
11/6/2020 USUegXlaWiRQ Rf Y\1 SXSSUeVVeV DilaWed CaUdiRP\RSaWh\ caXVed b\ TWQ iQVXfÀcieQc\

hWWSV://ZZZ.Qcbi.QlP.Qih.gRY/SPc/aUWicleV/PMC6841687/ 1/23

Sci Rep. 2019; 9: 16330.
Published online 2019 Nov 8. doi: 10.1038/s41598-019-52796-0

PMCID: PMC6841687
PMID: 31705051

USUegXlaWiRQ Rf Y\1 SXSSUeVVeV DilaWed CaUdiRm\RSaWh\ caXVed b\ TWn
iQVXfficieQc\
Dan Liao,  Weiming Chen,  Chia Yee Tan,  Jing Xuan Wong,  Pui Shi Chan,  Lek Wen Tan,
Roger Foo,  and Jianming Jiang

Department of Biochemistr\, Yong Loo Lin School of Medicine, National Universit\ of Singapore, Singapore,
117597 Singapore
Cardiovascular Research Institute, National Universit\ Health S\stem, Centre for Translational Medicine,

Singapore, 117599 Singapore
Genome Institute of Singapore, A*STAR, Singapore, 138672 Singapore

Jianming Jiang, Email: bchjian@nus.edu.sg.
Corresponding author.
Contributed equall\.

Received 2019 Feb 19; Accepted 2019 Oct 21.

*VW`YPNO[���;OL�(\[OVY�Z����� 

6WLU�(JJLZZ�;OPZ�HY[PJSL�PZ�SPJLUZLK�\UKLY�H�*YLH[P]L�*VTTVUZ�([[YPI\[PVU�����0U[LYUH[PVUHS�3PJLUZL��^OPJO
WLYTP[Z�\ZL��ZOHYPUN��HKHW[H[PVU��KPZ[YPI\[PVU�HUK�YLWYVK\J[PVU�PU�HU`�TLKP\T�VY�MVYTH[��HZ�SVUN�HZ�`V\�NP]L
HWWYVWYPH[L�JYLKP[�[V�[OL�VYPNPUHS�H\[OVY�Z��HUK�[OL�ZV\YJL��WYV]PKL�H�SPUR�[V�[OL�*YLH[P]L�*VTTVUZ�SPJLUZL��HUK
PUKPJH[L�PM�JOHUNLZ�^LYL�THKL��;OL�PTHNLZ�VY�V[OLY�[OPYK�WHY[`�TH[LYPHS�PU�[OPZ�HY[PJSL�HYL�PUJS\KLK�PU�[OL�HY[PJSL»Z
*YLH[P]L�*VTTVUZ�SPJLUZL��\USLZZ�PUKPJH[LK�V[OLY^PZL�PU�H�JYLKP[�SPUL�[V�[OL�TH[LYPHS��0M�TH[LYPHS�PZ�UV[�PUJS\KLK�PU
[OL�HY[PJSL»Z�*YLH[P]L�*VTTVUZ�SPJLUZL�HUK�`V\Y�PU[LUKLK�\ZL�PZ�UV[�WLYTP[[LK�I`�Z[H[\[VY`�YLN\SH[PVU�VY�L_JLLKZ
[OL�WLYTP[[LK�\ZL��`V\�^PSS�ULLK�[V�VI[HPU�WLYTPZZPVU�KPYLJ[S`�MYVT�[OL�JVW`YPNO[�OVSKLY��;V�]PL^�H�JVW`�VM�[OPZ
SPJLUZL��]PZP[�O[[W!��JYLH[P]LJVTTVUZ�VYN�SPJLUZLZ�I`������

AbVWUacW

TUXQcaWiQg YaUiaQWV iQ TTN (TTNWY), cRdiQg fRU Whe OaUgeVW VWUXcWXUaO SURWeiQ iQ Whe VaUcRPeUe,
cRQWUibXWe WR Whe OaUgeVW SRUWiRQ Rf faPiOiaO aQd aPbXOaWRU\ diOaWed caUdiRP\RSaWh\ (DCM). TTN
haSORiQVXfficieQc\ caXVed b\ TTNWY iV VXggeVWed aV Whe diVeaVe PechaQiVP. HRZeYeU, iW iV XQcOeaU
ZheWheU TTN iQVXfficieQc\ caXVeV DCM. MRUeRYeU, iW iV XQNQRZQ ZheWheU PRdXOaWiRQ Rf dRZQVWUeaP
SaWhZa\V VeUYeV aV a WheUaSeXWic VWUaWeg\ fRU DCM caXVed b\ TTN iQVXfficieQc\. HeUe, Ze VhRZ WhaW
UedXcWiRQ Rf caUdiac TWQ e[SUeVViRQ b\ adeQR-aVVRciaWed YiUXV PediaWed VhRNA (TWQ VhRNA) geQeUaWed
DCM iQ PRXVe, dePRQVWUaWiQg iPSaiUed caUdiac SeUfRUPaQce, eQOaUged OefW YeQWUicOe (LV) aQd UedXced
LV ZaOO WhicNQeVV. A VcUeeQ Rf 10 d\VUegXOaWed aQd VeOecWed geQeV ideQWified WhaW YiQ YaQg 1 (Y\1)
VigQificaQWO\ VXSSUeVVed DCM caXVed b\ TWQ VhRNA. GeQe SURfiOiQg b\ RNAVeT VhRZed Y\1
PRdXOaWed ceOO gURZWh UeOaWed geQeV. TWQ iQVXfficieQc\ acWiYaWed caUdiRP\Rc\We ceOO c\cOe UeeQWU\ b\
XSUegXOaWiQg Rf CcQd1 aQd CcQd2. CaUdiRP\Rc\WeV acWiYaWed b\ TWQ iQVXfficieQc\ did QRW adYaQce WR S
ShaVe b\ EdU iQcRUSRUaWiRQ aVVa\. Y\1 SURPRWed caUdiRP\Rc\We ceOO c\cOe b\ fXUWheU eQhaQciQg CcQd1
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aQd CcQd2 aQd iQcUeaViQg DNA UeSOicaWiRQ ZiWhRXW XQdeUgRiQg ceOO diYiViRQ. IPSRUWaQWO\, XSUegXOaWiRQ
Rf CcQd1 aQd CcQd2 VXSSUeVVed DCM caXVed b\ TWQ iQVXfficieQc\. OXU fiQdiQgV dePRQVWUaWe WhaW
DCM caXVed b\ TWQ iQVXfficieQc\ caQ be WUeaWed b\ WheUaSeXWicaOO\ SURPRWiQg caUdiac ceOO c\cOe.

SXbjecW WeUmV: CaUdiac h\SeUWURSh\, MROecXOaU PediciQe

IQWURdXcWLRQ

DiOaWed caUdiRP\RSaWh\ (DCM) RccXUV aV PaQ\ aV 1 iQ 250 SeRSOe . TheUe aUe cXUUeQWO\ QR aSSURYed
WheUaSeXWic SURdXcWV iQdicaWed fRU DCM WUeaWPeQW. T\SicaO WUeaWPeQWV aUe WhRVe iQdicaWed fRU bURadeU
caUdiRYaVcXOaU diVeaVe. AV Whe diVeaVe SURgUeVVeV, SaWieQWV haYe OiPiWed WUeaWPeQW RSWiRQV, VXch aV
VXUgicaO RU RWheU iQYaViYe iQWeUYeQWiRQV aQd heaUW WUaQVSOaQW . DCM ZiOO UeVXOW iQ heaUW faiOXUe ZiWh
UedXced ejecWiRQ fUacWiRQ (EF), XVXaOO\ ZiWhRXW SUiRU iVchePic. The ZaOOV Rf Whe OefW YeQWUicOe aUe WhiQ
aQd RYeU-e[SaQded, OeadiQg WR iPSURSeU cRQWUacWiRQ aQd iQVXfficieQW bORRd beiQg SXPSed b\ Whe diOaWed
heaUW. DCM UeVXOWV fURP a YaUieW\ Rf e[WeUQaO facWRUV, VXch aV YiUaO iQfecWiRQ, aOcRhRO abXVe, e[SRVXUe WR
caUdiRWR[ic PedicaWiRQV aQd SUegQaQc\, aV ZeOO aV fURP geQeWic YaUiaQWV iQ a QXPbeU Rf caXVaO geQeV
iQcOXdiQg TTN, LMNA, ACTC1, MHY7 aQd PLN . TiWiQ (cRded b\ TTN) SOa\V aQ iPSRUWaQW UROe iQ Whe
cRQWUacWiRQ aQd UeOa[aWiRQ Rf caUdiac PXVcOeV b\ cRQQecWiQg Z-diVc WR Whe M-OiQe iQ Whe VaUcRPeUe. TTN
WUXQcaWiQg YaUiaQWV (TTNWY) cRQWUibXWe XS WR 15% aPbXOaWRU\ DCM aQd 25% eQd-VWage RU faPiOiaO
DCM . IQ DCM, TTNWY aUe VigQificaQWO\ eQUiched PRVW iQ A baQd aV ZeOO aV RWheU UegiRQV iQcOXdiQg
I-baQd, Z-diVc RU M-OiQe ZiWh YaUiabOe SRViWiRQ-UeOaWed RddV UaWiRV . TTN haSORiQVXfficieQc\ caXVed
b\ TTNWY iV ePeUgiQg aV Whe SRWeQWiaO diVeaVe PechaQiVP. RaW PRdeOV ZiWh TTNWY iQ Z-diVc aQd A
baQd did QRW UeVXOW iQ chaQge iQ WiWiQ SURWeiQ OeYeOV aQd RbYiRXV caUdiac SeUfRUPaQce XQdeU QRUPaO
Sh\ViRORgicaO cRQdiWiRQV. IW ZaV QRW NQRZQ ZheWheU TWQ iQVXfficieQc\ caXVeV DCM iQ PRXVe.

MaPPaOiaQ caUdiRP\Rc\WeV e[iW WheiU ceOO c\cOe VhRUWO\ afWeU biUWh, SUeYeQWiQg heaUW UeSaiU WhURXgh
caUdiac UegeQeUaWiRQ . CeOO c\cOe UeacWiYaWiRQ iV RbVeUYed iQ a OiPiWed caUdiRP\Rc\WeV XQdeU
Sh\ViRORgicaO cRQdiWiRQV . AV aQ ePeUgiQg VWUaWeg\ fRU caUdiac WheUaSeXWic UegeQeUaWiRQ, Ze aQd
RWheUV VhRZed WhaW eQhaQciQg WhiV SURceVV b\ UePRYiQg ceOO c\cOe bUaNeV RU aXgPeQWiQg acceOeUaWRUV iV
beQeficiaO fRU heaUW UecRYeU\ fURP heaUW faiOXUe PRdeOV caXVed b\ iVchePia RU SUeVVXUe RYeUORad .
We SUeYiRXVO\ RbVeUYed WhaW caUdiRP\Rc\WeV XQdeUgR aQ e[WUa URXQd Rf ceOO c\cOe iQ M\bSc3 deficieQW
Pice, VXggeVWiQg ceOO c\cOe UeacWiYaWiRQ cRXOd cRPSeQVaWe VaUcRPeUe iQVXfficieQc\ . IW ZaV QRW NQRZQ
ZheWheU TWQ iQVXfficieQc\ cRXOd iQdXce caUdiac ceOO c\cOe UeacWiYaWiRQ. MRUeRYeU, iW ZaV XQNQRZQ
ZheWheU eQhaQciQg WhiV SURceVV cRXOd be a WheUaSeXWic VWUaWeg\ fRU DCM caXVed b\ TWQ iQVXfficieQc\.
HeUe, Ze addUeVV WheVe PajRU gaSV aQd ideQWif\ WheUaSeXWic caQdidaWeV WhaW aUe YiWaO fRU adYaQciQg
SRWeQWiaO hiWV iQWR a WheUaSeXWic aSSURach fRU DCM.

