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Abstract

SkeleWal mXVcle ZeakneVV iV an imSRUWanW deWeUminanW Rf age-UelaWed declineV in indeSendence and
TXaliW\ Rf life bXW iWV caXVeV Uemain XncleaU. AcceleUaWed ageing V\ndURmeV VXch aV HXWchinVRn±GilfRUd
PURgeUin S\ndURme, caXVed b\ mXWaWiRnV in geneV encRding nXcleaU enYelRSe SURWeinV, haYe been
e[WenViYel\ VWXdied WR aid RXU XndeUVWanding Rf Whe nRUmal biRlRgical ageing SURceVV. Like VeYeUal RWheU
SaWhRlRgieV aVVRciaWed ZiWh geneWic defecWV WR nXcleaU enYelRSe SURWeinV inclXding EmeU\±DUeifXVV
mXVcXlaU d\VWURSh\, Limb±GiUdle mXVcXlaU d\VWURSh\ and cRngeniWal mXVcXlaU d\VWURSh\, WheVe
diVRUdeUV can lead WR VeYeUe mXVcle d\VfXncWiRn. HeUe, Ze fiUVW deVcUibe Whe VWUXcWXUe and fXncWiRn Rf
nXcleaU enYelRSe SURWeinV, and When UeYieZ Whe mechaniVmV b\ Zhich mXWaWiRnV in geneV encRding
nXcleaU enYelRSe SURWeinV indXce SUemaWXUe ageing diVeaVeV and mXVcle SaWhRlRgieV. In dRing VR, Ze
highlighW Whe SRWenWial imSRUWance Rf VXch geneV in SURceVVeV leading WR VkeleWal mXVcle ZeakneVV in
Rld age.

Ke\ZordV: aging, nXcleaU enYelRSeV, VkeleWal mXVcle
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The hXman lifeVSan haV incUeaVed VXbVWanWiall\ RYeU Whe SaVW half-cenWXU\ and WhiV WUend iV SURjecWed WR
cRnWinXe Zell inWR Whe 21VW cenWXU\ [1]. ThiV e[WenViRn Rf Whe lifeVSan, hRZeYeU, haV nRW been
accRmSanied b\ an eTXiYalenW e[WenViRn Rf Whe healWhVSan in Rld age; inVWead, mRUbidiW\ haV been
e[Wended, and indeSendence and TXaliW\ Rf life aWWenXaWed [2]. ThiV incUeaVing deSendence Rn
healWhcaUe VeUYiceV haV aVVRciaWed ecRnRmic cRVWV. ThXV, a µmanaged cRmSUeVViRn Rf mRUbidiW\¶ iV
neceVVaU\ WR addUeVV VRcial and ecRnRmic iVVXeV aVVRciaWed ZiWh an e[Wending lifeVSan [3].

One imSRUWanW aVSecW Rf deWeUiRUaWed healWhVSan and mRUbidiW\ iV VkeleWal mXVcle ZeakneVV, Zhich iV
deWUimenWal fRU indeSendence and TXaliW\ Rf life [4,5]. The caXVeV Rf VXch SURgUeVViYe age-UelaWed
geneUaliVed mXVcle d\VfXncWiRn Uemain SRRUl\ XndeUVWRRd, limiWing deYelRSmenW Rf SRWenWial
WheUaSeXWic inWeUYenWiRnV WR imSURYe healWhVSan (ShaUmacRlRgicall\ RU Sh\Vicall\ Yia SeUVRnaliVed
e[eUciVe UegimenV).

InWeUeVWingl\, in UecenW \eaUV, SUemaWXUe ageing V\ndURmeV caXVed b\ geneWic defecWV WR nXcleaU
enYelRSe SURWeinV (eVWimaWed SUeYalence Rf 1:4,000,000 WR 1:10,000,000) haYe been incUeaVingl\
VWXdied aV mRdelV WR UeYeal Whe caXVeV Rf Whe nRUmal biRlRgical ageing SURceVV [6±8]. AmRng WheVe iV
Whe HXWchinVRn±GilfRUd PURgeUin S\ndURme (HGPS), Zhich UeVXlWV in VeYeUe SaWhRlRgieV inclXding
heaUW diVeaVe, aUWeUiRVcleURViV and an aYeUage life e[SecWanc\ Rf ∼13 \eaUV [9,10]. HGPS and RWheU
UelaWed diVRUdeUV VXch aV EmeU\±DUeifXVV mXVcXlaU d\VWURSh\, Limb±GiUdle mXVcXlaU d\VWURSh\ and
cRngeniWal mXVcXlaU d\VWURSh\ can alVR lead WR VeYeUe mXVcle SaWhRlRgieV UeVembling mXVcle ZeakneVV
in Rld age, VXggeVWing hRZ mRdificaWiRnV in Whe nXcleaU enYelRSe ma\ alWeU VkeleWal mXVcle
deYelRSmenW and fXncWiRn. SXch deWeUiRUaWiRn in VkeleWal mXVcle behaYiRXU iV RfWen nRW diVcXVVed in Whe
clinical liWeUaWXUe, SaUWl\ becaXVe Rf Whe VeYeUiW\ Rf Whe ShenRW\Se and Whe eaUl\ age Rf deaWh Rf SaWienWV,
Zhich makeV Whe VWXd\ Rf VkeleWal mXVcle fXncWiRn challenging; hence, iWV e[WenW UemainV XncleaU.

