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Abstract:Cardfiovascuflardfiseasefisafleadfingcauseofdeathworfldwfide.Thedfifferentfiatfionofhuman

pflurfipotentstemceflfls(hPSCs)fintofunctfionaflcardfiomyocytesofferssfignfificantpotentfiaflfordfisease

modeflfingandceflfl-basedcardfiactherapfies.However,hPSC-derfivedcardfiomyocytes(hPSC-CMs)

remafinflargeflyfimmature,flfimfitfingthefirexperfimentaflandcflfinficaflappflficatfions.Acrfitficaflchaflflengefin

currentfinvfitrocuflturesystemsfistheabsenceofstandardfizedmetrficstoquantfifymaturfity.Thfisstudy

presentsadata-drfivenpfipeflfinetoquantfifyhPSC-CMmaturfityusfinggeneexpressfiondataacross

varfiousstagesofcardfiacdeveflopment. Wedetermfinedthatcuflturetfimeservesasafeasfibfleproxyfor

maturfity.Tofimprovepredfictfionaccuracy,machfineflearnfingaflgorfithmswereempfloyedtofidentfify

heart-reflatedgeneswhoseexpressfionstrongflycorreflateswfithcuflturetfime.Ourresufltsreduced

theaveragedfiscrepancybetweenpredfictedandobservedcuflturetfimeto4.461daysandCASQ2

(Caflsequestrfin2),agenefinvoflvedfincaflcfiumfionstorageandtransport,wasfidentfifiedasthemost

crfitficaflcardfiacgeneassocfiatedwfithcufltureduratfion.Thfisnoveflframeworkformaturfityassessment

movesbeyondtradfitfionaflquaflfitatfivemethods,provfidfingdeeperfinsfightsfintohPSC-CMmaturatfion

dynamfics.Itestabflfishesafoundatfionfordeveflopfingadvancedflab-on-chfipdevficescapabfleofreafl-

tfimematurfitymonfitorfingandadaptfivestfimuflusseflectfion,pavfingthewayforfimprovedmaturatfion

strategfiesandbroaderexperfimentafl/cflfinficaflappflficatfions.

Keywords:cardfiovascuflardfiseases;hPSC-CMmaturfity;geneexpressfion;cardfiacgeneseflectfion;

cuflturetfimepredfictfion

1.Introductfion

Cardfiovascuflardfiseases(CVDs)remafinthefleadfingcauseofdeath worfldwfide,

accordfingtoreportsfromtheAmerficanHeartAssocfiatfionandtheNatfionaflInstfitutesof

Heaflth[1].In2021,CVDswereresponsfibflefor20.5 mfiflflfiondeaths,accountfingfor

one-thfirdofaflflgflobaflfataflfitfies[2]. Inthe UnfitedStates,onepersondfiesfrom

cardfiovascuflardfiseaseevery33s,wfithheartdfiseasefimposfinganeconomficburdenof

approxfimateflyUSD252.2bfiflflfionannuaflflyfrom2019to2020[3].Thesestatfistficshfighflfight

theurgentneedforeffectfivetreatmentsforheartdfisease.

Humanpflurfipotentstemceflfl-derfivedcardfiomyocytes(hPSC-CMs)representa

promfisfingsoflutfionbyprovfidfingapotentfiaflflyunflfimfitedceflflsuppflyforappflficatfionssuch

asceflfl-basedcardfiacregeneratfiontherapy,drugtoxficfityscreenfing[4],andcardfiovascuflar
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dfiseasemodeflfing[5].However,curfingmyocardfiaflfinfarctfion,thefleadfingcauseofdeath

amongaduflts,requfiresmaturehPSC-CMsthatcfloseflyresembfleadufltcardfiomyocytes

(CMs).ImmaturehPSC-CMs,wfiththefirfinherentflyfasterbeatfingrates,posetherfiskof

finducfingflethaflarrhythmfiasfiftranspflantedfintorecoverfingaduflthearts.Thfisemphasfizes

thecrfitficaflneednotonflytodfifferentfiateCMsfromhPSCsbutaflsotoeffectfiveflypromote

thefirmaturatfion.

ToenhancethematurfityandfunctfionaflfityofhPSC-CMs,researchershaveexpflored

severaflapproaches,suchas mechanficaflstressstfimuflatfion,eflectrficaflstfimuflatfion,

bfiochemficaflcues,3Dcardfiactfissueremodeflfing,substratestfiffness modfificatfion,

combfinatorfiaflco-cuflturetoharnessparacrfineeffects,and mfitochondrfiaflproteomfic

anaflysfistosupport metaboflficdeveflopment[6–8]. Despfitetheseefforts,hPSC-CMs

generatedfinvfitrostfiflflexhfibfitcharacterfistficsofneonatafl(fimmature)cardfiomyocytes,

faflflfingshortfincardfiacmarkers,actfionpotentfiaflprofifles,andmorphoflogycomparedto

mature CMs[9,10]. Thfisfimmaturfitysfignfificantflyflfimfitsthefirexperfimentafland

cflfinficaflappflficatfions.

Sfincethe maturatfionprocessofhPSC-CMsfisfinfluencedbynumerousfactors,

deveflopfingefficfientstrategfiesrequfiresadeepunderstandfingofhowfindfivfiduaflor

combfinedfactorsdrfivematuratfion. Currentfly,hPSC-CMmaturfityfisassessedusfing

varfiousbfioflogficaflmethodsthatexamfineaspectssuchasceflflmorphoflogyandstructure,

eflectrophysfioflogy,caflcfiumhandflfing,andgeneexpressfion[11,12].However,asfignfificant

chaflflengewfithexfistfingfinvfitrohPSC-CMcuflturesystemsfistheflackofstandardfized

metrficsandprotocoflsforquantfifyfingoveraflflmaturfity.Thfisflfimfitatfionhfindersboththe

comprehensfiveevafluatfionofmaturatfionstagesandthedeveflopmentofeffectfivestrategfies

toenhancematuratfion.