ReVXOWV

TWn VKRNA LQdXceV DCM LQ PLce

TR SURdXce a VeW Rf TWQ VhRNA VeTXeQceV WaUgeWiQg TWQ geQe e[SUeVViRQ, Ze deVigQed 4 XQiTXe VhRNA
cRQVWUXcWV, deVigQaWed TWQ VhRNA-1, -2, -3 RU -4 (Fig. 1A). TR aVVeVV WheiU NQRcNdRZQ efficac\, Ze
deYeORSed aQ EGFP/CheUU\ WZR-cRORU V\VWeP. Each VhRNA (cR-e[SUeVVed ZiWh CheUU\) ZaV cR-
WUaQVfecWed ZiWh a SOaVPid caUU\iQg iWV UeVSecWiYe WaUgeW UegiRQ (a500ௗbS) Rf TWQ geQe (cR-e[SUeVVed
ZiWh EGFP) iQWR 293ௗT hXPaQ ePbU\RQic NidQe\ ceOOV. TZR VhRNA cRQVWUXcWV, TWQ VhRNA-1 aQd -2,
VigQificaQWO\ UedXced EGFP VigQaO (Fig. 1B). TR TXaQWif\ VhRNA NQRcNdRZQ efficac\, EGFP
e[SUeVViRQ ZaV PeaVXUed b\ TPCR (TabOe 1). TWQ VhRNA-1 aQd -2 VigQificaQWO\ UedXced TWQ WaUgeW
e[SUeVViRQ b\ a 90% (Fig. 1C). BRWh VhRNA VeTXeQceV ZeUe VXb-cORQed iQWR AAV YecWRUV (AAV-
VhRNA) WR geQeUaWe AAV-TWQ VhRNA-1 aQd -2. TR aVVeVV Whe efficac\ Rf TWQ VhRNA LQ YLYR, Ze
iQjecWed YaUiabOe dRVeV Rf AAV YiUXVeV eQcRdiQg TWQ VhRNA-1 aQd -2 (0.8Eௗ+ௗ13, 2.5Eௗ+ௗ13, aQd 5.0Eௗ

1

2

±3 �

, ,3 � �

,3 10

11

,12 13

±14 1�

1�

20 21



11/6/2020 USUegXlaWiRQ Rf Y\1 SXSSUeVVeV DilaWed CaUdiRP\RSaWh\ caXVed b\ TWQ iQVXfÀcieQc\

hWWSV://ZZZ.Qcbi.QlP.Qih.gRY/SPc/aUWicleV/PMC6841687/ 3/23

+ௗ13 Yg/Ng) iQWR Whe WhRUacic caYiW\ Rf 1.5 ZeeN ROd PaOe QeRQaWeV, aV deVcUibed . ThUee ZeeNV afWeU
YiUaO WUaQVdXcWiRQ, aOO Pice iQjecWed ZiWh PediXP RU high dRVe Rf TWQ VhRNA-1RU -2 YiUXVeV (2.5Eௗ+ௗ13
Yg/Ng, Qௗ=ௗ4 aQd 5.0Eௗ+ௗ13 Yg/Ng, Qௗ=ௗ4) died dXe WR VeYeUe heaUW faiOXUe. Mice WUeaWed ZiWh ORZ dRVe
(0.8Eௗ+ௗ13 Yg/Ng, Qௗ=ௗ8) ZeUe eYaOXaWed b\ echRcaUdiRgUaSh\. TWQ VhRNA-1 RU -2 WUaQVdXced Pice
Ueached Whe eQdSRiQW Rf VhRZiQg iPSaiUed caUdiac SeUfRUPaQce, eQOaUged OefW YeQWUicOe (LV) aQd
UedXced LV ZaOO WhicNQeVV (Fig. 1D). The fUacWiRQaO VhRUWeQiQg (FS) Rf TWQ VhRNA WUaQVdXced Pice
(VhRNA-1, 6.22ௗ�ௗ1.81%, Qௗ=ௗ8, Pௗ=ௗ1.02E-13; VhRNA-2, 4.12ௗ�ௗ1.27%, Qௗ=ௗ8, Pௗ=ௗ2.90E-14) ZaV
VigQificaQWO\ UedXced cRPSaUed WR WhaW Rf Pice WUaQVdXced ZiWh cRQWURO VhRNA (28.45ௗ�ௗ3.80%, Qௗ=ௗ10)
(TabOe 2). CRUUeVSRQdiQgO\, Whe OefW YeQWUicXOaU diaVWROic diPeQViRQ (LVDD) (VhRNA-1, 4.25ௗ�ௗ0.11ௗ
PP, Pௗ=ௗ1.75E-07; VhRNA-2, 4.41ௗ�ௗ0.18ௗPP, Pௗ=ௗ1.67E-09, Qௗ=ௗ8) ZaV VigQificaQWO\ eQOaUged
cRPSaUed WR cRQWURO (3.70ௗ�ௗ0.12ௗPP, Qௗ=ௗ10). LefW YeQWUicXOaU ZaOO WhicNQeVV (LVWT) Rf TWQ VhRNA-
WUaQVdXced Pice (VhRNA-1, 0.44ௗ�ௗ0.06ௗPP, Pௗ=ௗ1.60E-05, Qௗ=ௗ8; VhRNA-2, 0.41ௗ�ௗ0.04ௗPP, Pௗ=ௗ
1.03E-06, Qௗ=ௗ8) ZaV VigQificaQWO\ UedXced cRPSaUed WR cRQWURO (0.58ௗ�ௗ0.05ௗPP, Qௗ=ௗ10). HiVWRORgicaO
aQaO\ViV did QRW UeYeaO P\RcaUdiaO diVaUUa\ iQ bRWh TWQ VhRNA-WUaQVdXced Pice. MRUeRYeU, caUdiac
fibURViV, aVVeVVed b\ iPage aQaO\ViV Rf MaVVRQ¶V WUichURPe (MT)-VWaiQed heaUW VSeciPeQV aQd
cRPPRQO\ RbVeUYed iQ RWheU DCM PRdeOV iQcOXdiQg PLN (R9C) aQd LPQa , ZaV QRW VigQificaQWO\
iQdXced iQ TWQ VhRNA WUaQVdXced Pice (VhRNA-1, MTௗ=ௗ1.08ௗ�ௗ0.21%, Qௗ=ௗ7, Pௗ=ௗQV; VhRNA-2, MTௗ=ௗ
1.20ௗ�ௗ0.61%, Qௗ=ௗ7, Pௗ=ௗQV) UeOaWiYe WR cRQWURO VhRNA-WUaQVdXced Pice (MSௗ=ௗ1.00ௗ�ௗ0.24%, Qௗ=ௗ9)
(Fig. 1E) . IQVWead, Whe e[SUeVViRQ Rf P\RcaUdiaO VWUeVV geQe PaUNeUV iQcOXdiQg NSSa, NSSb aQd
M\K7 ZaV VigQificaQWO\ XSUegXOaWed iQ Pice WUaQVdXced ZiWh TWQ VhRNA cRPSaUed WR Pice WUaQVdXced
ZiWh cRQWURO VhRNA (Fig. 1F). TWQ VhRNA LQ YLYR UeVXOWed iQ a VigQificaQW a50% UedXcWiRQ Rf TWQ
WUaQVcUiSWV iQ TWQ VhRNA-1 RU -2 WUaQVdXced Pice cRPSaUed WR cRQWURO VhRNA-WUaQVdXced Pice. We
VeOecWed TWQ VhRNA-2 (deVigQaWed aV TWQ VhRNA) fRU VXbVeTXeQW aVVeVVPeQW. CaUdiRP\Rc\WeV ZiWh
aQWi-TURSRQiQ I VWaiQiQg ZaV EGFP SRViWiYe afWeU AAV-EGFP WUaQVdXcWiRQ, iQdicaWiQg Whe YiUXV ZaV
diVWUibXWed WR PRVW caUdiRP\Rc\WeV (SXSSOePeQWaU\ Fig. ). TWQ VhRNA VigQificaQWO\ UedXced TWQ
SURWeiQ OeYeO (Qௗ=ௗ5, Pௗ=ௗ4.36E-06) (SXSSOePeQWaU\ Fig. ). TheVe UeVXOWV VXggeVW TWQ e[SUeVViRQ
OeYeO iV cUiWicaO fRU caUdiac VWUXcWXUe aQd cRQWUacWiOe fXQcWiRQ Rf heaUW aQd UedXcWiRQ Rf TWQ e[SUeVViRQ
caXVeV DCM iQ Pice. BOaVW Rf TWQ VhRNA WaUgeWiQg VeTXeQce ideQWified SRWeQWiaO Rff-WaUgeW geQeV ZiWh
aW OeaVW 4 PiVPaWch VXch aV WdU95, SSWbQ1 aQd TQUc6b. We did QRW deWecW a VigQificaQW UedXcWiRQ iQ
WheVe geQe e[SUeVViRQ afWeU TWQ VhRNA b\ TPCR (SXSSOePeQWaU\ Fig. ). TR e[WeQd Whe caUdiac
aVVeVVPeQW ZiQdRZ, Ze fXUWheU WiWUaWed YiUXV dRVe Rf TWQ VhRNA WR 0.2Eௗ+ௗ13 Yg/Ng. ThXV, Ze cRXOd
eYaOXaWe caUdiac SeUfRUPaQce b\ addiWiRQaO WiPeSRiQWV (TabOe 3).
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OSeQ iQ a VeSaUaWe ZiQdRZ
FigXre 1

TWQ shRNA indXces dilated cardiom\opath\ in mice. (A) Schematic of tZo main isoforms of TWQ and the
targeting sites of 4 TWQ shRNA candidates. Image Zas adapted b\ genome assembl\ of UCSC (UniYersit\
of California, Santa CrX]) moXse genome broZser (Dec 2011) . (B) HEK293 cells co-transfected Zith TWQ
targets (Green) and corresponding shRNAs or control shRNA (Red). Magnificationௗ=ௗ4î, scale barௗ=ௗ500ௗ
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�m. (C) QXantitatiYe real-time PCR anal\sis of EGFP e[pression in HEK293 cells Zith tZo-color s\stem.
Transcription leYel Zere normali]ed to targets Zith control shRNA. nௗ=ௗ3. (D) H&E and Masson
Trichrome (MT) of paraffin sections of mice 3 Zeeks after control shRNA, Ttn shRNA-1 and -2
transdXction respectiYel\. VirXs does, 0.8Eௗ+ௗ13 Yg/kg, nௗ�ௗ8. For completed images: magnificationௗ=ௗ4î,
scale barௗ=ௗ1000ௗ�m; for enlarged images: magnificationௗ=ௗ20ௗîௗ, scale barௗ=ௗ100ௗ�m. (E) QXantification of
m\ocardial fibrosis of MT sections in (d), nௗ�ௗ7. (F) QXantitatiYe real-time PCR anal\sis of TWQ, NSSa,
NSSb and M\K7 e[pression, nௗ�ௗ8.
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TabOe 1

The VXPPaU\ Rf TPCR SUiPeUV. PUiPeUV WhaW ZeUe deVigQed fRU TXaQWiWaWiYe UeaO-WiPe PCR
aQaO\ViV ZeUe OiVWed.