In WhiV UeYieZ, Ze VWaUW b\ bUiefl\ VXmmaUiVing ZhaW iV knRZn abRXW nXcleaU membUane SURWeinV. We
When deVcUibe Whe mechaniVmV b\ Zhich mXWaWiRnV in geneV encRding WheVe nXcleaU enYelRSe SURWeinV
indXce SUemaWXUe ageing diVeaVeV and mXVcle SaWhRlRgieV. Finall\, Ze VXggeVW hRZ WhiV knRZledge
cRXld be XVed WR XnYeil Whe ke\ deWeUminanWV Rf VkeleWal mXVcle ZeakneVV in Rld age.

The nuclear envelope and mechanotransduction

AV Whe ViWe Rf DNA WUanVcUiSWiRn, Whe nXcleXV iV UeVSRnVible fRU RUcheVWUaWing cell VWUXcWXUe, fXncWiRn
and adaSWiYe UeVSRnVeV [11]. Each nXcleXV iV VXUURXnded b\ an enYelRSe, WeUmed Whe nXcleaU enYelRSe
(NE), Zhich VeWV a baUUieU beWZeen Whe c\WRSlaVm and nXcleaU cRnWenWV and cRnViVWV Rf RXWeU and inneU
nXcleaU membUaneV (ONM and INM, UeVSecWiYel\) [12]. SRme NE and aVVRciaWed SURWeinV Sh\Vicall\
link Whe nXcleXV WR Whe c\WRVkeleWRn, SURYiding an inWeUcRnnecWed cellXlaU neWZRUk allRZing
WUanVdXcWiRn Rf Sh\Vical fRUceV WR UegXlaWe biRchemical Vignalling and gene e[SUeVViRn, a SURceVV
WeUmed mechanRWUanVdXcWiRn [13±16]. One gURXS Rf VXch SURWeinV iV Whe LInkeU Rf NXcleRVkeleWRn and
C\WRVkeleWRn (LINC) cRmSle[, made XS Rf NXcleaU EnYelRSe SPecWRIN UeSeaW SURWeinV (NeVSUinV) and
Sad1 and UNC-84 dRmain cRnWaining (SUN) SURWeinV [17]. NeVSUinV UeVide in Whe ONM, e[Wend inWR
Whe c\WRSlaVm and aVVRciaWe ZiWh c\WRVkeleWal SURWeinV VXch aV acWin, micURWXbXleV and deVmin;
NeVSUinV aUe WheUefRUe VenViWiYe WR changeV in c\WRVkeleWal fRUceV [17±20] (FigXUe 1). The NeVSUin-
UelaWed link WR Whe nXcleXV iV cRnWinXed b\ SUN SURWeinV, in Zhich Whe SUN dRmain lRcaliVeV WR Whe
SeUinXcleaU VSace beWZeen Whe ONM and INM and bindV WR Whe KASH (KlaUVichW, ANC-1, S\ne
HRmRlRg\) dRmain Rf NeVSUinV; and Whe nXcleRSlaVmic facing N-WeUminXV bindV WR Whe nXcleaU lamina
[19,21±23]. The lamina iV a meVhZRUk Rf inWeUmediaWe filamenWV WhaW line Whe INM and WeWheU chURmaWin
WR Whe nXcleaU SeUiSheU\, inWeUacW ZiWh WUanVcUiSWiRn facWRUV WR UegXlaWe DNA WUanVcUiSWiRn and UegXlaWe
VeYeUal Vignalling SaWhZa\V [24±28].
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OSen in a VeSaUaWe ZindRZ
FLJXUH 1
A PXVcOe QXcOeXV cRQQecWed WR VaUcRPeUeV WhURXgh QXcOeaU PePbUaQe aQd c\WRVNeOeWaO SURWeLQV