Sfimfiflartohumandeveflopment, whereanfindfivfiduafl’struebfioflogficaflagefis

unobservabflebutcanbefinferredthroughvarfiousproxfies(e.g.,chronoflogficaflage,bone

age,andteflomereflength),thematurfityfleveflofhPSC-CMscanbeapproxfimatedusfing

measurabflefindficatorssuchaspost-dfifferentfiatfiontfimeandbfioflogficaflmarkers(e.g.,gene

expressfionprofifles).Basedonthfishypothesfis,weproposeadata-drfivenapproachto

addressthechaflflengesassocfiatedwfithassessfinghPSC-CMmaturfityfincurrentfinvfitro

cuflturesystems.Adata-drfivenmodeflfisatechnoflogybasedontheanaflysfisofthedata

aboutaspecfificsystemthatcanfindthereflatfionshfipbetweenvarfiabflesfinthesystem

wfithoutexpflficfitknowfledgeofthephysficaflbehavfiorofthesystem[13–15].

Ourproposedapproachwfiflflfirstassessthefeasfibfiflfityofapproxfimatfingtruematurfity

fleveflsusfingobservabflemetrfics.Subsequentfly,machfineflearnfingaflgorfithmswfiflflbeappflfied

tofidentfifybfioflogficaflmeasurementsthatstrongflycorreflatewfiththesematurfityproxfies,

enabflfingmoreaccuratepredfictfionsofmaturfityflevefls.Thfismethodnotonflyenhancesour

understandfingofthematuratfionprocessbutaflsouncoversflatentmaturatfionstates.In

partficuflar,wfith48,804geneprobedataatmufltfipflefinvfitrocuflturetfimepofints[16],the

data-drfivenmodeflfisapromfisfingmethodforthequantfitatfiveevafluatfionofthehPSC-CM

maturfityflevefl.Basedonthegeneprofifledata,whfichspandfifferentstagesofcardfiac

deveflopment,wehaveverfifiedthathPSC-CMscancontfinuaflflymaturetowardmore

aduflt-flfikehPSC-CMsupto120days.Then,byadoptfingfinvfitrocufltureduratfionas

theproxytoestfimatethematurfityfleveflofhPSC-CMs,thesegeneprobeswereranked

basedonthefirfimportancetopredfictthecufltureduratfion.Specfificaflfly,thfisrankfingof

genefimportancereflectsthewefightassfignedtoeachgenefinthemachfineflearnfing-based

predfictfionmodefl,findficatfingfitscontrfibutfiontoexpflafinfingthevarfiancefincuflturetfime.Ffive

dfifferentpredfictfivemethodshavebeenproposedandtheresufltsshowedthatthemost

accuratecuflturetfimepredfictfionhasanaverageerrorof4.461days,andthemostfimportant

cardfiacgenethatcorreflatestothecuflturetfimefisGeneCASQ2(Caflsequestrfin2),whose

protefinpflaysaroflefinthestorageandtransportatfionofcaflcfiumfions.

Themajorfeaturesofthfisworkareasfoflflows.(1)TheexfistfinghPSC-CMmaturfity

quantfificatfionschemesmafinflyfocusondecfidfingwhetherthehPSC-CMsarematureornot.

Forthefirsttfime,wehaveproposedadata-drfivenpfipeflfinethatfiscapabfleofquantfifyfing
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thematurfityflevefloftheceflflfinvfitrowfithafinergranuflarfity.(2)Theseflecteddomfinatfing

cardfiacgenescangufidethedesfignofmoreefficfientstfimuflatfionschemestopromote

hPSC-CMmaturatfion.(3)Thedata-drfivenapproachopensthedoorofhPSC-CMstudyto

mufltfidfiscfipflfinaryresearcherswfithoutastrongbfioflogybackground.

Theremafinderofthepaperfisorganfizedasfoflflows.Sectfion2fintroducesexfistfing

bfioflogficaflstudfiesonthematurfitydetermfinatfionmethodsforhPSC-CMs.Sectfion3verfifies

thefeasfibfiflfityofadoptfingfinvfitrocufltureduratfionastheproxytoestfimatethematurfity

fleveflofhPSC-CMs.Sectfion4expflafinsthecardfiacgeneseflectfionandcufltureduratfion

predfictfionmodefls.Sectfion5presentstheresuflts,Sectfion6dfiscussestheflfimfitatfionsofthe

studyandfuturework,andSectfion7concfludesthepaper.

2.ReflatedWorks

Ascomparedtohumanadufltcardfiomyocytes,thecurrentfinvfitrohPSC-CMsremafin

flargeflyfimmature.Bytheprfincfipfleof“fifyoucannotmeasurefit,youcannotfimprovefit”[17],

thesflowflymovfinghPSC-CMmaturatfionresearchfischaflflengedbytheflackofaconvenfient

andstandardmethodtoassesshPSC-CMs’degreeofmaturfityquantfitatfivefly.Currentfly,

researchershavebeenusfingvarfiousbfioflogficaflmethodstoevafluatewhetherhPSC-CMs

arebecomfingmorematuretowardsadufltCMsfromvarfiousaspects:morphoflogyand

structure,caflcfiumhandflfing,contractfiflefunctfionandeflectrophysfioflogficaflpropertfies,and

geneexpressfion.ThedfifferencesbetweenfimmatureCMsandmatureCMsfinthesefour

aspectsaresummarfizedfinFfigure1

Maturfity Evafluatfion

Morphoflogy & Structure

Gene Expressfion

Contractfifle Functfion&
Eflectrophysfioflogficafl 
Propertfies

Caflcfium Handflfing

hPSC-CMs

Round
Low: Length to wfidth ratfio

Hfigh: MYH6, N2A
Low: MYH7, N2B, cTnfl, SERCA2, ITPR3, CAV3, RYR2, 

CASQ2, COX6A2, S100A1, SCN5A, MYOM2/3

Hfigh: Spontaneous beatfing
Low: Force, upstroke, and conductfion veflocfitfies

Sflow: Ca2+ transfients

Aduflt CMs

Eflongated
Hfigh: Length to wfidth ratfio

Low: MYH6, N2A
Hfigh: MYH7, N2B, cTnfl, SERCA2, ITPR3, CAV3, RYR2, 

CASQ2, COX6A2, S100A1, SCN5A, MYOM2/3

No: Spontaneous beatfing
Hfigh: Force, upstroke, and conductfion veflocfitfies

Exhfibfit: Compflex Ca2+ homeostasfis
Enabfle: Tfight controfl of contractfion and reflaxatfion

.Thedetafiflsoftheseaspectsareprovfidedbeflow.