PUiPeU VeTXeQce PUiPeU VeTXeQce

Nppa forward tttcaagaacctgctagaccacctg Atp2a2 forward tgtcatcaagcacactgatcccgtc

Nppa reverse gcttttcaagagggcagatctatcg Atp2a2 reverse gctgaaggggtgttctctcctgttc

Nppb forward agtcctagccagtctccagagcaat Esrra forward actgcagagtgtgtggatggaagtg

Nppb reverse cgaaggactctttttgggtgttctt Esrra reverse tgcacagagtcagaattggcaaggg

Ttn forward tgcctatgtatctgggaagccacct Cav1 forward acacagtttcgacggcatctggaag

Ttn reverse ggcaagaagagagtagacgccttgg Cav1 reverse caggaagctcttgatgcacggtaca

Myh7 forward agcattctcctgctgtttcctt Sod2 forward gccacacattaacgcgcagatcatg

Myh7 reverse tgagccttggattctcaaacg Sod2 reverse ccagcaactctcctttgggttctcc

Yy1 forward cggggaataagaagtgggagcagaa Pdgfb forward tcttccttcctctctgctgctacct

Yy1 reverse caggagggagtttcttgcctgtcat Pdgfb reverse ccccatcttcatctacggagtctct

Ccnd1 forward atgagaacaagcagaccatccgcaa Tmsb4x forward atgtctgacaaacccgatatggctg

Ccnd1 reverse cggtagcaggagaggaagttgttgg Tmsb4x reverse ttacgattcgccagcttgcttctct

Ccnd2 forward tggatgctagaggtctgtgaggaac Gja1 forward atgggattgaagaacacggcaaggt

Ccnd2 reverse cttggaagctaggaacatgcacact Gja1 reverse ccaaggacaccaccagcatgaagat

Tnrc6b forward ataacaacagtgcctcgaaccctgg Bcl2 forward tctttgagttcggtggggtcatgtg

Tnrc6b reverse actcgtgctcctccagtttcctagt Bcl2 reverse aaatcaaacagaggtcgcatgctgg

Wdr95 forward ggctggatcgaatcatcagggtctg Sirt3 forward ctttggaggtggaggaagcagtgag

Wdr95 reverse tgtgagttctcccttgatgccactg Sirt3 reverse agggtacgggatgtcatactgctga

Sptbn1 forward tgagcatccagaactaccacctcga Gapdh forward aacatcatccctgcatccactggtg

Sptbn1 reverse tctttctgcaggtcactcagcttcg Gapdh reverse atgcctgcttcaccaccttcttgat

Ankrd23 forward gacacctggacattctcaaacggct GAPDH forward gatgacatcaagaaggtggtgaagc

Ankrd23 reverse agtgctgtgtccccttccttatcct GAPDH reverse tgctgtagccaaattcgttgtcata

Fhl1 forward actgtgtgacttgccatgagaccaa TTN forward gagcaagccttcagagccttcagaa

Fhl1 reverse ccagtgatggggttcttgcatccag TTN reverse attccaaactcaccacgcccaagat

Abra forward cctggttatcaatttggcccgaggt  EGFP forward  cgaaggctacgtccaggagc

Abra reverse ttctgagtgttgtccctctccgtct  EGFP reverse  cgatgttgtggcggatcttg

OSeQ iQ a VeSaUaWe ZiQdRZ
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TabOe 2

EffecW Rf high dRVe Rf TWQ VhRNA RQ caUdiac PRUShRORg\ aQd fXQcWiRQ iQ Pice.

DRVe Se[ ViUXV Age N LVDD P LVWT P EF% P FS% P

0.8Eௗ+ௗ
13

M Ctrl
shRNA

4.5

weeks

10 3.70ௗ±ௗ
0.12

0.58ௗ±ௗ
0.05

55.50ௗ±ௗ
5.51

28.45ௗ±ௗ
3.80

TWn
shRNA-1

8 4.25ௗ±ௗ
0.11

*** 0.44ௗ±ௗ
0.06

*** 14.06ௗ±ௗ
3.94

*** 6.22ௗ±ௗ
1.81

***

TWn
shRNA-2

8 4.41ௗ±ௗ
0.18

*** 0.41ௗ±ௗ
0.04

*** 9.43ௗ±ௗ
2.82

*** 4.12ௗ±ௗ
1.27

***

Effect of TWn shRNA on male mice at a dose of 0.8Eௗ+ௗ13 vg/kg. P value, representing comparisons to control
shRNA-transduced mice at respective age, was obtained by ANOVA and Tukey¶s multiple comparisons test.
LVDD, left ventricular diastolic dimension; LVWT, LV wall thickness; EF, ejection fraction; FS, fractional
shortening.
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TabOe 3

EffecW Rf ORZ dRVe Rf TWQ VhRNA RQ caUdiac PRUShRORg\ aQd fXQcWiRQ iQ Pice.

DRVe Se[ VUiXV Age N LVDD P LVWT P EF% P FS% P

0.2Eௗ+ௗ
13

M Ctrl
shRNA

4.5

weeks

7 3.70ௗ±ௗ
0.15

0.61ௗ±ௗ
0.03

59.19ௗ±ௗ
4.00

30.83ௗ±ௗ
2.68

TWn
shRNA

8 4.39ௗ±ௗ
0.23

*** 0.46ௗ±ௗ
0.03

*** 21.55ௗ±ௗ
7.92

*** 9.84ௗ±ௗ
3.78

***

Ctrl
shRNA

5.5

weeks

7 3.88ௗ±ௗ
0.21

0.61ௗ±ௗ
0.02

54.33ௗ±ௗ
4.57

27.73ௗ±ௗ
2.97

TWn
shRNA

5 4.48ௗ±ௗ
0.22

** 0.48ௗ±ௗ
0.08

* 17.77ௗ±ௗ
5.12

*** 7.99ௗ±ௗ
2.41

***

Ctrl
shRNA

6.5

weeks

7 3.80ௗ±ௗ
0.20

0.64ௗ±ௗ
0.04

56.73ௗ±ௗ
1.99

29.19ௗ±ௗ
1.22

TWn
shRNA

4 4.70ௗ±ௗ
0.11

*** 0.48ௗ±ௗ
0.02

*** 11.65ௗ±ௗ
0.69

*** 5.15ௗ±ௗ
0.32

***

Effect of TWn shRNA on male mice at a dose of 0.2Eௗ+ௗ13 vg/kg assessed for three timepoints. P value,
representing comparisons to control shRNA-transduced mice at respective age, was obtained by unpaired student
T-test. LVDD, left ventricular diastolic dimension; LVWT, LV wall thickness; EF, ejection fraction; FS, fractional
shortening.

USUeJXOaWLRQ RI YLQ YaQJ 1 (Y\1) VXSSUeVVeV DCM LQdXced b\ TWn VKRNA

TR diVVecW Whe PROecXOaU PechaQiVPV Rf DCM iQdXced b\ TWQ VhRNA, Ze SURfiOed cRQWURO (Qௗ=ௗ3) aQd
TWQ VhRNA (Qௗ=ௗ3) WUeaWed heaUWV (dRVeௗ=ௗ0.2Eௗ+ௗ13 Yg/Ng) b\ RNAVeT, aQd Whe VigQificaQWO\ chaQged
ZeUe aQaO\]ed b\ GeQe OQWRORg\ (SXSSOePeQWaU\ Fig. ). We VeOecWed 8 caQdidaWeV iQYROYed iQ
dRZQUegXOaWed caWegRUieV XSRQ TWQ VhRNA, iQcOXdiQg AWS2a2, EVUUa, SRd2, SLUW3, PdJIb, GMa1, CaY1
aQd TPVb4[ (SXSSOePeQWaU\ TabOe , SXSSOePeQWaU\ Fig. ) . AQWi-aSRSWRViV geQe BcO2 ZaV
iQcOXded becaXVe caUdiac aSRSWRViV e[hibiWV iQ DCM PRdeOV . IQ addiWiRQ, Ze added Y\1 Zhich
VigQificaQWO\ eQhaQced TTN geQe e[SUeVViRQ ZheQ cR-WUaQVdXced WRgeWheU ZiWh 5 facWRUV (GATA4,
MEF2C, TBX5, HAND2 aQd MYOCD, deVigQaWed aV 5ௗF) iQ hXPaQ deUPaO fibURbOaVWV (SXSSOePeQWaU\
Fig. ). AOO 10 caQdidaWeV ZeUe cRQVWUXcWed iQWR aQ AAV ciV-YecWRU (AAV-cTQT) WUaQVcUiSWiRQaOO\
cRQWUROOed b\ caUdiac TURSRQiQ T SURPRWeU. AfWeU each caQdidaWe (0.2Eௗ+ௗ13 Yg/Ng) ZaV cR-iQWURdXced
ZiWh TWQ VhRNA (0.2Eௗ+ௗ13 Yg/Ng), caUdiac SeUfRUPaQce ZaV aVVeVVed b\ echRcaUdiRgUaSh\. WheQ
WUeaWed ZiWh PRVW VeOecWed caQdidaWeV, TWQ VhRNA WUaQVdXced Pice deYeORSed a ViPiOaU RU eYeQ PRUe
VeYeUe DCM cRPSaUed WR WhRVe WUeaWed ZiWh cRQWURO cDNA (0.2Eௗ+ௗ13 Yg/Ng, e[SUeVViQg EGFP XQdeU
caUdiac WURSRQiQ T SURPRWeU, deVigQaWed aV EGFP cRQWURO), iQdicaWiQg WhaW Ue-iQWURdXciQg WheVe
SaWhZa\-aVVRciaWed caQdidaWeV cRXOd QRW VXSSUeVV TWQ VhRNA-iQdXced DCM (SXSSOePeQWaU\
TabOe ). CRQYeUVeO\, Y\1 (FSௗ=ௗ16.39ௗ�ௗ1.44%, Qௗ=ௗ5, Pௗ=ௗ1.26E-03) VigQificaQWO\ iPSURYed caUdiac
SeUfRUPaQce Rf TWQ WUaQVdXced Pice cRPSaUed WR WhRVe WUeaWed ZiWh EGFP cRQWURO (FSௗ=ௗ9.91ௗ�ௗ4.32%,
Qௗ=ௗ20).We fXUWheU aVVeVVed Whe VXSSUeVViYe effecW Rf Y\1 RQ DCM iQdXced b\ TWQ VhRNA fRU WhUee
addiWiRQaO WiPeSRiQWV (Fig. 2A,B, SXSSOePeQWaU\ TabOe ). ThUee ZeeNV afWeU YiUXV WUaQVdXcWiRQ,
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caUdiac chaPbeU diOaWiRQ (LVDD) Rf TWQ VhRNA WUaQVdXced Pice WUeaWed b\ Y\1 (3.90ௗ�ௗ0.18ௗPP, Qௗ=ௗ
8, Pௗ=ௗ4.20E-02) ZaV VigQificaQWO\ VXSSUeVVed cRPSaUed WR WhaW WUeaWed b\ EGFP cRQWURO (4.20ௗ�ௗ0.34ௗ
PP, Qௗ=ௗ12). RePaUNabO\, Y\1 WUeaWed Pice cRQWiQXed WR PaiQWaiQ VigQificaQWO\ UeVcXe Rf Whe caUdiac
chaPbeU diOaWiRQ cRPSaUed WR TWQ VhRNA WUaQVdXced Pice WUeaWed b\ EGFP cRQWURO. CaUdiac fXQcWiRQ
(FS) Rf TWQ VhRNA Pice WUeaWed ZiWh Y\1 ZaV VigQificaQWO\ iPSURYed cRPSaUed WR TWQ VhRNA Pice
WUeaWed b\ EGFP cRQWURO, VXggeVWiQg WhaW Y\1 VXSSUeVVeV DCM iQdXced b\ TWQ VhRNA. AW dRVe Rf
0.2Eௗ+ௗ13 Yg/Ng, caQdidaWe Y\1 ZaV iQdXced a 4.5 fROd b\ TPCR aQaO\ViV. The e[SUeVViRQ Rf heaUW
faiOXUe PaUNeUV iQcOXdiQg NSSa, NSSb aQd M\K7 iQ Pice WUeaWed ZiWh Y\1 ZaV VigQificaQWO\ UedXced
cRPSaUed WR WhaW iQ DCM Pice WUeaWed ZiWh EGFP cRQWURO (Fig. 2C). TWQ VhRNA VigQificaQWO\ UedXced
TWQ e[SUeVViRQ aQd SURWeiQ OeYeO Zhich ZeUe QRW iQdXced b\ XSUegXOaWiRQ Rf Y\1, VXggeVW Y\1 dReV QRW
UegXOaWe TWQ iQ PRXVe heaUWV (Fig. 2C, SXSSOePeQWaU\ Fig. ). IPSRUWaQWO\, Ze did QRW RbVeUYe
iQcUeaVed fibURViV b\ Y\1 (Fig. 2D). USUegXOaWiRQ Rf Y\1 iQ ZiOdW\Se Pice did QRW aOWeU caUdiac
SeUfRUPaQce aW OeaVW 5 PRQWhV SRVW YiUXV WUaQVdXcWiRQ, ZheQ a3.0 fROd iQcUeaVe Rf Y\1 e[SUeVViRQ ZaV
deWecWed b\ TPCR aQaO\ViV (SXSSOePeQWaU\ TabOe , Fig. 2E).
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OSeQ iQ a VeSaUaWe ZiQdRZ
FigXre 2