CKURPDWLQ (JUH\) LV RUJDQLVHG LQWR H[SRVHG, WUDQVFULSWLRQDOO\ DFWLYH VHFWLRQV (HXFKURPDWLQ) DQG WLJKWO\
SDFNHG, WUDQVFULSWLRQDOO\ UHSUHVVHG VHFWLRQV ORFDWHG DW QXFOHROL DQG WKH QXFOHDU SHULSKHU\
(KHWHURFKURPDWLQ). HHWHURFKURPDWLQ DVVRFLDWHV ZLWK DNA LQWHUDFWLRQ SURWHLQV BAF DQG HDAC3, ZKLFK
DVVRFLDWH ZLWK LQQHU QXFOHDU PHPEUDQH (INM) SURWHLQV VXFK DV EPHULQ, DQG WKH QXFOHDU ODPLQD, ZKLFK
LQWHUDFWV ZLWK SUN 1/2. SUN 1/2 ELQG WR NHVSULQV WR IRUP WKH LINC FRPSOH[, ZKLFK OLQNV WKH QXFOHXV WR
DFWLQ, DV ZHOO DV PLFURWXEXOHV DQG DHVPLQ YLD KLQHVLQ DQG POHFWLQ, UHVSHFWLYHO\. DHVPLQ ELQGV WR WKH =-
GLVN RI VDUFRPHUHV, FRPSOHWLQJ WKH FRQQHFWLRQ EHWZHHQ QXFOHL DQG P\RILEULOV. TKURXJK WKLV QHWZRUN RI
SURWHLQV, WUDQVFULSWLRQDO DFWLYLW\ LV UHVSRQVLYH WR F\WRVNHOHWDO FKDQJHV; INM, LQQHU QXFOHDU PHPEUDQH,
ONM, RXWHU QXFOHDU PHPEUDQH.

The nXcleaU lamina alVR aVVRciaWeV ZiWh VeYeUal RWheU INM SURWeinV Zhich inWeUacW ZiWh SURWeinV WhaW
bind WR chURmaWin [29±31]. FRU e[amSle, EmeUin, a membeU Rf Whe Lamina-aVVRciaWed SRl\SeSWide 2,
EmeUin, MAN1 (LEM) dRmain-cRnWaining famil\ inWeUacWV ZiWh DNA WhURXgh Whe chURmaWin-
aVVRciaWed BaUUieU WR AXWRinWegUaWiRn FacWRU (BAF) [32±35]. EmeUin alVR inWeUacWV ZiWh HiVWRne
DeaceW\laVe 3 (HDAC3), a SaUW Rf Whe nXcleaU cR-UeSUeVVRU cRmSle[ Zhich iV UeVSRnVible fRU Whe
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deaceW\laWiRn Rf hiVWRneV WR UeSUeVV gene e[SUeVViRn [36,37]. The inWeUacWiRn beWZeen EmeUin and
HDAC3 ma\ WheUeb\ cRnWURl Whe e[SUeVViRn Rf mXVcle diffeUenWiaWiRn-SURmRWing facWRUV M\RD, M\f5
and Pa[7 [36,38] (FigXUe 1). In addiWiRn, LEM dRmain SURWeinV UegXlaWe Vignalling SaWhZa\V and
WUanVcUiSWiRn facWRU acWiYiW\ indeSendenWl\ Rf chURmaWin UeRUganiVaWiRn [39±41]. In WhiV Za\, gene
e[SUeVViRn iV WighWl\ cRnWURlled b\ c\WRVkeleWal fRUceV WhaW aUe WUanVmiWWed WhURXgh Whe LINC cRmSle[,
nXcleaU lamina and aVVRciaWed NE SURWeinV WR alWeU chURmaWin RUganiVaWiRn, WUanVcUiSWiRn facWRU acWiYiW\
and Vignalling SaWhZa\V [42±47].

Mutations in nuclear envelope proteins and related genetic diseases

HXWchinVRn±GilfRUd PURgeUin S\ndURme (HGPS) iV Whe mRVW cRmmRn SUemaWXUe ageing diVRUdeU
[9,10]. HGPS iV nRWabl\ aVVRciaWed ZiWh mXWaWiRnV in Whe LMNA gene, Zhich encRdeV Whe nXcleaU
lamina cRmSRnenWV Lamin A/C, and Whe ZMPSTE24 gene, Zhich encRdeV Whe ]inc meWallRSURWeaVe 24
en]\me eVVenWial fRU Lamin A/C maWXUaWiRn [8,48]. TheVe mXWaWiRnV diVUXSW Lamin A e[SUeVViRn and
fXncWiRn in nXclei Rf all cell W\SeV and can lead WR alWeUed fRUmV knRZn aV PURgeUin RU PUelamin A
[8,49±52]. MRXVe mRdelV Rf SUemaWXUe ageing ZheUe Lamin A/C and PUelamin A cRnWenWV aUe
mRdXlaWed and aUe able WR UecaSiWXlaWe SaWienW ShenRW\SeV (i.e. caUdiac and aUWeUiRVcleURViV SURblemV) aV
Zell aV caXVing VWUiking geneUaliVed VkeleWal mXVcle ZeakneVV [6,10,53±55]. Indeed, mXVcle-VSecific
RYeUe[SUeVViRn Rf hXman PURgeUin in mice VignificanWl\ decUeaVed mXVcle maVV and m\RfibUe Vi]e and
halYed gUiS VWUengWh [55]. SimilaUl\, abVence Rf Whe ZMPSTE24 gene, UeVXlWing in Whe inabiliW\ WR fRUm
maWXUe Lamin A fURm PUelamin A, leadV WR ZeakeU and aWURShic lRZeU limb mXVcleV and a UedXcWiRn in
Whe inWUinVic fRUce-geneUaWing caSaciW\ Rf m\RfibUeV and m\RfilamenWV [6,53].