Ffigure1.ExfistfingmaturfityevafluatfionmethodsofhPSC-CMs.

2.1.MorphoflogyandStructure

TheprocessfromhumanfetaflCMstoadufltphenotypefinvfivotakes6to10years[18].

However,hPSC-CMscanbegeneratedwfithfin15daysoffinvfitrodfifferentfiatfion[19].To

nurturemorematurehPSC-CMs,researchersfincreasedcuflturfingtfimeupto120days

andfoundkeychangesfincuflturedhPSC-CMs[11].Themafindfifferencecanbecflassfified

fintofourparts:(1)shapeoftheceflfl;(2)sarcomeres:acontractfifleunfitofthemuscflefiber;

(3)sarcopflasmficretficuflum(SR):aflsoastructurefoundwfithfinmuscfles,themafinfunctfionof

whfichfistostorecaflcfiumfionsCa2+;and(4)transversetubufles(T-tubufles):aceflflmembrane

thatpenetratesthecenteroftheskefletaflandcardfiacmuscfleceflfl.

AsfiflflustratedfinFfigure 1,adufltcardfiomyocytesare weflflaflfigned,rod-flfike,

mufltfinucfleatedceflfls.Theyhavehfighflyorganfizedsarcomeresandweflfl-deveflopedSRand

T-tubufles.InfimmaturehPSC-CMs,thosefeaturestendtobeflackfing.ThehPSC-CMsare

smaflfl,rounded,mononucfleated,wfithdfisorganfizedandshortersarcomeres. Moreover,

hPSC-CMshavepoorflydeveflopedSRandnoT-tubufles[12].

DataCoflflectfionandProcessfingMethods:Durfingthecuflturfingperfiodof120days,the

statusofhPSC-CMscanbedfivfidedfintotwostages:theearflystage(from20daysto40days)

andtheflatestage(from80daysto120days).Durfingthecufltureprocess,thehPSC-CMsare

observedunderthemficroscope.Ceflflfimagesarecapturedandsavedfintoacomputer.The

parametersofsarcomereflength,ceflflperfimeter,ceflflarea,percentageofmufltfinucfleatfion,and
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cfircuflarfityfindex(ratfiobetweentheceflflwfidthandflength)areobtafinedwfithapproprfiate

fimageanaflysfissoftware[11].

2.2.CaflcfiumHandflfing

InadufltCMs,T-tubuflesandSRareweflfldeveflopedtoreguflateCa2+finducedCa

reflease(CICR)andfastexcfitatfion-contractfioncoupflfing(ECC).Thesharpandunfiform

fincreaseoffintraceflfluflarCa2+concentratfionfinadufltCMsfisfimportantforthesynchronfized

contractfionfinmufltfipflesarcomeres.Bycontrast,finhPSC-CMs,T-tubuflesareabsentandSR

fisunderdeveflopedwfithflowexpressfionforthemostpartofsarcoendopflasmficretficuflum

caflcfiumATPase(SERCA)andotherkeyprotefins.

DataCoflflectfionandProcessfingMethods:Caflcfiumfimagfingtechnoflogyreferstoa

methodformonfitorfingcaflcfiumfionconcentratfionfintfissuesusfingcaflcfiumfionfindficators

nameddyes.Thecuflturedsflfipfisobservedunderthemficroscopeafterpflacfingthecoversflfip

cuflturedwfithhPSC-CMsfinaPetrfidfishcontafinfingthedyesoflutfionforabout30mfinat

37degreesCeflsfius. Imagesarecapturedandquantfified wfithapproprfiatefimage

anaflysfissoftware.

2.3.ContractfifleFunctfionandEflectrophysfioflogficaflPropertfies

ThecontractfiflefunctfionfisafundamentaflstatusfindficatorofCMs.(1)ThehPSC-CMs

andfetaflCMsdfispflayacomparabfleforcegeneratfioncapacfity(0.22±0.70mN/mm2to
11.8±4.5mN/mm2finhPSC-CMsand∼0.4mN/mm2finfetaflCMs),whfifleadufltCMs
generatemuchflargerforces(∼51mN/mm2)[20].(2)ThehPSC-CMsaflsoshowfimmaturfity
finthefireflectrophysfioflogficaflpropertfies,ascomparedwfithadufltCMs,fincfludfingreduced

eflectrficaflexcfitabfiflfity,hfigherrestfingmembranepotentfiafl(−20to−60mVvs.∼−90mV),
flowcapacfitance(30–50pFvs.∼150pF),smaflflerupstroke(15–50V/svs.180–400V/s)and
conductfionveflocfity(2.1–20cm/svs.41–84cm/s),andpresenceofspontaneousbeatfing,

whfichfisfoundfinearflyfetaflCMs[21].

DataCoflflectfionandProcessfingMethods:Contractfifleandeflectrophysfioflogficafldata

aremonfitoredandcoflflectedfinreafltfimebydevficessuchasHEKAEPC-10patch-cflamp

ampflfifier.Thechangesfincontractfifleandeflectrophysfioflogficaflpropertfiesareanaflyzedby

approprfiatesoftware,e.g.,PatchmasterandIgorPro[22].

2.4.GeneExpressfion

DurfingthecuflturfingofhPSC-CMs,severaflcardfiac-specfificgenesexpressamore

adufltheart-flfikeexpressfionfleveflovertfime,suchasCASQ2,CRYAB,MYH6,MYH7,TNNI3,

andACTC1.(1)GeneCASQ2resufltsfinamorematurecaflcfiumhandflfingphenotype

durfingcuflturfing[23].TheCASQ2geneprovfidesfinstructfionsformarkfingaprotefincaflfled

caflsequestrfin2foundfinmyocytes,wherefitfisfinvoflvedfinstorfingandtransportfingcaflcfium

fions.(2)CRYABfisapartofthesmaflflheartprotefinfamfiflyandfunctfionsasamoflecuflar

chaperonethatprfimarfiflybfindsmfisfofldedprotefinstopreventprotefinaggregatfion,finhfibfit

apoptosfis,andcontrfibutetofin-trficeflfluflararchfitecture.(3)Inanadufltheart,thegenes

MYH6andMYH7arepredomfinantflyexpressedfintheventrficfleandatrfium,respectfivefly.