UpregXlation of Y\1 sXppresses dilated cardiom\opath\ indXced b\ TWQ shRNA. (A) E[perimental
timeline shoZing timepoints of YirXs injection and echocardiogram. (B) Ejection fraction (EF), Fractional
shortening (FS), left YentricXlar diastolic dimension (LVDD) and left YentricXlar Zall thickness (LVWT)
of mice from control groXp (control shRNAௗ+ௗEGPF), TWQ shRNA groXp (TWQ shRNAௗ+ௗEGFP) and Y\1
treated groXp (TWQ shRNAௗ+ௗY\1). VirXs dose, 0.2Eௗ+ௗ13 Yg/kg. Cardiac performance Zas assessed b\
echocardiogram once a Zeek from 4.5 to 7.5 Zeeks old. Data Zere presented as mean and SD, Zith
associated P YalXe, calcXlated b\ ANOVA and TXke\¶s mXltiple comparisons test, representing
comparison to TWQ shRNA groXp at each time point, nௗ�ௗ8. (C) QXantitatiYe real-time PCR anal\sis of Y\1,
NSSa, NSSb, M\K7 and TWQ e[pression in mice from control, TWQ shRNA and Y\1 treated groXps at 5.5
Zeeks old, nௗ�ௗ4. (D) MT of Paraffin sections (left) of mice at 7.5 Zeeks old, magnificationௗ=ௗ4ௗîௗ, scale
barௗ=ௗ1000ௗ�m, and qXantification of m\ocardial fibrosis (right), nௗ�ௗ4. (E) QXantitatiYe real-time PCR
anal\sis of Y\1 e[pression in mice injected Zith control (EGFP) and Y\1 respectiYel\ at 21.5 Zeeks old,
YirXs dose, 0.2Eௗ+ௗ13 Yg/kg, nௗ=ௗ5.
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USUeJXOaWLRQ RI Y\1 PRdXOaWeV caUdLac VWUXcWXUaO cRQWUacWLOe aQd ceOO JURZWK UeOaWed JeQe
e[SUeVVLRQ

TR diVVecW Whe PROecXOaU PechaQiVPV Rf Y\1 VXSSUeVViQg TWQ VhRNA-iQdXced DCM, Ze SURfiOed
cRQWURO VhRNAௗ+ௗEGFP (deVigQaWed aV cRQWURO VhRNA gURXS, PaOe, Qௗ=ௗ4, dRVeௗ=ௗ0.2Eௗ+ௗ13 Yg/Ng), TWQ
VhRNAௗ+ௗEGFP (deVigQaWed aV TWQ VhRNA gURXS, PaOe, Qௗ=ௗ4, dRVeௗ=ௗ0.2Eௗ+ௗ13 Yg/Ng) aQd TWQ VhRNAௗ
+ௗY\1 aQiPaOV (deVigQaWed aV Y\1 WUeaWed gURXS, PaOe, Qௗ=ௗ3, dRVeௗ=ௗ0.2Eௗ+ௗ13 Yg/Ng) fRXU ZeeNV afWeU
YiUXV WUaQVdXcWiRQ b\ RNAVeT. TR XQcRYeU VigQaOiQg SaWhZa\V UegXOaWed b\ Y\1, Ze fRXQd 134 geQeV
VigQificaQWO\ chaQged iQ Y\1 WUeaWed gURXS cRPSaUed WR TWQ VhRNA gURXS (Fig. 3A). APRQg WheP, 80
geQeV ZeUe eOeYaWed, aQd 54 geQeV ZeUe UedXced b\ Y\1. HieUaUchicaO cOXVWeUiQg Rf cRQWURO VhRNA, TWQ
VhRNA aQd Y\1 gURXSV bXiOW VigQificaQWO\ d\VUegXOaWed geQeV iQWR 4 UegXOaWed SaWWeUQV. We aQaO\]ed
geQe OiVW b\ GeQe SeW EQUichPeQW AQaO\ViV (GSEA, BURad IQVWiWXWe). GeQe RQWRORg\ (GO) aQaO\ViV
ideQWified WRS VigQificaQWO\ eQUiched geQe VeWV iQ caWegRU\ III iQcOXdiQg ³SRViWiYe UegXOaWiRQ Rf gURZWh´
aQd ³VPaOO PROecXOe PeWabROic SURceVV´ (Fig. 3B). CRQWUacWiOe fibeU GO iQ caWegRU\ I iQcOXded geQeV
aVVRciaWed ZiWh VaUcRPeUe, VXch aV AQNUd23, FKO1 aQd AbUa. The XSUegXOaWiRQ Rf fRXU-aQd-a-haOf LIM
dRPaiQ SURWeiQ 1 (FKO1) aQd AQN\UiQ UeSeaW dRPaiQ-cRQWaiQiQg SURWeiQ 23 (AQNUd23) b\ TWQ VhRNA
ZaV VXSSUeVVed b\ Y\1 (Fig. 3C). IPSRUWaQWO\, FhO1 aQd AQNUd23 iQWeUacWed ZiWh TWQ SURWeiQ,
VXggeVWiQg Y\1 PRdXOaWeV TWQ aVVRciaWed SaUWQeUV . TheVe UeVXOWV iQdicaWed Y\1 PRdXOaWeV TWQ
SaUWQeUV aQd caUdiac ceOO gURZWh UeOaWed geQe e[SUeVViRQ Zhich cRQWUibXWiQg WR UeSaiU caUdiac fXQcWiRQ.
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OSeQ iQ a VeSaUaWe ZiQdRZ
FigXre 3

UpregXlation of Y\1 modXlates cardiac strXctXral contractile, cell proliferation and sXrYiYal related gene
e[pression. (A) Heat map representing color-coded e[pression leYel of 134 genes that significantl\
changed in Y\1 treated groXp (TWQ shRNAௗ+ௗY\1) in comparison to TWQ shRNA groXp (TWQ shRNAௗ+ௗ
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EGFP). VirXs does, 0.2Eௗ+ௗ13 Yg/kg. Mice Zere harYest foXr Zeeks after transdXction, nௗ�ௗ3. (B) Top10
gene sets of GO of each categor\ b\ GSEA, arranged b\ ílog P YalXe. (C) QXantitatiYe real-time PCR
anal\sis of AQNUG23, FKO1, AbUa e[pression in control, TWQ shRNA and Y\1 treated groXp, nௗ�ௗ3.