MXWaWiRnV in Whe LMNA gene alVR caXVe diVeaVeV nRW UelaWed WR HGPS, cRllecWiYel\ UefeUUed WR aV
laminRSaWhieV, VXch aV EmeU\±DUeifXVV mXVcXlaU d\VWURSh\ (EDMD), Limb±GiUdle mXVcXlaU
d\VWURSh\ and LMNA-cRngeniWal mXVcXlaU d\VWURSh\. TheVe aUe UelaWiYel\ Zell chaUacWeUiVed clinicall\
b\ VkeleWal mXVcXlaU d\VWURShieV and caUdiRm\RSaWhieV [56±61]. OWheU miVVenVe and nRnVenVe
mXWaWiRnV in geneV encRding LINC cRmSle[ and aVVRciaWed NE SURWeinV haYe been idenWified in
hXmanV and haYe VimilaU caUdiac and VkeleWal mXVcle ShenRW\SeV. FRU inVWance, mXWaWiRnV haYe been
fRXnd in EMD, encRding EmeUin; TMEM43 encRding LXma; and SYNE1 and SYNE2, encRding
NeVSUin-1 and NeVSUin-2, UeVSecWiYel\ [62±71].

Mechanisms underl\ing skeletal muscle weakness associated with mutations in
genes encoding LINC comple[ and associated proteins

LaPiQ A-UelaWed diVUXSWiRQ iQ QXcleaU aUchiWecWXUe aQd PechaQRWUaQVdXcWiRQ

The mechaniVmV Rf VkeleWal mXVcle d\VfXncWiRn aVVRciaWed ZiWh mXWaWiRnV in geneV fRU NE SURWeinV aUe
cRmSle[ and in-deSWh mechaniVWic VWXdieV aUe cXUUenWl\ lacking. The abVence Rf Lamin A/C iV XVXall\
chaUacWeUiVed b\ abeUUanW nXcleaU mRUShRlRg\, nXcleaU mechanicV and mechanRWUanVdXcWiRn
[42,48,61,72]. Lamin A/C-deficienW fibURblaVWV diVSla\ incUeaVed nXcleaU defRUmaWiRn and alWeUed
e[SUeVViRn Rf mechanRVenViWiYe geneV egr-1 and ie[-1 in UeVSRnVe WR mechanical VWUain and alWeUed NF-
țB Vignalling [42]. When m\RblaVWV fURm Lamin A-deficienW mice aUe cXlWXUed WR fRUm in Yitro mXVcle
fibUeV, nXcleaU defRUmaWiRnV, elRngaWiRn, and UXSWXUe aUe eYidenW and accRmSanied b\ DNA damage
[73]. AddiWiRnall\, cXlWXUed m\RblaVWV fURm a hXman SaWienW ZiWh a mXVcXlaU d\VWURSh\-caXVing
mXWaWiRn in Whe LMNA gene e[hibiW alWeUed nXcleaU mRUShRlRg\, gene e[SUeVViRn and incUeaVed cellXlaU
VeneVcence [74].

RecenWl\, iW ZaV VhRZn WhaW LMNA-UelaWed cRngeniWal mXVcXlaU d\VWURSh\ SaWienW fibURblaVWV and mRXVe
m\RblaVWV diVSla\ed alWeUed Lamin A/C lRcaliVaWiRn, aVVRciaWed ZiWh alWeUed e[SUeVViRn and lRcaliVaWiRn
Rf nXcleaU enYelRSe SURWeinV [61]. In cRnWUaVW ZiWh cRnWURl and EDMD cellV, Lamin A/C ZaV
SUedRminanWl\ lRcaliVed in Whe nXcleRSlaVm, UaWheU Whan fRUming Whe nXcleaU lamina aW Whe nXcleaU
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SeUiSheU\. AbVence Rf SeUiSheUal Lamin A/C and iWV accXmXlaWiRn in Whe nXcleRSlaVm ZaV aVVRciaWed
ZiWh aWWenXaWed e[SUeVViRn and miVlRcaliVaWiRn Rf VeYeUal nXcleaU enYelRSe WUanVmembUane SURWeinV,
and miVlRcaliVaWiRn Rf NeVSUin-1Į. The aXWhRUV SRVWXlaWed WhaW Whe Lamin A/C miVlRcaliVaWiRn and
aVVRciaWed miVUegXlaWiRn Rf nXcleaU enYelRSe SURWeinV ma\ e[Slain Whe gUeaWeU VeYeUiW\ Rf LMNA-
UelaWed cRngeniWal mXVcXlaU d\VWURSh\ cRmSaUed ZiWh EDMD [61] (FigXUe 3).
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OSen in a VeSaUaWe ZindRZ
FLJXUH 3
H\SRWheWLcaO age-UeOaWed defecWV LQ PechaQRWUaQVdXcWLRQ LQ VNeOeWaO PXVcOe fLbUeV