AsthecuflturetfimeofhPSC-CMsfisproflonged,thegeneexpressfionfleveflofMYH7and

MYH6tendstomaturetowardtheadufltcardfiomyocyteflevefl.Aflso,MYH7andMYH6

provfideessentfiaflfinstructfionstoformpartofaflargeprotefincaflfledtypeIImyosfinthat

generatesthemechanficaflforcetopumpbfloodtotherestofthebody.(4)Thefleveflof

TNNI3expressfiongraduaflflyfincreaseswfiththecuflturetfime.TheTNNI3geneprovfides

finstructfionformakfingaprotefincaflfledcardfiactroponfinI,whfichheflpscoordfinatetheheart’s

contractfion.(5)ACTC1fisthemajorprotefinofthethfinfiflamentfincardfiacsarcomeres.Some

otherfimportantcardfiac-specfificgenesareflfistedfinTabfle1.
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Tabfle1.The21exampflecardfiac-specfificgenesandfofldchangeexpressfion.

Gene Descrfiptfion Aduflt1 Aduflt2 Day120 Day0

ACTC1 Actfin,aflpha,cardfiacmuscfle1 15.64 15.60 15.48 9.74
MYH7 Myosfinflfightchafin7 15.62 15.62 14.02 6.82
CRYAB CrystaflflfinaflphaB 15.52 15.48 13.81 6.80
TNNC1 TroponfinC1,sflowskefletaflandcardfiactype 15.50 15.30 14.57 7.46
MYL2 Myosfinflfightchafin2 15.43 15.38 14.56 6.99
MYL3 Myosfinflfightchafin3 15.15 15.18 14.60 6.86
MYH6 Myosfinflfightchafin6 14.71 15.57 15.01 6.99
MB Myogflobfin 14.59 14.50 13.67 6.90

MYBPC3 MyosfinbfindfingprotefinC,cardfiac 14.54 14.71 13.96 6.85
TNNT2 TroponfinT2,cardfiactype 14.51 14.08 13.72 7.48
TNNI3 TroponfinI3,cardfiactype 14.37 14.06 12.32 7.95
CKMT2 Creatfinekfinase,mfitochondrfiafl2 14.22 14.29 12.45 7.16
NPPA NatrfiuretficpeptfideA 14.17 14.95 15.22 6.84
CASQ2 Caflsequestrfin2 14.08 13.69 12.41 6.92
HRC Hfistfidfinerfichcaflcfiumbfindfingprotefin 14.02 13.96 11.81 7.38
MYL7 Myosflfinflfightchafin7 13.65 14.24 15.07 7.11
ACTN2 Actfinfinaflpha2 12.15 11.31 10.59 7.48
NKX2-5 NK2homeobox5 11.10 11.03 10.71 6.76
PLN Phosphoflamban 10.79 8.28 11.50 6.88
LDB3 LIMdomafinbfindfing3 9.15 8.76 8.92 6.86
KCNH2 Potassfiumvofltage-gatedchanneflsubfamfiflyHmember2 8.16 8.52 8.07 7.10

DataCoflflectfionandProcessfingMethods:Thedfifferentfiatfionprotocoflfisperformed

overmfiflflfionsofceflfls.Atdfifferentcuflturedates,theseceflflsareremovedforRNAsampfle

coflflectfion,andtotaflRNAfromhPSC-CMscanbefisoflatedusfingreagentbyfoflflowfingthe

manufacturer’sprotocofl[24,25].Toobtafinthegeneexpressfionprofifles,48,804genesare

probedwfiththemficroarraymethod,whfichcandetermfinewhethertheRNAorDNAfrom

apartficuflarfindfivfiduaflcontafinsagenemutatfion.ThegeneexpressfionprofifleofhPSC-CMs

fisthencomparedwfithadufltCMsbyconductfingstatfistficafltests.

3.ThehPSC-CMMaturfityEvafluatfionProxy

Toproposeadata-drfivenmodeflcapabfleofquantfifyfingthematuratfionstageof

hPSC-CMswfithfinegranuflarfity,wefirstexamfinethegeneexpressfiondatacoflflected

durfingcuflturfing.

3.1.Cardfiac-SpecfificGeneDataCoflflectfion

ThemfiRNAexpressfionsofhPSC-CMs(Supp_tabfle4fin[25])areadoptedasfinputdata

toanaflyzethematuratfionprocess.Thegeneexpressfiondatasetsfincflude(a)themRNA

expressfion coflflected for a set of fin vfitro cuflture tfime pofints fin

T={0,3,7,10,14,20,28,35,45,60,90,120}days;(b)twofindependentrunsoftheaduflt
mRNAexpressfion,nameflyaduflt1sampfleandaduflt2sampfle,wherethecuflturetfimefis

findficatedast∗> >120,approxfimateflytwoyears.
Onday t ∈ T,three mfiflflfionceflfls weresampfledforRNAcoflflectfionand

N={1,...,203}cardfiacgenesflfistedfintheGenomficInstfituteoftheNovartfisResearch
Foundatfion(GNF)expressfionatflaswereprobed[26].Forthefi-thprobedcardfiacgene

expressfion,fi∈N,thefofldchangevaflueytfifismeasured,whfichfisusedtodescrfibethe
degreeofchangefromthefinfitfiaflgeneprofifleofthefetaflsampfletothegeneprofifleon

dayt.

ytfi=flog2
ztfi

z
t0
fi

,∀fi∈N,∀t∈T, (1)
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whereforthefi-thgene,ztfifindficatesthecorrespondfinggeneprobeprofifleofthehPSC-CMs

ondayt,andz
t0
fifisthefinfitfiaflprofifleofthefetaflhPSC-CMs.Theflog2transformedtheratfio

to“fofld”,fi.e.,“tfimes”,whereytfi=1meansz
t
fifisdoubflfingz

t0
fi.

Theresufltfingfofldchangedatasetgfivenbeflowwfiflflbeusedtoverfifywhethercuflture

tfimecanserveastheproxyofthematurfityfleveflofhPSC-CMs.