USUeJXOaWLRQ RI Y\1 SURPRWeV caUdLRP\Rc\We ceOO c\cOe LQ dLOaWed caUdLRP\RSaWK\ LQdXced b\
TWn VKRNA

BecaXVe UegXOaWiRQ Rf ceOO gURZWh SaWhZa\ ZaV VigQificaQWO\ eQUiched cRPSaUiQg Y\1 WUeaWed gURXS WR
TWQ VhRNA gURXS b\ RNAVeT aQaO\ViV, Ze aVVeVVed ceOO c\cOe UeeQWU\ geQeV iQcOXdiQg CcQd1 aQd
CcQd2 b\ TPCR. CcQd1 e[SUeVViRQ ZaV VigQificaQWO\ iQdXced b\ a1.36 fROd (Qௗ=ௗ12, Pௗ=ௗ2.50E-02) iQ
TWQ VhRNA gURXS cRPSaUed WR cRQWURO VhRNA gURXS (Qௗ=ௗ10). CcQd2, aQRWheU c\cOiQ faPiO\ PePbeU,
ZaV VigQificaQWO\ iQdXced b\ a1.71 fROd (Qௗ=ௗ12, Pௗ=ௗ1.92E-02) iQ TWQ VhRNA gURXS cRPSaUed WR
cRQWURO VhRNA gURXS (Qௗ=ௗ10). Y\1 VigQificaQWO\ eQhaQced addiWiRQaO CcQd1 aQd CcQd2 e[SUeVViRQ b\
a 1.33 fROd (Qௗ=ௗ11, Pௗ=ௗ3.07E-03) aQd a1.38 fROd (Qௗ=ௗ11, Pௗ=ௗ3.58E-02) UeVSecWiYeO\ cRPSaUed WR TWQ
VhRNA gURXS (Qௗ=ௗ12) (Fig. 4A). TR ORcaWe CcQd1 aQd CcQd2 e[SUeVViRQ iQ heaUW WiVVXeV, Ze VWaiQed
heaUW VecWiRQV ZiWh CcQd1 RU CcQd2 aQWibRd\ WRgeWheU ZiWh aQ aQWibRd\ UecRgQi]iQg caUdiac TURSRQiQ I
(cTQ I) fRU caUdiRP\Rc\WeV (CM). CcQd1 SURWeiQ ZaV SUedRPiQaQWO\ deWecWed iQ Whe QXcOei Rf QRQ-
caUdiRP\Rc\WeV (QRQ-CM) (SXSSOePeQWaU\ Fig. ). We RbVeUYed a VigQificaQW iQcUeaVe Rf QRQ-CM
SRViWiYe fRU CcQd1 (CcQd1+) iQ TWQ VhRNA gURXS (1.16ௗ�ௗ0.72%, Qௗ=ௗ4, Pௗ=ௗ2.38E-02) cRPSaUed WR
cRQWURO gURXS (0.18ௗ�ௗ0.09%, Qௗ=ௗ5) (Fig. 4B). IPSRUWaQWO\, a VigQificaQW a 39.86 fROd Rf CcQd1ௗ+ௗCM
(0.15ௗ�ௗ0.04%, Qௗ=ௗ4, Pௗ=ௗ1.36E-02) iQ TWQ VhRNA gURXS ZaV iQcUeaVed cRPSaUed WR WhRVe iQ cRQWURO
VhRNA gURXS (0.0038ௗ�ௗ0.0026%, Qௗ=ௗ5), VXggeVWiQg WhaW TWQ VhRNA acWiYaWeV CM ceOO c\cOe UeeQWU\.
IQ addiWiRQ, CcQd1ௗ+ௗCM ZaV fXUWheU iQcUeaVed b\ a3.76 fROd (0.56ௗ�ௗ0.11%, Qௗ=ௗ4, Pௗ=ௗ7.02E-06) iQ
Y\1 WUeaWed gURXS cRPSaUed WR TWQ VhRNA gURXS. CcQd2 SURWeiQ ZaV SUedRPiQaQWO\ e[SUeVVed aQd
eOeYaWed iQ Whe QXcOei Rf CM (SXSSOePeQWaU\ Fig. ). IQ cRPSaUiVRQ WR cRQWURO gURXS (0.11ௗ�ௗ0.03%,
Qௗ=ௗ5), Ze deWecWed VigQificaQWO\ a 37.20 fROd PRUe CM SRViWiYe fRU CcQd2 (CcQd2+) iQ TWQ VhRNA
gURXS (4.14ௗ�ௗ0.52%, Qௗ=ௗ4, Pௗ=ௗ3.21E-07) (Fig. 4C). Y\1 VigQificaQWO\ iQcUeaVed addiWiRQaO CcQd2ௗ+ௗ
CM b\a2.30 fROd (9.53ௗ�ௗ0.64%, Qௗ=ௗ4, Pௗ=ௗ3.48E-08) cRPSaUed WR TWQ VhRNA gURXS. We aOVR RbVeUYed
a VigQificaQW iQcUeaVe Rf CcQd2ௗ+ௗQRQ-CM iQ TWQ VhRNA gURXS (0.37ௗ�ௗ0.14%, Qௗ=ௗ4, Pௗ=ௗ4.56E-03)
cRPSaUed WR cRQWUROV (0.05ௗ�ௗ0.02%, Qௗ=ௗ5), aQd Y\1 fXUWheU VigQificaQWO\ iQcUeaVed CcQd2ௗ+ௗQRQ-CM
(0.65ௗ�ௗ0.14%, Qௗ=ௗ4, Pௗ=ௗ1.36E-02) cRPSaUed WR TWQ VhRNA gURXS. We TXaQWified SURWeiQ OeYeOV Rf
CcQd1 aQd CcQd2 iQ heaUW WiVVXeV b\ ZeVWeUQ bORW aQaO\ViV (Fig. 4D, SXSSOePeQWaU\ Fig. ). USRQ TWQ
VhRNA, Ze deWecWed a VigQificaQW a 3.01 fROd (Qௗ=ௗ4, Pௗ=ௗ4.78E-03) aQd a 4.14 fROd (Qௗ=ௗ4, Pௗ=ௗ7.46E-
04) iQcUeaVe Rf CcQd1 aQd CcQd2 SURWeiQV cRPSaUe WR cRQWURO VhRNA (Qௗ=ௗ4). IQ cRPSaUiVRQ WR TWQ
VhRNA gURXS (Qௗ=ௗ4), addiWiRQaO a 1.98 fROd (Qௗ=ௗ4, Pௗ=ௗ3.52E-04) aQd a 1.53 fROd (Qௗ=ௗ4, Pௗ=ௗ7.45E-03)
Rf CcQd1 aQd CcQd2 ZaV iQcUeaVed iQ Y\1 gURXS (Fig. 4E). We fXUWheU e[aPiQed hRZ c\cOiQ D ZaV
UegXOaWed iQ CM. CcQd1 aQd CcQd2 ZaV aVVa\ed iQ iVROaWed CM b\ TPCR aV SUeYiRXV deVcUibed .
CcQd1 aQd CcQd2 e[SUeVViRQ ZaV iQcUeaVed b\ a 2.63 fROd (2.71ௗ�ௗ0.2%, Qௗ=ௗ3, Pௗ=ௗ7.35E-04) aQd a
1.93 fROd (1.96ௗ�ௗ0.33%, Qௗ=ௗ3, Pௗ=ௗ9.95E-04) iQ CM deUiYed fURP TWQ VhRNA gURXS cRPSaUed WR
cRQWURO VhRNA gURXS (1.03ௗ�ௗ0.27%, 1.02ௗ�ௗ0.21%, Qௗ=ௗ5), VXggeVWiQg CM acWiYaWed ceOO c\cOe UeeQWU\
b\ XSUegXOaWiQg CcQd1 aQd CcQd2 e[SUeVViRQ iQ UeVSRQVe WR TWQ iQVXfficieQc\ (Fig. 4F). Y\1
VigQificaQWO\ eQhaQced addiWiRQaO CcQd1 e[SUeVViRQ b\ a 1.56 fROd (4.22ௗ�ௗ0.62%, Qௗ=ௗ3, Pௗ=ௗ2.86E-03)
cRPSaUed WR TWQ VhRNA gURXS (Qௗ=ௗ3). Y\1 did QRW fXUWheU iQcUeaVe CcQd2 e[SUeVViRQ, VXggeVWiQg
CcQd2 iV QRW WUaQVcUiSWiRQaOO\ UegXOaWed b\ Y\1 iQ CM. TR aVVeVV ZheWheU acWiYaWed caUdiac ceOO c\cOe
adYaQced WR G1/S ShaVe, Ze aVVa\ed DNA V\QWheViV b\ EdU iQcRUSRUaWiRQ. MRVW EdU ZaV deWecWed iQ
QRQ-CM becaXVe Whe\ dR QRW e[iW fURP ceOO c\cOe (SXSSOePeQWaU\ Fig. ). We RbVeUYed a cRPSaUabOe
OeYeO Rf CM DNA SRViWiYe fRU EdU (EdUௗ+ௗ) beWZeeQ cRQWURO gURXS (0.04�0.01%, Qௗ=ௗ4, Pௗ=ௗQV) aQd
TWQ VhRNA gURXS (0.02ௗ�ௗ0.004%, Qௗ=ௗ4), VXggeVWiQg CM ceOO c\cOe acWiYaWed b\ eQdRgeQRXVO\

S5A

S5B

S6

33

S5C



11/6/2020 USUegXlaWiRQ Rf Y\1 SXSSUeVVeV DilaWed CaUdiRP\RSaWh\ caXVed b\ TWQ iQVXfÀcieQc\

hWWSV://ZZZ.Qcbi.QlP.Qih.gRY/SPc/aUWicleV/PMC6841687/ 14/23

XSUegXOaWed geQeV iQcOXdiQg CcQd1 aQd CcQd2 dReV QRW adYaQce WR S ShaVe (Fig. 4G). USRQ Y\1
WUeaWPeQW, a 7.63 fROd (0.18ௗ�ௗ0.04%, Pௗ=ௗ3.03E-05, Qௗ=ௗ4) iQcUeaVe Rf EdUௗ+ௗCM ZaV deWecWed
cRPSaUed WR TWQ VhRNA gURXS, iQdicaWiQg Y\1 SURPRWed CM ceOO c\cOe fURP G1 WR S ShaVe. EdU
iQcRUSRUaWiRQ aOVR ZaV iQcUeaVed b\ a 6.41 fROd iQ QRQ-CM Rf Y\1 gURXS. TR aVVeVV ZheWheU caUdiac
ceOO c\cOe fXUWheU SURgUeVVed WR PiWRWic ShaVe, Ze VWaiQed heaUW VecWiRQV ZiWh M ShaVe PaUNeU,
ShRVShRU\OaWed hiVWRQe (SH3) (SXSSOePeQWaU\ Fig ). We RbVeUYed aQ eOeYaWed QXPbeU Rf SH3
SRViWiYe (SH3+) QRQ-CM iQ TWQ VhRNA gURXS (0.04ௗ�ௗ0.01%, Qௗ=ௗ4, Pௗ=ௗ6.78E-04) cRPSaUed WR cRQWURO
VhRNA gURXS (0.01ௗ�ௗ0.003%, Qௗ=ௗ5). AOWhRXgh Y\1 gURXS VhRZed aQ iQcUeaVed EdU iQcRUSRUaWiRQ iQ
QRQ-CM, XSUegXOaWiRQ Rf Y\1 did QRW fXUWheU iQcUeaVe SH3ௗ+ௗVigQaOV (0.05ௗ�ௗ0.01%, Qௗ=ௗ4, Pௗ=ௗQV) iQ
QRQ-CM Rf Y\1 gURXS cRPSaUed WR TWQ VhRNA gURXS, VXggeVWiQg XSUegXOaWiRQ Rf Y\1 dReV QRW iQcUeaVe
QRQ-CM PiWRViV. We did QRW RbVeUYed SH3ௗ+ௗCM iQ Whe heaUWV Rf aOO WhUee gURXSV, iQdicaWiQg acWiYaWed
CM UeachiQg WR M ShaVe aUe OiPiWed (Fig. 4H).
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OSeQ iQ a VeSaUaWe ZiQdRZ
FigXre 4