(LefW SaQeO) IQ \RXQJ, KHDOWK\ VNHOHWDO PXVFOH ILEUHV, WKH LINC FRPSOH[ DQG LWV DVVRFLDWHG QXFOHDU
HQYHORSH SURWHLQV HIIHFWLYHO\ WUDQVGXFH F\WRVNHOHWDO IRUFHV WR WKH QXFOHXV WR UHJXODWH VLJQDOOLQJ SDWKZD\V,
QRUPDO FKURPDWLQ RUJDQLVDWLRQ DQG JHQH H[SUHVVLRQ. (RLghW SaQeO) IQ DJHG VNHOHWDO PXVFOH, WKH FRQWHQW RU
GLVWULEXWLRQ RI WKH LINC FRPSOH[ DQG LWV DVVRFLDWHG SURWHLQV PD\ EH DOWHUHG, OHDGLQJ WR GHIHFWLYH
PHFKDQRWUDQVGXFWLRQ DQG D JHQH WUDQVFULSWLRQ WKDW PD\ DIIHFW H[SUHVVLRQ RI FRQWUDFWLOH SURWHLQV.
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CellV e[SUeVVing PURgeUin, a WUXncaWed, SeUmanenWl\ faUneV\laWed fRUm Rf Lamin A, Zhich lackV Whe
cleaYage ViWe fRU Whe en]\me ZMPSTE24 WR geneUaWe maWXUe Lamin A, VhRZ eYidence Rf imSaiUed
mechanRWUanVdXcWiRn, alWhRXgh Whe VSecific effecWV Rn VkeleWal mXVcle cellV Uemain WR be deWeUmined (
FigXUe 2). NXclei fURm PURgeUin-e[SUeVVing fibURblaVWV diVSla\ abeUUanW mRUShRlRg\, incUeaVed
mechanical VenViWiYiW\ and VWiffneVV leading WR VeneVcence and cell deaWh, indicaWing alWeUed
mechanRWUanVdXcWiRn [48,75]. InWeUeVWingl\, iW haV been VhRZn WhaW UeSlacemenW Rf maWXUe Lamin A/C
b\ PURgeUin in fibURblaVWV and iPSC-deUiYed VmRRWh mXVcle cellV diUecWl\ WUiggeUV SUemaWXUe VeneVcence
XSRn cell diffeUenWiaWiRn [76,77]. PURgeUin RYeUe[SUeVViRn haV been achieYed in hXman m\Rgenic cellV,
bXW ZheWheU Whe\ diVSla\ed a ShenRW\Se ZaV nRW inYeVWigaWed [78].

FLJXUH 2
PURdXcWLRQ Rf LaPLQ A, PURgeULQ aQd PUeOaPLQ A fURP Whe LMNA geQe

IQ QRUPDO FHOOV, D VHULHV RI SRVW-WUDQVODWLRQDO PRGLILFDWLRQV RFFXUV WR IRUP PUHODPLQ A, EHIRUH FOHDYDJH E\
=MPSTE24 WR SURGXFH PDWXUH LDPLQ A. IQ =MPSTE24-GHILFLHQW FHOOV, PUHODPLQ A FDQQRW EH FOHDYHG,
OHDGLQJ WR DFFXPXODWLRQ RI WKLV SUHPDWXUH IRUP RI LDPLQ A. IQ HXWFKLQVRQ±GLOIRUG SURJHULQ V\QGURPH
(HGPS) FHOOV, D 50 DPLQR DFLG GHOHWLRQ UHPRYHV WKH VLWH ZKHUH FOHDYDJH E\ =MPSTE24 RFFXUV, OHDGLQJ WR
DFFXPXODWLRQ RI PXWDQW IDUQHV\ODWHG PUHODPLQ A, QDPHG PURJHULQ. MRGLILHG, ZLWK SHUPLVVLRQ, IURP >52@.
EQ]\PHV UHTXLUHG IRU WKH PRGLILFDWLRQ VWHSV DUH LQ OLJKW EOXH.