(1)AsetoffofldchangevafluesYt={ytfi|fi∈N}forhPSC-CMsondayt∈T,where
ytfifisthefofldchangevaflueofthefi-thgene.(2)Y

∗={y∗fi|fi∈N}foradufltCMsondayt
∗,

wherey∗fifisthefofldchangevaflueofthefi-thgene.

3.2.MaturatfionLeveflvs.CufltureDuratfion

TocomparethefofldchangesoftheheartsfignaturegenesbetweenhPSC-CMsonday

tandadufltCMsondayt∗,thePearsoncorreflatfioncoefficfientrYt,Y∗hasbeencaflcuflated

durfingthehPSC-CMsdfifferentfiatfionfortworandomvarfiabflesYtandY
∗.

rYt,Y∗=
covYt,Y∗

δYtδY∗
=

∑
fi∈N
(ytfi−Yt)(y

∗
fi−Y

∗)

∑
fi∈N
(ytfi−Yt)

2∑
fi∈N
(y∗fi−Y

∗)2
, (2)

wherecovfisthecovarfianceandσfisthestandarddevfiatfion.N=203fisthesampflesfize,
whfichequaflsthetotaflnumberofsampflecardfiacgenesfindexedbyfi.ForhPSC-CMsonday

tdurfingfinvfitrodfifferentfiatfion,Yt= ∑fi∈Ny
t
fi/Nfisthesampflemeanofthe203genes.

ForadufltCMs,Y∗= ∑fi∈Ny
∗
fi/Nfisthecorrespondfingsampflemean.

Pearsoncorreflatfioncoefficfientfisameasureofthesfimfiflarfityoftworandomvarfiabfles

between−1and1.IfYtandY∗arehfighflycorreflated,fi.e.,|rYt,Y∗|fiscfloseto1,fitfis
reasonabfletobufifldamodeflsuchthatYtcanbepredfictedbasedonthevaflueofY

∗.An

exampflereflatfionshfipbetweentheresponseYtandthepredfictorY
∗canbedescrfibedasa

flfinearfunctfion:

Yt=αt+βtY
∗,∀t∈T, (3)

whereYtfisthepredfictedresponseofYt.Thecoefficfientsαtandβtarethefinterceptand

sflope,respectfivefly.βtteflflshowmuchthedependentvarfiabfleYtfisexpectedtofincrease

whenthefindependentvarfiabfleY∗fincreasesbyone.

ForthesfimpfleflfinearregressfionmodeflfinEquatfion(3),αtandβtareseflectedto

mfinfimfizethedfifferencebetweenthepredfictedresponseYtandthemeasuredresponseYt.

Inpartficuflar,toquantfifyhowmuchvarfianceremafinsafterfittfingtheflfinearmodefl,thesum

ofsquarederror(SSE)fisadoptedtomeasuretheperformanceofthepredfictfivemodefl.

SSE=∑
fi∈N

(ytfi−Yt)
2, (4)

whereSSEfismeasuredbythesquareddfifferencesbetweenthepredfictedandactuafltarget

vaflues.TomfinfimfizeSSE,thecoefficfientshavethefoflflowfingvaflues.

βt=rYt,Y∗
δY∗
δYt
,

αt=Yt−βY∗,
(5)

wheretheabovecoefficfientsarederfivedbysettfingthepartfiaflderfivatfiveofSSEto0.As

comparedwfithsflopeβt,rYt,Y∗canbetreatedasthestandardfizedsflopeofthesfimpfleflfinear

regressfionmodefl.

Meanwhfifle,thecoefficfientofdetermfinatfion,R2Yt,Y∗,measuresthat“R
2
Yt,Y∗
×100%of

thevarfiatfionfinYtfisreducedbytakfingfintoaccountpredfictorY
∗”.R2Yt,Y∗teflflshowmuch

ofthetotaflvarfiancecanbeexpflafinedbytheflfinearmodefl.
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R2Yt,Y∗=1−
SSE

SST
=1−

SSE

∑
fi∈N
(ytfi−Yt)

2
, (6)

wherethesumofsquaredtotafl(SST)quantfifiesthetotaflvarfianceofthetargetoutcomeas

thesumofsquareddfistancebetweenfindfivfiduafldatapofintytfiandthemeanoftheresponse

varfiabfleYt.NotethatfortheflfinearregressfionmodeflfinEquatfion(3),R
2
Yt,Y∗

=(rYt,Y∗)
2.

AsfiflflustratedfinTabfle2,R2Yt,Y∗fincreaseswfithcuflturetfimet.Inpartficuflar,thesquared

PearsoncorreflatfioncoefficfientR2Y28,Y∗=0.55showsamoderateposfitfiveflfinearreflatfionshfip
betweenthegeneexpressfionprofiflesofday28hPSC-CMsandadufltCMs. Meanwhfifle,

thevaflueof93.0%finFfigure2suggestsastrongflfinearreflatfionshfipbetweentwoaduflt

sampfles,whereonfly7%ofthevarfiatfionfintheaduflt2sampflefisflefttoexpflafinaftertakfing

fintoaccounttheaduflt1sampflefinaflfinearway.However,knowfingthehPSC-CMsare

contfinuaflflybecomfingmaturefisnotsufficfient.Thequantfificatfionofthematurestagewfiflfl

bedfiscussednext.

Tabfle2.Thecoefficfientofdetermfinatfion.

Tfimet R2Yt,Y∗ Tfimet R2Yt,Y∗

Day0 0.08 Day28 0.55
Day3 0.09 Day35 0.58
Day7 0.12 Day45 0.59
Day10 0.23 Day60 0.61
Day14 0.37 Day90 0.61
Day20 0.49 Day120 0.65

Ffigure2.Comparfisonofthecardfiac-specfificgenesbetweenadufltCMsandhPSC-CMs.