UpregXlation of Y\1 promotes cardiac cell c\cle in dilated cardiom\opath\ indXced b\ TWQ shRNA. (A)
QXantitatiYe real-time PCR anal\sis of CFQG1 and CFQG2 e[pression in moXse heart tissXe from control,
TWQ shRNA and Y\1 treated groXps. VirXs does, 0.2Eௗ+ௗ13 Yg/kg. Mice Zere harYest foXr Zeeks after
transdXction. nௗ�ௗ10. (B) Paraffin sections (left) stained Zith DAPI (blXe), cTnI (green) and Ccnd1 (red),
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representing Non-CM and CM Zith positiYe Ccnd1 signal (arroZed); qXantification of Ccnd1ௗ+ௗNon-CM
and CM (right) from control, TWQ shRNA and Y\1 treated groXps, nௗ�ௗ4. (C) Paraffin section (left) and
qXantification (right) of Ccnd2ௗ+ௗin Non-CM and CM respectiYel\, nௗ�ௗ4. (D) Western blot and qXantitatiYe
anal\sis (E) of Y\1, Ccnd1 and Ccnd2 protein leYels in moXse heart tissXe, nௗ=ௗ4. Data Zere normali]ed
b\ Lamin B1 antibod\. FXll-length blots Zere presented in SXpplementar\ Fig. . (F) QXantitatiYe real-
time PCR anal\sis of CFQG1 and CFQG2 e[pression in isolated CM from control, TWQ shRNA and Y\1
treated groXps foXr Zeeks after YirXs transdXction, nௗ�ௗ3. (G) Paraffin section (left) and qXantification
(right) of EdUௗ+ௗin Non-CM and CM respectiYel\, nௗ=ௗ4. (H) Paraffin section (left) and qXantification
(right) of pH3ௗ+ௗin non-CM, nௗ�ௗ4. In (B), (C), (G) and (H), magnificationௗ=ௗ100î, scale barௗ=ௗ10ௗ�m. Data
Zere shoZn as meanௗ�ௗSD and Zere normali]ed to total nXcleXs nXmber labelled b\ DAPI.

USUeJXOaWLRQ RI Ccnd1 aQd Ccnd2 VXSSUeVVeV DCM LQdXced b\ TWn VKRNA

CcQd1 aQd CcQd2 ZaV VigQificaQWO\ eQhaQced b\ Y\1 iQ CM Rf PRXVe heaUWV. TR aVVeVV ZheWheU
eQhaQciQg Rf C\cOiQ D VXSSUeVVeV DCM caXVed b\ TWQ iQVXfficieQc\, Ze cR-iQWURdXced CcQd1 RU
CcQd2 (0.2Eௗ+ௗ13 Yg/Ng) ZiWh TWQ VhRNA (0.2Eௗ+ௗ13 Yg/Ng). CaUdiac SeUfRUPaQce ZaV aVVeVVed b\
echRcaUdiRgUaSh\. CaUdiac fXQcWiRQ (FS) Rf Pice WUeaWed ZiWh CcQd1 RU CcQd2 ZaV VigQificaQWO\
iPSURYed cRPSaUed WR TWQ VhRNA Pice WUeaWed b\ EGFP. CcQd1 RU CcQd2 RYeUe[SUeVViRQ
VigQificaQWO\ VXSSUeVVed DCM iQdXced b\ TWQ VhRNA, VXggeVWiQg c\cOiQ D VeUYeV aV a cUXciaO
dRZQVWUeaP Rf Y\1 WR eQhaQce caUdiac SeUfRUPaQce (SXSSOePeQWaU\ TabOe ).

DLVcXVVLRQ

TWQ WUXQcaWiQg YaUiaQWV aUe eQUiched iQ DCM SaWieQWV VXggeVWiQg a caXVaO effecW Rf TTN YaUiaQWV RQ
DCM . TTN HaSORiQVXfficieQc\ caXVed b\ TTNWY iV ePeUgiQg aV Whe diVeaVe PechaQiVP. TR aVVeVV
ZheWheU TWQ iQVXfficieQc\ caXVeV DCM, Ze XVed VhRNA WR PRdXOaWe TWQ e[SUeVViRQ. B\ UedXciQg a
50% Rf TWQ e[SUeVViRQ, Ze geQeUaWed a PRXVe PRdeO dePRQVWUaWiQg a VeYeUe DCM SheQRW\Se,
iQcOXdiQg YeQWUicXOaU ZaOO WhiQQiQg, diOaWed YeQWUicXOaU chaPbeUV aQd iPSaiUed caUdiac fXQcWiRQ. TR
deYeORS SRWeQWiaO WheUaS\ fRU VXSSUeVViQg DCM caXVed b\ TWQ iQVXfficieQc\, Ze VcUeeQed 10 geQeV
iQYROYed iQ diffeUeQW SaWhZa\V. AV a WUaQVcUiSWiRQaO UegXOaWRU Rf TTN dXUiQg diUecW caUdiac
UeSURgUaPPiQg, Ze iQcOXded Y\1 fRU Whe UeVcXe e[SeUiPeQWV. TWQ e[SUeVViRQ ZaV QRW iQdXced b\ Y\1 iQ
DCM heaUWV caXVed b\ TWQ VhRNA, VXggeVWiQg WhaW Y\1 dReV QRW iQhibiW DCM WhURXgh TWQ geQe
UegXOaWiRQ iQ PRXVe heaUWV. ReceQWO\, Y\1 ZaV VhRZQ WR SURPRWe bRWh NN[2.5 e[SUeVViRQ, caUdiac
SURgeQiWRU ceOO cRPPiWPeQW aQd PaiQWeQaQce dXUiQg eaUO\ ePbU\R deYeORSPeQW . CaUdiRP\Rc\We-
VSecific abOaWiRQ Rf Y\1 PediaWed b\ M\K6-cUe UeVXOWed iQ SeUiQaWaO deaWh Rf PXWaQW Pice, VXggeVWiQg
Y\1 SOa\V aQ iPSRUWaQW UROe iQ eaUO\ aQd OaWe caUdiac OiQeage deYeORSPeQW . IPSRUWaQWO\, YY1 iV VhRZQ
WR be XSUegXOaWed iQ hXPaQ idiRSaWhic diOaWed caUdiRP\RSaWh\ (IDC) aQd heaUW faiOXUe .

We deWecWed RYeU 35 fROd iQcUeaVe Rf CcQd1 aQd CcQd2 iQ caUdiRP\Rc\We QXcOei XSRQ TWQ VhRNA,
iQdicaWiQg caUdiRP\Rc\WeV UeVSRQVe WR TWQ iQVXfficieQc\ b\ acWiYaWiQg ceOO c\cOe UeeQWU\ VigQaOV. We did
QRW RbVeUYed WhiV UeacWiRQ iQ aQRWheU DCM PRdeO caXVed b\ LPQa iQVXfficieQc\. AcWiYaWed
caUdiRP\Rc\We ceOO c\cOe iQdXced b\ TWQ iQVXfficieQc\ dReV QRW adYaQce WR S ShaVe. We fRXQd WhaW
XSUegXOaWiRQ Rf Y\1 SURPRWed caUdiac ceOO c\cOe UeeQWU\ b\ fXUWheU eQhaQciQg CcQd1 aQd CcQd2. Y\1
SURPRWed caUdiRP\Rc\We ceOO c\cOe WR S ShaVe b\ a VigQificaQW iQcUeaVe Rf EdU iQcRUSRUaWiRQ.
HRZeYeU, Ze did QRW deWecW PiWRWic ShaVe PaUNeU SH3 iQ caUdiRP\Rc\WeV, VXggeVWiQg acWiYaWed
caUdiRP\Rc\WeV XQdeUgRiQg PiWRWic ShaVe aUe OiPiWed. IPSRUWaQWO\, USUegXOaWiRQ Rf CcQd1 aQd CcQd2
VXSSUeVVed DCM caXVed b\ TWQ iQVXfficieQc\. TaNeQ WRgeWheU, Y\1 SURPRWeV caUdiac ceOO c\cOe WR
faciOiWaWe WR VXSSUeVV TWQ VhRNA-iQdXced DCM.
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OXU UeceQW VWXd\ VhRZed iQVXfficieQc\ Rf M\bSc3, aQRWheU caXVaO geQe fRU VaUcRPeUic caUdiRP\RSaWh\,
iQdXceV aQ e[WUa URXQd Rf caUdiRP\Rc\We ceOO c\cOe dXUiQg QeRQaWaO VWage . IW iV QRZ Rf gUeaW iQWeUeVW WR
NQRZ ZheWheU WhiV UeacWiYaWiRQ Rf caUdiac ceOO c\cOe iV a cRPPRQ PechaQiVP fRU VaUcRPeUe deficieQc\
aQd eQhaQciQg Rf WhiV SURceVV b\ Y\1 RU RWheU UegXOaWRUV iV abOe WR VXSSUeVV caUdiRYaVcXOaU diVeaVe
UeOaWed WR VaUcRPeUe. ReacWiYaWiRQ Rf caUdiRP\Rc\We ceOO c\cOe dReV QRW aOZa\V Oead WR ceOO QXPbeU
iQcUeaVe. C\WRNiQeViV iV VWiOO UaUeO\ deWecWed iQ adXOW heaUWV XSRQ UegeQeUaWiYe eQhaQcePeQW. Y\1 PighW
SURPRWe h\SeUWURShic gURZWh cRXSOed ZiWh ceOO c\cOe UeeQWU\ aV CcQd2 iV a PediaWRU fRU M\c
RYeUe[SUeVViRQ RU e[eUciVe-iQdXced h\SeUWURShic gURZWh iQ caUdiRP\Rc\WeV . ReceQWO\, Y\1 iV
VXggeVWed WR VeUYe aV a VWUXcWXUaO UegXOaWRU beWZeeQ eQhaQceU aQd SURPRWeU iQWeUacWiRQV aQd faciOiWaWeV
geQe e[SUeVViRQ . ASaUW fURP PRdXOaWiQg ceOO gURZWh, XSUegXOaWiRQ Rf Y\1 PighW iQdeed UeiQVWaWe RU
SURPRWe eQhaQceU - SURPRWeU iQWeUacWiRQ WR UeVWRUe geQe UegXOaWRU\ QeWZRUN d\VUegXOaWed b\ TWQ
iQVXfficieQc\.

OXU VeOecWed caQdidaWeV iQcOXded PaQ\ WheUaSeXWic WaUgeWV fRU heaUW faiOXUe iQcOXdiQg AWS2a2, BcO2,
SRd2 aQd SLUW3 . MRVW Rf WheP faiOed WR SURWecW DCM iQdXced b\ TWQ VhRNA, VXggeVWiQg URRW
caXVeV aQd diVeaVe PechaQiVPV VhRXOd be WaNeQ iQWR accRXQW fRU DCM SUeYeQWiRQ aQd WUeaWPeQW
VWUaWegieV. IW iV Rf gUeaW iQWeUeVW WR NQRZ ZheWheU Y\1 iV abOe WR VXSSUeVV DCM caXVed b\ RWheU geQeV
iQcOXdiQg LMNA, MYH7 aQd PLN. TR WUaQVOaWe RXU UeVeaUch, RQe cRQceUQ iV ZheWheU XSUegXOaWiRQ Rf
Y\1 cRXOd caXVe aQ\ caUdiac defecWV. PUeYiRXV VWXd\ VhRZed RYeUe[SUeVViRQ Rf Y\1 iQdXced a UeOaWiYe
PaUgiQaO h\SeUWURSh\ caUdiRP\RSaWh\ RQO\ iQ PaOe Pice. HeUe, Ze VSecified Whe Y\1 e[SUeVViRQ b\
caUdiac VSecific SURPRWeU, YiUXV dRVe aQd SRVWQaWaO WUaQVdXcWiRQ. IQ cRQWUaVW WR a SUeYiRXV VWXd\, QR
deWecWabOe iPSaiUPeQW Rf caUdiac VWUXcWXUe aQd SeUfRUPaQce ZaV RbVeUYed afWeU a 5 PRQWhV Rf YiUXV
WUaQVdXcWiRQ . TaNeQ WRgeWheU, RXU fiQdiQgV SURYide a VWURQg VXSSRUWiQg eYideQce fRU WUaQVOaWiRQaO
UeVeaUch.