CellV accXmXlaWing PUelamin A, a SeUmanenWl\ faUneV\laWed SUemaWXUe fRUm Rf Lamin A, alVR e[hibiW
abeUUanW nXcleaU mRUShRlRg\ in fibURblaVWV and caUdiRm\Rc\WeV [54,79,80] (FigXUe 2). IW iV ZRUWh nRWing
alWeUed nXcleaU mRUShRlRg\ haV nRW diUecWl\ been VhRZn in VkeleWal mXVcle and WhiV iV an aUea fRU
fXUWheU UeVeaUch. HRZeYeU, abeUUanW nXcleaU mRUShRlRg\ iV aVVRciaWed ZiWh mXVcle degeneUaWiRn,
alWeUed WUanVcUiSWiRnal acWiYiW\, imSaiUed cRnWUacWiliW\ and mXVcle ZeakneVV, VXggeVWing Whe acceleUaWed
ageing ShenRW\Se RbVeUYed in HGPS fibURblaVWV cRXld alVR RccXU in VkeleWal mXVcle cellV [6,53,54,81].
A SRWenWial mechaniVm fRU WhiV mXVcle ZeakneVV iV UedXced m\RnXcleaU nXmbeU, UeVXlWing in a YRlXme
Rf c\WRSlaVm WRR laUge fRU Whe WUanVcUiSWiRnal caSabiliW\ Rf each nXcleXV (WeUmed Whe m\RnXcleaU
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dRmain WheRU\, Vee [77±79,82±84]). Indeed, UedXced m\RnXcleaU nXmbeU ZaV aVVRciaWed ZiWh UedXced
WUanVcUiSWiRnal acWiYiW\ and m\RVin cRnWenW in mice mXVcle fibUeV ZiWh PUelamin A accXmXlaWiRn [53].
TR cRmSRXnd Whe UedXcWiRn in m\RnXcleaU nXmbeU, alWeUed nXcleaU inWegUiW\ ma\ cRnWUibXWe WR
defecWiYe mechanRWUanVdXcWiRn, fXUWheU imSaiUing Whe WUanVcUiSWiRn Rf cRnWUacWile SURWeinV.

LaPiQ A-UelaWed alWeUaWiRQ iQ Ca  PeWabRliVP

RecenWl\, iW ZaV UeSRUWed WhaW Lamin A and PURgeUin inWeUacW ZiWh endRSlaVmic UeWicXlXm baVed
SURWeinV inYRlYed in Ca  WUanVSRUW and alWeU Ca  meWabRliVm [55]. ImmXnRSUeciSiWaWiRn in HGPS
fibURblaVWV haV VhRZn WhaW bRWh Lamin A and PURgeUin inWeUacW ZiWh SaUcRliSin, a SURWein inYRlYed in
WheUmRgeneViV and Ca  hRmeRVWaViV; hRZeYeU, PURgeUin binding iV mRUe SRWenW [55,85,86].
OYeUe[SUeVViRn Rf PURgeUin in C2C12 m\RblaVWV UeVXlWed in eleYaWed c\WRVRlic Ca  cRncenWUaWiRn and
alWeUed cRnWURl Rf VWRUe RSeUaWed Ca  enWU\ [55]. SWUikingl\, mice lacking Lamin A/C XSUegXlaWe
SaUcRliSin and VkeleWal mXVcle in mice e[SUeVVing hXman PURgeUin haYe maUkedl\ alWeUed SaUcRliSin
fXncWiRn and Ca  meWabRliVm, WRgeWheU ZiWh UXffled nXcleaU mRUShRlRg\ [55]. Since Ca  iV eVVenWial
cRmSRnenW Rf mXVcle cRnWUacWiRn, WheVe VWXdieV imSlicaWe a URle Rf Ca  meWabRliVm in VWUiaWed mXVcle
WiVVXe defecWV caXVed b\ mXWaWiRnV in Whe LMNA gene, an aUea Zhich UeTXiUeV fXUWheU UeVeaUch [87].