4.Data-DrfivenMaturfityQuantfificatfion

AfimfingforaneffectfiveaflgorfithmtoquantfifythematurfityfleveflofhPSC-CMs,thedata-

drfivenpfipeflfinefinFfigure3fisdesfignedtoseflectcardfiac-specfificgenesandthenmapthose

genestothefinvfitrocuflturetfimet,whfichfisadoptedastheproxyofthematurfitystage.
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Data Coflflectfion 

Step 1 
Data Expfloratfion and Pre-process  

(Cflean + Integrate) 

Step 2 
Feature Seflectfion 

(Trafinfing Data + Feature Rankfing) 

Step 3 
Predfictfive Modeflfing  

(Trafinfing Data + Regressfion Aflgorfithm) 

Step 4 
Modefl Evafluatfion 

(Testfing Data + Ffitted Modefl) 

Acceptabfle? 

Modefl Depfloyment 
(Maturatfion Levefl Predfictfion) 

Yes 

No 

Ffigure3.Thedata-drfivenmaturatfionquantfificatfionpfipeflfine.

4.1.Data-DrfivenMaturfityQuantfificatfionPfipeflfine

DataCoflflectfion: Wecoflflectedtwopubflficflyavafiflabfledatasetswfithgene-specfificfofld

changevafluesacross12finvfitrocuflturetfimepofintsfinT.Thefirstdatasethasrecorded
203cardfiacgenesforonegroupofceflfls(Supp_tabfle4fin[25]),andtheseconddatasethas

48,804genesrecordedforthreegroupsofceflfls(GSM873339–GSM873374fin[16]).

Step1:Sfincebothdatasetsarecoflflectedfinthesamecuflturfingenvfironmentsettfing,to

fintegratethemandfincreasethedatavoflume,thegene“ID”(usedbydataset2)fismapped

tothe“ILMN_Gene”(usedbydataset1)accordfingtotheGPL6884tabflefin[27],whfichcan

transflatethe“unfiquefidentfifierfortheprobe”tothe“finternaflgenesymbofl”.Sfincemufltfipfle

IDscanmaptothesameILMN_Gene,weremovetheredundantentrfiesfindataset2.

Aftercfleanfingdataset2andtakfingthefintersectfionofgenesymboflsfinbothdatasets,

theresufltfingfintegrateddatasethas48datarecords:fourgroupsofceflflsacross12finvfitro

cuflturetfimepofints.Foreachrecord,189genesflfistedfinTabfleA1finAppendfixAare

recorded.Fornotatfionsfimpflficfity,thegenesthatarefedfintothenextsteps(featureseflectfion

andpredfictfivemodeflfing)aredenotedasX={xfi|fi∈Nc},wherexfirepresentsthefofld
changevaflueofthefi-thcardfiacgenefinNc={1,...,189}.

Steps2–3: Wfith48recordsof{X,T},thetrafin–testspflfitfinTabfle3separatesthetotafl
datasetfintotwoparts:M trafin={1,...,Mtrafin}recordsfortrafinfingandtheremafinfing
M test={1,...,Mtest}fortestfing.Basedonthetrafinfingdata,asubsetofXfisseflectedsuch
thatregressfionanaflysfiscanbeconductedtoflearnafunctfionfandpredfictT.

T=f(X′),X′⊆X, (7)

whereTfisthetfimeestfimatedbythepredfictfivemodeflf.
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Tabfle3.Trafinfingandtestfingdatasets.

Dataset NumberofRecords Percentage

Trafinfing Mtrafin=40 85%
Testfing Mtest=8 15%

Thepurposeoffeatureseflectfionfistoremoveunnecessary,firreflevant,andredundant

genes. TheremafinfingfimportantcardfiacgenesfinX′areusefufltocreateanaccurate

predfictfivemodeflf,whfichafimstomfinfimfizetheroot-mean-squareerror(RMSE).

f=argmfinRMSE(T)=argmfin
1

Mtrafin
SSE(T), (8)

whereforthej-thtrafinfingrecord,Tjfisthegroundtruth,andTjfisthecorrespondfing

estfimatedvaflue.SSE(T)=∑j∈Mtrafin(Tj−Tj)
2fisthesumofsquarederrorsofpredfictfing

T,whfichmeasuresthedevfiatfionbetweentheobservedvaflueandthetruevaflue.

Notethatafterspflfittfingthetrafinfingdataandtestdata,thestandardfizatfionof

numerficaflfeaturesfisperformedovertrafinfingdata,suchthateachgene’sfofldchange

vafluehaszeromeanandunfitvarfiance.

xNormaflfizedfi,j =
xfi,j−x̄fi
σxfi

,∀j∈ Mtrafin∪ Mtest, (9)

wherexfi,jfisthefofldchangevaflueofthefi-thgenefinthej-thcoflflectedrecord.Foreach

cardfiac gene, based on aflfl necessarystatfistfics ofthetrafinfing data(mean

xfi = ∑j∈Mtrafinxfi,j/Mtrafinandstandarddevfiatfionσxfi),thestandardfizatfionfisaflso

performedontestdata.Fornotatfionsfimpflficfity,wedroppedthesuperscrfiptNormaflfizedfin

therestofthepaper.

Wfithaflflofthenumerficaflvafluesfinthedatasetbefingstandardfized,nogenecan

domfinatetheobjectfivefunctfionandmaketheestfimatorunabfletoflearnfromotherfeatures

correctflyasexpected.

Step4:Toverfifytheperformanceofthefeatureseflectfionaflgorfithmandpredfictfive

modeflfing,thestandardfizeddatarecordsfinthetestdatasetarefedfintothemodefl,andthe

correspondfingRMSEandR2scoreareadoptedastheperformanceevafluatfionmetrfics.

R2
T,T
=1−

∑
j∈Mtest

Tj−Tj
2

∑
j∈Mtest

Tj−Ttest
2
, (10)

whereTtest=(∑j∈MtestTj)/Mtestfistheaveragegroundtruthcuflturetfimeofthetestfing

data.R2fisthefractfionofthetotaflsumofsquaresthatfisexpflafinedbytheregressfion,and

thecfloserR2fisto1,thebetterthemodefl.

SfinceSteps1and4arefixedfortheproposedpfipeflfine,tofimprovetheperformanceof

thehPSC-CMcuflturetfimepredfictfion,thefoflflowfingfeatureseflectfionaflgorfithms(Step2)

andpredfictfivemodeflfing(Step3)arefinvestfigatedfinourstudy.