MaWeULaOV aQd MeWKRdV

AQLPaO SURWRcROV

AOO Pice ZeUe PaiQWaiQed aQd VWXdied XViQg SURWRcROV aSSURYed b\ Whe IQVWiWXWiRQaO AQiPaO CaUe aQd
UVe CRPPiWWee (IACUC) Rf NaWiRQaO UQiYeUViW\ Rf SiQgaSRUe. AQiPaO ZRUN ZaV XQdeUWaNeQ iQ
accRUdaQce ZiWh SiQgaSRUe NaWiRQaO AdYiVRU\ CRPPiWWee fRU LabRUaWRU\ AQiPaO ReVeaUch gXideOiQeV.
ReOeYaQW QaWiRQaO aQd iQVWiWXWiRQaO gXideOiQeV aQd UegXOaWiRQV PXVW be cRQVXOWed befRUe cRPPeQcePeQW
Rf aQ\ aQiPaO ZRUN. AOO VWXdieV ZeUe cRQdXcWed iQ PaOe C57BL/6JINV (Ja[) Pice. FRU YiUXV iQjecWiRQ,
50ௗ�O YiUXVeV ZeUe iQjecWed iQWR WhRUacic caYiW\ Rf 10 da\V ROd SXSV Yia iQVXOiQ V\UiQge, aYRidiQg Whe
heaUW aQd OXQgV. FRU EdU iQjecWiRQ, EdU (SigPa, 900584) ZaV diVVROYed iQ VaOiQe aQd 5ௗPg/Ng EdU
ZaV deOiYeUed WR Pice b\ iQWUaSeUiWRQeaO iQjecWiRQ fRU WZR ZeeNV afWeU AAV WUaQVdXcWiRQ. FRU heaUW
haUYeVWiQg, PRXVe ZaV aQeVWheWi]ed b\ 2% iVRfOXUaQe aQd Whe heaUW ZaV e[SRVed b\ RSeQiQg cheVW.
AfWeU WhaW, 15% KCO ZaV iQjecWed iQWR iQfeUiRU YeQa caYa WR achieYe aV\VWROe aW diaVWROe, WheQ Whe heaUW
ZaV UaSidO\ iVROaWed aQd fOXVhed ZiWh D-PBS WhURXgh LV WR ZaVh RXW bORRd. HaOf Rf Whe aSe[ ZaV
iVROaWed aQd iPPeUVed iQ RNALaWeU (QiageQ, 76104) aW URRP WePSeUaWXUe fRU RNA e[WUacWiRQ, ZhiOe
Whe RWheU haOf ZaV VQaS fUR]eQ iQ OiTXid QiWURgeQ fRU SURWeiQ e[WUacWiRQ. The UeVW SaUW Rf heaUW ZaV fi[ed
iQ 4% SaUafRUPaOdeh\de fRU 24ௗhRXUV aQd VXbVeTXeQWO\ ePbedded b\ SaUaffiQ.

EcKRcaUdLRJUaP (EcKR) aQd VXUIace eOecWURcaUdLRJUaP (ECG)

CaUdiac diPeQViRQ aQd fXQcWiRQ Rf Pice WhUee aQd/RU fRXU ZeeNV afWeU YiUXV WUaQVdXcWiRQ ZeUe achieYed
b\ echRcaUdiRgUaSh\ (ViVXaOSRQicV, VeYR 2100, 40 Mh]-550S SURbe). AOO Pice ZeUe VhaYed WR e[SRVe
cheVW aUea RQe da\ befRUe e[SeUiPeQW. DXUiQg echR, 1.5% iVRfOXUaQe ZiWh R[\geQ ZeUe aSSOied WR each
PRXVe, aQd ciQe Rf 300 fUaPeV Rf bRWh B PRde aQd M PRde (OefW SaUaVWeUQaO ORQg aQd VhRUW a[eV) ZeUe
UecRUded ZheQ heaUW UaWe ZaV aURXQd 450±500 bSP. MeaVXUePeQWV ZeUe SURceVVed b\ VeYR�LAB
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(ViVXaOSRQicV IQc.). LV WUaciQgV ZeUe aYeUaged fURP aW OeaVW 3 cRQVecXWiYe heaUW beaWV Rf M-PRde.
LVDD (LV diaVWROic diPeQViRQV), LVWT (LV SRVWeUiRU ZaOO WhicNQeVV), EF (ejecWiRQ fUacWiRQ) aQd FS
(fUacWiRQaO VhRUWeQiQg) ZeUe RbWaiQed fURP VhRUW a[iV iPageV.

CeOO cXOWXUe aQd WUaQVIecWLRQ

HEK293T ceOOV ZeUe cXOWXUed aW 37ௗ�C ZiWh 5% CO2 aQd PaiQWaiQed iQ DMEM (H\cORQe)
VXSSOePeQWed ZiWh 10% FBS, 1ௗPM VRdiXP S\UXYaWe aQd 10ௗ�g/PO geQWaPiciQ. TUaQVfecWiRQ Rf
VhRNA cRQVWUXcWV aQd RWheU SOaVPidV ZaV SeUfRUPed XViQg PEI (PRO\VcieQceV. IQc, 24765-2) accRUdiQg
WR PaQXfacWXUeU¶V iQVWUXcWiRQV.

CaUdLRP\Rc\We LVROaWLRQ

We adaSWed SURWRcRO fURP AcNeUV-JRhQVRQ eW aO. IQ bUief, Whe heaUW ZaV SeUfXVed ZiWh ZaUP EDTA,
SeUfXViRQ bXffeU aQd cROOageQaVe bXffeU WhURXgh LV ZheQ aRUWa ZaV cOaPSed, WheQ heaUW WiVVXe becaPe
VRfWeQed aQd VZROOeQ. AfWeU WhaW, heaUW WiVVXe ZaV WeaUed iQWR SieceV aQd diVVRciaWed b\ SiSeWWiQg. CeOO
VXVSeQViRQ ZaV WheQ SaVVed WhURXgh 100ௗ�P VWUaiQeU aQd SURceVVed WR WhUee URXQdV Rf gUaYiW\ VeWWOiQg.
CaUdiRP\Rc\WeV, iQ Whe SeOOeW, ZeUe haUYeVWed fRU RNA e[WUacWiRQ.

RecRPbLQaQW adeQR-aVVRcLaWed YLUXVeV 9 (UAAV9) SURdXcWLRQ, SXULILcaWLRQ aQd WLWUaWLRQ

PURWRcRO ZaV adaSWed fURP GUiegeU eW aO. IQ bUief, UAAVV ZeUe SURdXced RQ HEK293T ceOOV b\
WUaQVieQW WUiSOe SOaVPid WUaQVfecWiRQ, iQcOXdiQg UAAV YiUaO YecWRU ZiWh geQe WR be deOiYeUed, heOSeU
SOaVPidV SAdǻF6 aQd SOaVPid SAAV2/9 (PeQQ VecWRU CRUe). ThUee da\V afWeU WUaQVfecWiRQ, YiUXVeV
ZeUe cROOecWed fURP ceOO SeOOeWV aQd ZeUe SXUified b\ OSWiSUeS deQViW\ gUadieQW PediXP (SigPa, D-
1556). AfWeU cRQceQWUaWiQg b\ ceQWUifXgaO fiOWeU (MiOiSRUe, UFC910096), YiUXVeV ZeUe aOiTXRWed aQd
VWRUed aW í80ௗ�C. FRU YiUXV WiWUaWiRQ, fRUZaUd SUiPeU: gaWaaaagcagWcWgggcWWWcaca aQd UeYeUVe SUiPeU:
gagcccaWaWaagcccaagcWaWWg ZeUe deVigQed WR WaUgeW aW UAAV geQRPe-cRQWaiQiQg SaUWicOe, cTQT
SURPRWRU UegiRQ, aQd WR deWeUPiQaWe Whe Sh\VicaO WiWeUV b\ TPCR.

LeQWLYLUaO SURdXcWLRQ aQd WUaQVdXcWLRQ

LeQWiYiUaO SOaVPidV WeWR-HAND2, FUW-TeWO-GATA4, WeWR-MEF2C, WeWR-TBX5, WeWR-MYOCD aQd
WeWR-YY1ZeUe RbWaiQed fURP AddgeQe RU b\ cORQiQg. LeQWiYiUXVeV ZeUe SURdXced RQ HEK293T ceOOV.
TZR da\V afWeU WUaQVfecWiRQ, YiUXVeV ZeUe haUYeVWed fURP VXSeUQaWaQW aQd cRQceQWUaWed b\ ceQWUifXgaO
fiOWeU (MiOiSRUe, UFC910096). LeQWi-X  TRT-PCR TiWUaWiRQ KiW ZaV aSSOied fRU WiWUaWiRQ. AV fRU YiUXV
iQfecWiRQ, hXPaQ SUiPaU\ fibURbOaVWV (ATCC PCS-201-010) ZeUe VXbjecWed WR WZR URXQdV Rf RYeUQighW
WUaQVdXcWiRQ aW 50% cRQfOXeQc\.

VKRNA YecWRU cRQVWUXcWLRQ

TWQ VhRNA caQdidaWeV ZeUe deVigQed WR WaUgeW 21 baVe-SaiU geQe-VSecific UegiRQV (IQYiWURgeQ). The
VeTXeQceV Rf PRXVe TWQ VhRNAV aUe aV fROORZV: VhRNA-1: AGTACTTTCAGCTTAATGGTG (E[RQ
262); VhRNA-2: TAAAGAAGCCGATTTCTTGGT (E[RQ 275); VhRNA-3:
ATTACTGGCACACTCAGTTGT (E[RQ 275); VhRNA-4: ATAAGTTGGAGACAAGGAGCG (E[RQ
307). The VeTXeQce agaiQVW LacZ, AAATCGCTGATTTGTGTAGTC, ZaV XVed aV cRQWURO VhRNA. The
PiR-155 bacNbRQe baVed VhRNA caVVeWWe ZaV iQVeUWed aW 3 SUiPe Rf AAV-cTQT-EGFP YecWRU.