LINC cRPSle[ SURWeiQ-UelaWed chaQgeV iQ QXcleaU behaYiRXU aQd PechaQRWUaQVdXcWiRQ

AV menWiRned eaUlieU, Whe LINC cRmSle[ and iWV aVVRciaWed NE SURWeinV aUe inYRlYed in mXVcle
SaWhRlRgieV and ma\ cRnWUibXWe WR VkeleWal mXVcle defecWV ZiWh age. FRU e[amSle, fibURblaVWV e[SUeVVing
mXVcXlaU d\VWURSh\-aVVRciaWed YaUianWV Rf SUN1 and SUN2 haYe VignificanW nXcleaU miVSRViWiRning,
and WhiV haV alVR been VhRZn in C2C12 m\RWXbeV e[SUeVVing SUN1 YaUianWV [88]. In m\RWXbeV
geneUaWed fURm a hXman SaWienW ZiWh heWeUR]\gRXV SUN1 mXWaWiRnV, m\RnXcleaU RUganiVaWiRn ZaV
VimilaUl\ defecWiYe [88]. In fibURblaVWV fURm EDMD SaWienWV ZiWh NeVSUin-1 and -2 mXWaWiRnV, nXclei
e[hibiW abeUUanW mRUShRlRgieV [66]. AddiWiRnall\, NeVSUin-1 mXWanW C2C12 cellV haYe defecWV in
m\RblaVW diffeUenWiaWiRn, VSecificall\ UedXced fXViRn inde[, and dRZn-UegXlaWed e[SUeVViRn Rf
m\Rgenic WUanVcUiSWiRn facWRUV M\RD and M\Rgenin, and M\RVin HeaY\ Chain [67]. AblaWiRn Rf bRWh
NeVSUin-1 and Whe mXVcle-VSecific iVRfRUm, NeVSUin-1Į2, affecWV e[SUeVViRn Rf mXVcle diffeUenWiaWiRn
geneV, nXcleaU nXmbeU and WheiU SRViWiRning, incUeaVing Whe m\RnXcleaU dRmain and imSaiUing
cRnWUacWile SURWein e[SUeVViRn [53,89±93].

SimilaUl\, EmeUin-deficienW fibURblaVWV e[hibiW abnRUmal nXcleaU VhaSe, VWabiliW\ and defecWiYe
mechanRWUanVdXcWiRn [72]. In C2C12 cellV, EmeUin haV been VhRZn WR inWeUacW ZiWh A- and B-W\Se
laminV, inflXencing nXcleaU aUchiWecWXUe and VWabiliW\ and XlWimaWel\ cRmSURmiVing
mechanRWUanVdXcWiRn [94]. FXUWheUmRUe, lRVV Rf EmeUin in mice UeVXlWV in nXcleaU fUagiliW\, MAPK
Vignalling acWiYaWiRn and dela\ed indXcWiRn Rf M\RD-UelaWed geneV dXUing mXVcle UegeneUaWiRn,
alWhRXgh RYeUall mXVcle fXncWiRn and UegeneUaWiRn ZeUe minimall\ affecWed [27,38,95,96]. The lack Rf
effecW Rn mXVcle fXncWiRn in EmeUin-nXll mice iV Xnlike Whe hXman EDMD ShenRW\Se, and ma\ be
e[Slained b\ Lamina-aVVRciaWed SRl\SeSWide 1 (LAP1) cRmSenVaWiRn; LAP1 iV highl\ e[SUeVVed in
mRXVe cRmSaUed ZiWh hXman VkeleWal mXVcle, and UedXcing LAP1 e[SUeVViRn in EmeUin-nXll mice
indXced mXVcle abnRUmaliWieV [97].

ThXV, alWeUaWiRnV WR EmeUin, NeVSUin-1/2 and SUN1 in VWUiaWed mXVcle WiVVXe can UeVXlW in nXcleaU
miVlRcaliVaWiRn, alWeUed nXcleaU mRUShRlRg\ and mechanRWUanVdXcWiRn, and imSaiUed deYelRSmenW and
fXncWiRn. TheVe findingV emShaViVe Whe URle Rf Whe LINC cRmSle[ and aVVRciaWed NE SURWeinV in mXVcle
VWUXcWXUe and fXncWiRn, and ma\ WheUefRUe haYe imSlicaWiRnV fRU nRUmal Sh\ViRlRgical ageing, diVcXVVed
ne[W.