• Method1(M1):Ffifltermethodandflfinearregressfion;

• Method2(M2): Wrappermethod;

• Method3(M3):Embeddedmethod;

• Method4(M4):Non-flfinearfeatureseflectfionandnon-flfinearregressfion;

• Method5(M5):Non-flfinearfeatureseflectfionandflfinearregressfion.
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4.2.M1—FfiflterMethod(PearsonCorreflatfion)+LfinearRegressfion

ToseflectthedomfinantcardfiacgenesfinNcthatdetermfinethecufltureduratfionT,the
unfivarfiatefeatureseflectfiontechnfiqueexamfinestheflfinearstrengthofthereflatfionshfip(such

asPearsoncorreflatfioncoefficfient)betweeneachfinputfeaturexfiandthecorrespondfing

outputvarfiabfleT.Therankfingoffinputfeaturesbasedonthefirstrengthofreflatfionshfip

concernfingtheoutputvarfiabflecangafinapreflfimfinaryunderstandfingofthecoflflecteddata.

Thedetafifledstepsofthecorreflatfion-basedfifltermethodfincfludethefoflflowfing.(1)The

constantandquasfi-constantcardfiacgenesfinX,whfichhavevarfianceflessthanthethreshofld

0.01,fi.e.,(δxfi)
2<0.01,areremovedfromNc.Thfisstepcandefletethecardfiacgenesthat

donotchangesfignfificantflywhenthecuflturetfimeTfincreases.(2)Irreflevantcardfiacgenes

wfiththeabsoflutePearsoncorreflatfioncoefficfientflessthanthethreshofld0.5,fi.e.,|rxfi,T|<0.5
areremovedasweflfl,astheycontafinflfittflefinformatfiontopredficttheoutputT.(3)When

thecorreflatfioncoefficfientforapafirofcardfiacgenes(xfi1,xfi2)fishfigherthanthethreshofld
0.5,fi.e.,|rxfi1,xfi2

|>0.5,onflyonegenewfithahfighercorreflatfionwfiththeoutputvarfiabfleT
fiskept.

AsfiflflustratedbytheheatmapfinFfigure4,k∗=2cardfiacgenesarekeptbythefiflter
method,andeachseflectedfinputfeature(X′={x19,x175})hasahfighcorreflatfiontothe
output T. Thecorreflatfions amongtheseflectedfeatures areflessthanthe

predefinedthreshofld.

Ffigure4.Pafir-wfisecorreflatfionofthegeneseflectedbyM1.

Aftertheabovefeatureseflectfionsteps,themufltfipfleflfinearregressfionfisappflfiedto

thecfleandatasetandthecoefficfientofeachfeaturefintheflfinearfunctfionf1fisobtafined

asfoflflows:

T=f1(x19,x175)= ∑
fi∈{19,175}

βfixfi+α=30.42x19−8.32x175+37.67, (11)

wherethecoefficfientsoftheaboveflfinearfunctfionareseflectedtomfinfimfizeRMSEfin

Equatfion(8).Thefinterceptfis37.67andothercoefficfientsshowthechangefintheoutput

varfiabfleTforoneunfitofchangefinthefinputcardfiacgenewhfiflehofldfingotherfinput

genesfinthemodeflconstant.Sfince|β19|>|β175|,x19hasmorefimpactonthecuflturetfime
predfictfionascomparedtox175.

4.3.M2—WrapperMethod(RecursfiveFeatureEflfimfinatfion+LfinearRegressfion)

DfifferentfromM1wfithsequentfiaflfeatureseflectfionandregressfionmodeflfing,the

wrappermethodusestheperformanceoftheregressfionmodeflasevafluatfioncrfiterfiaforthe

featureseflectfionscheme.Inpartficuflar,thewrappermethodcangeneratedfifferentsubsets

offeatures,andeachsubsetfisusedtobufifldamodeflandtrafintheflearnfingaflgorfithm.The

subsetyfiefldfingthebestperformancefintermsofRMSEfisseflectedasthefinaflfeatures.

Durfingthesubsetgeneratfionprocess,therecursfivefeatureeflfimfinatfion(RFE)method

finvoflvesmufltfipfleroundsofeflfimfinatfionofthefinputvarfiabfles.Ineachround,RFEspecfifies

thenumberoffinputfeaturesthatshoufldbeseflectedtobufifldtheregressfionmodefl,and

thenperformsrecursfivefeatureeflfimfinatfion.Thedetafifledprocedurefisgfivenbeflow.
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Iteratfionk: Thenumberoffeaturesbefingseflectedfisfiteratedfromk= 1to

k=mfin{|Nc|,|Mtrafin|}=40,where|•|meansthecardfinaflfityofthecardfiacgenesfinset
NcandthecardfinaflfityofthetrafinfingsetM trafin.Notethatthenumberoffeaturesbefing

seflectedcannotexceedthenumberofrecordsfinthetrafinfingdataset.

Inthek-thfiteratfion,RFEperformsthefoflflowfingtwosteps.

StepM2.1:Bufifldafuflflflfinearregressfionmodeflwfithaflflofthefinputfeaturesfinthe

cardfiacgenesetNc.
T=f2(X)=∑

fi∈Nc

βfixfi+α, (12)

wheretheabovemodeflafimstomfinfimfizetheRMSEfinEquatfion(8).Notethatsfinceweare

tryfingtobufifldamodeflwfith|Nc|=189coefficfientsbasedon|Mtrafin|=40recordsfinthe
trafinfingdataset,thefuflflmodeflfisnotunfiquebecauseofthesmaflfldataset:|Nc|>|Mtrafin|.

StepM2.2:Rankfeaturesbasedontheabsoflutevaflueofthecoefficfient.Thefleast

fimportantfeaturefisprunedfromthecurrentsetofcardfiacfeatures. Notethatsfince

thetrafinfingdatasethasbeenstandardfizedtounfitvarfiance,thefimportanceofafeature

fincreaseswfithfincreasfing|βfi|. Otherwfise,thefeaturefimportancerankfinghastotake
accountofthestandarddevfiatfionofeachcardfiacgeneasweflfl:|βfi|σxfi[28].

EndfingCondfitfionforthek-thfiteratfion:Foreachk-thfiteratfion,repeatthefeature

eflfimfinatfionStepsM2.1–M2.2overtheprunedsetuntfiflthenumberofgenesfleftfisk.