RNAVeT OLbUaU\ SUeSaUaWLRQ aQd Qe[W JeQeUaWLRQ VeTXeQcLQJ

TRWaO RNA fURP OefW YeQWUicXOaU WiVVXe Rf PaOe Pice (Qௗ=ௗ3 SeU gURXS) ZaV achieYed WR eVWabOiVh
RNAVeT OibUaU\. RNA VaPSOeV ZeUe SUe-WUeaWed ZiWh TUXVeT SWUaQded TRWaO RNA LibUaU\ PUeS NiW
(IOOXPiQa, RS-122±2201) WR UePRYe abXQdaQW c\WRSOaVPic URNA. The UePaiQiQg iQWacW RNA ZaV
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fUagPeQWed XViQg a chePicaO Pi[, fROORZed b\ fiUVW- aQd VecRQd-VWUaQd cDNA V\QWheViV XViQg UaQdRP
he[aPeU SUiPeUV. EQd-UeSaiUed fUagPeQWV ZeUe OigaWed ZiWh a XQiTXe iOOXPiQa adaSWeU. AOO iQdiYidXaOO\
iQde[ed VaPSOeV ZeUe VXbVeTXeQWO\ SRROed WRgeWheU aQd PXOWiSOe[ed fRU VeTXeQciQg. LibUaUieV ZeUe
VeTXeQced XViQg Whe IOOXPiQa HiVeT. 2000 VeTXeQciQg V\VWeP aQd SaiUed-eQd 101ௗbS UeadV ZeUe
geQeUaWed fRU aQaO\ViV. RNAVeT daWa ZaV deSRViWed WR NCBI. FRU VeOecWiQg SRWeQWiaO WheUaSeXWic geQeWic
caQdidaWeV, 3101 geQeV (ORg fROd chaQge <í0.59 RU >0.7, FDR <0.05) ZeUe ideQWified fURP DCM gURXS
(TWQ VhRNA) cRPSaUed WR cRQWURO gURXS (CWUO VhRNA). FRU diVVecWiQg PROecXOaU PechaQiVP Rf Y\1,
134 geQeV (Pௗ<ௗ0.005 aQd FDR <0.2) ZeUe VeOecWed fURP Y\1 WUeaWed gURXS (TWQ VhRNAௗ+ௗY\1)
cRPSaUed WR TWQ VhRNA gURXS (TWQ VhRNAௗ+ௗEGFP). DiffeUeQWiaOO\ e[SUeVVed geQeV ZeUe XSORaded WR
MRUSheXV fRU HieUaUchicaO cOXVWeUiQg aQd cRORU-cRded heaW-PaS. GeQe RQWRORg\ (GO) Rf each caWegRU\
ZeUe aQaO\]ed b\ GeQe SeW EQUichPeQW AQaO\ViV (GSEA, BURad IQVWiWXWe).

QXaQWLWaWLYe UeaO-WLPe PCR (TPCR)

TUaQVcUiSWiRQ OeYeO ZeUe TXaQWified b\ TPCR. cDNA ZaV V\QWheVi]ed XViQg Ma[iPa FiUVW SWUaQd NiW
(TheUPRFiVheU, K1641) aQd TPCR ZaV caUUied RXW b\ KAPA SYBR FaVW TPCR MaVWeU Mi[ NiW (KAPA
BiRV\VWePV, KR0389). AOO TPCR SUiPeUV aUe OiVWed aV fROORZV:

HLVWRORJLcaO aQd LPPXQRVWaLQLQJ aQaO\VLV

HeaUW VaPSOeV ZeUe fi[ed iQ 4% SaUafRUPaOdeh\de fRU 24ௗhRXUV, WheQ ePbedded iQ SaUaffiQ aQd
VecWiRQed aW 5ௗ�P iQWeUYaOV. PaUaffiQ VaPSOeV ZeUe fXUWheU WUeaWed ZiWh [\OeQe (WR UePRYe SaUaffiQ), Ue-
h\dUaWed, aQd SeUPeabiOi]ed iQ 0.1%(Y/Y) TUiWRQ-X100 iQ PBS. HePaWR[\OiQ aQd eRViQ (HE) ZaV
aSSOied WR RbVeUYe P\Rc\We aUchiWecWXUe aQd MaVVRQ WUichURPe (MT) WR ideQWif\ caUdiac fibURViV.
FibURViV ZaV TXaQWified b\ IPage J. The SeUceQWage Rf fibURViV ZaV caOcXOaWed aV Whe bOXe-VWaiQed aUeaV
diYided b\ WRWaO YeQWUicXOaU aUea. AV fRU iPPXQRVWaiQiQg, bRiOed ciWUic acid ZaV XVed fRU CcQd1, CcQd2,
EdU aQd SH3. PUiPaU\ aQWibRdieV: CcQd1 (AbcaP, ab16663), CcQd2 (CeOO SigQaOiQg TechQRORg\,
3741), SH3 (CeOO SigQaOiQg TechQRORg\, 9718) aQd cTQI (AbcaP, ab8295). OWheU OabeOiQg d\eV: DAPI
fRU QXcOeXV (TheUPRFiVheU, D1306) aQd EdU IPagiQg NiW (TheUPRFiVheU, C10229). AOO Whe SRViWiYe
VigQaOV fURP WhUee cRPSOeWed cURVV VecWiRQV ZeUe cRXQWed fRU each heaUW VaPSOe, aQd daWa ZeUe
QRUPaOi]ed WR WRWaO QXcOeXV QXPbeU.

WeVWeUQ bORWV

FUR]eQ heaUW WiVVXeV ZeUe O\Ved iQ cROd RIPA bXffeU ZiWh SURWeaVe iQhibiWRU (SigPa, 4693116001) aQd
ZeUe hRPRgeQi]ed ZiWh SUechiOOed TiVVXeL\VeU (QiageQ, 25/V, 2ௗPiQV, 3 c\cOeV) b\ addiQg PeWaO beadV.
AfWeU ceQWUifXge, VXSeUQaWaQWV ZeUe cROOecWed WR deWecW SURWeiQV ZiWh VPaOO PROecXOaU ZeighW OiNe Y\1,
CcQd1 aQd CcQd2. 20ௗ�g Rf each VaPSOe ZaV ORaded iQWR SDS-Sage geO aQd fXUWheU WUaQVfeU WR
QiWURceOOXORVe PePbUaQe (0.2ௗ�P, BiRUad, 162-0112) fRU bORWWiQg. PUiPaU\ aQWibRd\ iQcOXdiQg: Y\1
(TheUPRfiVheU, PA5-29171), CcQd1 (AbcaP, ab16663), CcQd2 (CeOO SigQaOiQg TechQRORg\. IQc, 3741),
aQd LaPiQ B1 (AbcaP, ab16048). SecRQdaU\ aQWibRd\ iQcOXdiQg: DRQNe\ aQWi-RabbiW IgG (Hௗ+ௗL)
HighO\ CURVV-AdVRUbed SecRQdaU\ AQWibRd\ (TheUPRfiVheU, A16035).

CRRPaVVLe bOXe VWaLQLQJ IRU TWn SURWeLQ

AV fRU SeOOeW fUacWiRQ, SURWRcRO ZaV adaSWed fURP NeagRe eW aO. . BUiefO\, SeOOeWV ZeUe UeVXVSeQded iQ
VROXbiOi]aWiRQ bXffeU (1% SDS, 1% 2-PeUcaSWReWhaQRO, 10% gO\ceURO, 8ௗ�g/PO OeXSeSWiQ, 4.3ௗPM TUiV±
HCO, SH 8.8, 4.3ௗPM EDTA) aQd VaPSOeV ZeUe fXUWheU iQcXbaWed RQ ice fRU 10ௗPiQV fROORZed b\
bRiOiQg (95ௗ�C) fRU 3ௗPiQV. 35ௗ�g SURWeiQ fURP each VaPSOe ZaV added ZiWh 6ௗ�M Rf bURPRSheQRO bOXe
(SigPa, 114391) aQd WheQ ORaded RQWR agaURVe-VWUeQgWheQed SDS-PAGE geO (3.6% SRO\acU\OaPide, 1%
agaURVe ZiWh a OaePPOi bXffeU V\VWeP). PURWeiQ baQdV ZeUe YiVXaOi]ed b\ SiPSO\BOXe SafeSWaiQ (Life
WechQRORgieV, LC6060) aQd baQd iQWeQViW\ ZeUe TXaQWified XViQg IPageLab (BiR-Rad).
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SWaWLVWLcaO aQaO\VeV

SWaWiVWicaO aQaO\ViV ZaV achieYed b\ PUiVP GUaShSad 7.0. P YaOXe beWZeeQ WZR gURXSV ZaV SeUfRUPed
b\ WZR-WaiOed, XQSaiUed T-WeVW ZiWh WeOWch cRUUecWiRQ, aQd RQe-Za\ ANOVA ZiWh TXNe\¶V PXOWiSOe
cRPSaUiVRQV WeVW fRU PXOWiSOe gURXSV. QXaQWiWaWiYe daWa ZeUe VhRZQ aV PeaQௗ�ௗSD. QV, QRQ-VigQificaQW,
Pௗ>ௗ0.05, *Pௗ<ௗ0.05, **Pௗ<ௗ0.01, ***Pௗ<ௗ0.001.

SXSSOePeQWaU\ LQfRUPaWLRQ

SUPPLEMENTARY INFO

AcNQRZOedgePeQWV

We WhaQN ZeQia TiaQg fRU RNAVeT WechQicaO aVViVWaQce aQd YiTiQg Li fRU aVViVWaQce ZiWh
echRcaUdiRgUaSh. ThiV ZRUN ZaV VXSSRUWed b\ gUaQWV Rf NMRC (J.J., R.F, NMRC/CIRG/1431/2015
aQd NMRC/OFIRG/0056/2017), MOE T1 (J.J, NUHS O-CRG 2016) aQd SWaUWXS (NUHS J.J.).

AXWKRU cRQWULbXWLRQV

J.J. ZURWe Whe PaiQ PaQXVcUiSW We[W; D.L. ZURWe figXUe OegeQdV aQd PaWeUiaOV aQd PeWhRdV, aQd SUeSaUed
FigXUeV 1±4, SXSSOePeQWaU\ FigXUeV 1,2 aQd SXSSOePeQWaU\ TabOeV 1, 2, 3; W.C SUeSaUed FigXUe. 3 aQd
SXSSOePeQWaU\ FigXUeV 2, 3; J.X.W., P.S.C. aQd C.Y.T. SUeSaUed FigXUe. 4 aQd SXSSOePeQWaU\ FigXUeV
1, 4, 5;.L.W.T. aQd R.F. did RNAVeT aQd aQaO\ViV.

DaWa aYaLOabLOLW\

The daWaVeWV geQeUaWed dXUiQg aQd/RU aQaO\Ved dXUiQg Whe cXUUeQW VWXd\ aUe aYaiOabOe iQ Whe NCBI
UeSRViWRU\, hWWSV://ZZZ.Qcbi.QOP.Qih.gRY/TUaceV/VWXd\/?acc=PRJNA565836.

CRPSeWLQg LQWeUeVWV

The aXWhRUV decOaUe QR cRPSeWiQg iQWeUeVWV.
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