Implications for normal muscle ageing
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The abRYe eYidence VXggeVWV WhaW alWeUaWiRnV in Whe c\WRVkeleWal-nXcleaU neWZRUk cRXld UeVXlW in
VWUXcWXUal changeV WR Whe nXcleXV and imSacW gene e[SUeVViRn in VkeleWal mXVcle. WiWh age,
cRmSURmiVed nXcleaU inWegUiW\, WhURXgh alWeUaWiRnV WR LINC cRmSle[ and aVVRciaWed SURWeinV, ma\
imSaiU mechanRWUanVdXcWiRn. ThiV ma\ in WXUn lead WR UedXced e[SUeVViRn Rf cRnWUacWile SURWeinV,
UeVXlWing in a lRVV Rf mXVcle maVV and fXncWiRn ZiWh age (FigXUe 3). TR daWe, Whe Rnl\ VWXd\ Zhich haV
inYeVWigaWed LINC cRmSle[ SURWeinV in hXman ageing VhRZed SUN1 leYelV ZeUe incUeaVed in
fibURblaVWV fURm RldeU (84±91 \eaUV Rld) cRmSaUed ZiWh SUe-SXbeVcenW (3±10 \eaUV Rld) indiYidXalV
[98]. In line ZiWh WheVe daWa, SUN1 accXmXlaWiRn in LMNA mXWanW mRXVe fibURblaVWV and hXman HGPS
SaWienW fibURblaVWV ZaV aVVRciaWed ZiWh nXcleaU defecWV and cellXlaU VeneVcence, Zhich ZeUe cRUUecWed
XSRn UedXcWiRn Rf Whe accXmXlaWed SUN1 [99]. AccXmXlaWiRn Rf SUN1 in hXman VkeleWal mXVcle ma\
VWUengWhen Whe aVVRciaWiRn beWZeen Whe nXcleXV and Whe c\WRVkeleWRn, UeVXlWing in RYeUVenViWiYiW\ WR
c\WRVkeleWal fRUceV WheUeb\ caXVing abeUUanW mechanRWUanVdXcWiRn and negaWiYel\ imSacWing cell
fXncWiRn [98]. AlWeUnaWiYel\, SUN1 miVlRcaliVaWiRn, aV VhRZn in LMNA fibURblaVWV, cRXld imSaiU
fRUce WUanVmiVViRn fURm Whe c\WRVkeleWRn WR Whe nXcleXV [99]. ThXV, alWeUed SUN1 e[SUeVViRn RU
diVWUibXWiRn in VkeleWal mXVcle cRXld imSaiU mechanRWUanVdXcWiRn, eleYaWing aWURShic gene e[SUeVViRn
and VXSSUeVVing Whe e[SUeVViRn Rf geneV encRding cRnWUacWile SURWeinV.

Future research

CXUUenW VWXdieV mainl\ fRcXV Rn alWeUaWiRnV WR LINC cRmSle[ cRmSRnenWV in fibURblaVWV. FXWXUe ZRUk
XVing hXman VkeleWal mXVcle biRSVieV fURm \RXng and Rld indiYidXalV Zill be SeUWinenW WR inYeVWigaWe
mechaniVmV UelaWing WR bRWh VkeleWal mXVcle fXncWiRn and d\VfXncWiRn. SSecificall\:

1. EVWabliVhing ZheWheU SURWein leYelV and lRcaliVaWiRn Rf LINC cRmSle[ and NE SURWeinV aUe
alWeUed in VkeleWal mXVcle fURm \RXng and Rld adXlWV, WR UeYeal SRWenWial aVVRciaWiRnV beWZeen NE
fXncWiRn and VkeleWal mXVcle ageing.

2. UndeUVWanding Whe effecWV Rf e[eUciVe Rn nXcleaU VhaSe and LINC cRmSle[ fXncWiRn.

3. ElXcidaWing fXncWiRnal changeV WR nXcleaU mechanicV in hXman VkeleWal mXVcle WR SURYide inVighW
inWR Whe URle Rf NE SURWeinV in aged VkeleWal mXVcle.

FXUWheUmRUe, aSSURacheV WR mRdel mXVcXlaU d\VWURSh\ in cXlWXUe XVing cellV fURm SaWienWV WR cUeaWe
indXced-SlXUiSRWenW VWem cell-deUiYed aUWificial 3D VkeleWal mXVcle ma\ Vhed neZ lighW Rn
SaWhRSh\ViRlRgical mechaniVmV XndeUl\ing nXcleaU enYelRSaWhieV [100±102].

Concluding remarks

In WhiV UeYieZ, Ze haYe diVcXVVed Whe mechaniVmV b\ Zhich mXWaWiRnV in geneV encRding NE SURWeinV
indXce SUemaWXUe ageing diVeaVeV and mXVcle SaWhRlRgieV, and VXggeVWed hRZ WhiV infRUmaWiRn ma\ be
XVed WR XnYeil Whe ke\ deWeUminanWV Rf mXVcle ZeakneVV in Rld age. In WheVe diVeaVeV, mXWaWiRnV in Whe
LINC cRmSle[ and iWV aVVRciaWed SURWeinV caXVe abeUUanW nXcleaU mRUShRlRg\, defecWiYe
mechanRWUanVdXcWiRn and mXVcle ZeakneVV. ThiV haV been e[WenViYel\ demRnVWUaWed in mRXVe and
hXman fibURblaVWV, bXW WR a limiWed degUee in mXVcle cellV. WheWheU changeV WR NE SURWeinV cRnWUibXWe
WR defecWiYe mechanRWUanVdXcWiRn and mXVcle ZeakneVV in nRUmal bXW aged mXVcle iV XndeUVWXdied and
iV an e[ciWing aYenXe fRU fXWXUe UeVeaUch (FigXUe 3).
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