C., M.-
C.A.-B., M.-L.M.N., N.L., B.A., E.M., V.B., C.M., P.R., J.R., F.R., M.K., aQd M.C.; WUiWiQg²RUigiQaO
dUafW SUeSaUaWiRQ, R.J.M. aQd M.C.; WUiWiQg²UeYieZ aQd ediWiQg, R.J.M., A.P., aQd M.C.; SXSeUYiViRQ,
M.K. aQd M.C.; AOO aXWhRUV haYe Uead aQd agUeed WR Whe SXbOiVhed YeUViRQ Rf Whe PaQXVcUiSW.

FXnding

ThiV ZRUk ZaV fXQded b\ Whe ³AgeQce de Oa BiRPpdeciQe´ (Ref ABD/EBe-DLE) aQd The FUeQch
MXVcXOaU D\VWURSh\ AVVRciaWiRQ (AFM-TpOpWhRQ) (Ref 19958).

InVWiWXWional ReYieZ Board SWaWemenW

The VWXd\ ZaV cRQdXcWed accRUdiQg WR Whe gXideOiQeV Rf Whe DecOaUaWiRQ Rf HeOViQki, aQd aSSURYed RQ
JXO\ 20, 2021, b\ Whe IQVWiWXWiRQaO ReYieZ BRaUd Rf MRQWSeOOieU UQiYeUViW\ HRVSiWaO (IRB accUediWaWiRQ
QXPbeU 198711), ZiWh Whe IRB SURjecW ideQWificaWiRQ cRde: IRB-MTP_2021_07_202100912.

Informed ConVenW SWaWemenW

The iQfRUPed cRQVeQW ZaV VigQed b\ aOO adXOW SaWieQWV aQd Whe SaUeQWV (RU OegaO UeSUeVeQWaWiYeV) fRU
chiOdUeQ befRUe PROecXOaU geQeWic WeVWiQg.

DaWa AYailabiliW\ SWaWemenW

The daWa SUeVeQWed iQ WhiV VWXd\ aUe aYaiOabOe iQ Whe PaQXVcUiSW RU iQ Whe SXSSOePeQWaU\ MaWeUiaOV, RU
caQ be RbWaiQed fURP Whe aXWhRUV XSRQ ZUiWWeQ UeTXeVW WR Whe cRUUeVSRQdiQg aXWhRU.

ConflicWV of InWereVW

(351K, ]ip)
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The aXWhRUV decOaUe QR cRQfOicW Rf iQWeUeVW.

FooWnoWeV
PXbOiVheU¶V NRWe: MDPI sWa\s neXWral ZiWh regard Wo jXrisdicWional claims in pXblished maps and insWiWXWional
affiliaWions.
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