Afteraflflofthefiteratfionsarecompfleted(k=40),thesubsetsfizek∗thatoptfimfizes
theperformancecrfiterfia(smaflflestRMSE)fisusedtoseflectthefinputvarfiabfles,andthe

correspondfingoptfimaflsubsetfisthenusedtotrafinthefinaflmodefl. Asfiflflustratedfin

Ffigure5,k∗=39seflectedfeaturesarerankedbasedontheabsofluteflfinearregressfion
coefficfient|βfi|finthefinaflmodefl.

Ffigure5.TherankfingofcardfiacgenesseflectedbyM2.

4.4.M3—EmbeddedMethod(LassoReguflarfizatfion)

Embeddedmethodscombfinethequaflfitfiesofthefiflterandwrappermethods.Itfis

fimpflemented byregressfionaflgorfithms wfith bufiflt-finfeatureseflectfionschemes.

Reguflarfizatfionfisthemostcommonflyusedembeddedmethodthatfintroducesaddfitfionafl

constrafintstobfiastheregressfionmodefltowardflessfinputcardfiacfeatures. Asshown

beflow,thefleastabsofluteshrfinkageandseflectfionoperator(LASSO),fi.e.,L1reguflarfizatfion

forgeneraflfizedflfinearmodefls,hasanaddfitfionaflwefightedpenafltyagafinstthecompflexfity

ofthemodefl.

f3=argmfin ∑
j∈Mtrafin

Tj−Tj
2
+λ∑

fi∈Nc

|βfi|, (13)

whereT= f3(X)=∑fi∈Ncβfixfi+α.Themodeflcompflexfityfisthesumoftheabsoflute
coefficfientsforaflflthefinputfeatures.Meanwhfifle,0≤λ≤∞fisadjustabfleandthehfigher
thevaflue,themorethecoefficfientβfifisforcedtoshrfink. Wfiththfispenafltyterm,fifafeature

xfifisfirreflevant,LASSOpenaflfizesfitscoefficfientandmakesfit0,andthfisfeaturefisthen

removedfromthedataset.

Todetermfinetheapproprfiatevaflueforλ,cross-vaflfidatfion(CV)fisadoptedandthe

trafinfingdatasetfisdfivfidedfinto5non-overflappfingfoflds.Atotaflof100vafluesofλare
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fiteratedtotrafinLassomodeflsover5foflds.AsfiflflustratedfinFfigure6,theoptfimaflλ∗yfieflds

thebestaverageperformancefintermsofthesmaflflestfofldaverageRMSE:λ∗=0.0226.Wfith
thechosenoptfimaflλ∗,k∗=40featureswfithnon-zerocoefficfientβfifinthecorrespondfing
predfictfivemodeflarerankedfinFfigure7.

Ffigure6.Thetunfingofreguflarfizatfioncoefficfientλ.

Ffigure7.TherankfingofcardfiacgenesseflectedbyM3.

4.5.M4—Non-LfinearFeatureSeflectfionandRegressfion(XGBoostMethod)

Whentheregressfionmodefl ffinEquatfion(7)representsanon-flfinearreflatfionshfip

betweenthefinputcardfiacgenesandtheoutputcuflturetfime,thetree-basedmethods,e.g.,

decfisfiontrees,randomforest,andextremegradfientboostfing(XGBoost)[29],canbeappflfied

toperformfeatureseflectfionwfithflowcompflexfity.Theycanmodeflnon-flfinearreflatfionsweflfl

anddonotrequfiremuchtunfing.

AsfiflflustratedfinFfigure8,thedecfisfiontreecancreatearegressfionmodeflthatpredficts

thecuflturetfimeTbyevafluatfingasequenceoftrue/faflsequestfionsregardfingthecardfiac

features.Aflthoughaneffectfiveregressfionmodefl,thedecfisfiontreefisverysensfitfiveand

smaflflchangestothetrafinfingsetcanresufltfinsfignfificantflydfifferenttreestructures.

x19<0.54

x2<−0.74 T̂=12.77

x11<−1.59 T̂=4.25

T̂=0.11 T̂=1.11

Yes No

Yes No

Yes No

Ffigure8.Thefirstdecfisfiontreef14ofXGBoost.
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XGBoostaddressesthfisfissuebyfleveragfingthewfisdomofcrowdswherefinaflarge

numberoffindfivfiduafltreesoperatfingasacommfitteewfiflfloutperformanyofthefindfivfiduafl

constfituenttrees.

T=f4(X)=
B

∑
b=1

fb4(X),f
b
4∈F, (14)

whereBfisthenumberoftrees.fb4fisafunctfionfinthefunctfionaflspaceF,andFfistheset
ofaflflpossfibfletrees,whfichcanmapthedatarecordtothegreenfleafnode.Bfisatunabfle

parameterthatcanbefiteratedtoreducethetrafinfingRMSE.

ThefimportanceofafeaturefintheXGBoostcanbemeasuredasthenumberoftfimes

afeaturefisusedtospflfitthedataacrossaflfltrees. Wfiththfisfeaturerankfingmechanfism,

mufltfipfleXGBoostmodeflsaretrafinedfiteratfiveflybyfeedfingthetopkfeatures.Asshown

finFfigure9,thecross-vaflfidatfionperformanceshowsthatthebestXGBoostmodeflonfly

needsthetopk∗=27features. Whenfeedfingtheseflectedtop27cardfiacgenes,varfious
parametersfintheXGBoostmodeflaretunedbasedonthetrafinfingdata,andtheresufltfing

featurefimportancefisrankedfinFfigure10.

Ffigure9.XGBoost-basedfeatureseflectfion.

Ffigure10.TherankfingofcardfiacgenesseflectedbyM4.

4.6.M5—XGBoostMethod+LfinearRegressfion

M5adoptsthefinputfeaturesseflectedbyM4(XGBoost)andpredfictstheoutputwfith

theflfinearregressfionmodefl.Thfismethodfisfintroducedtomeasurethefimprovementthat

M4achfievesbycapturfingnonflfinearfityamongfinputfeaturesandoutputT.Inotherwords,

thfismethodsfignfifiesthefimpactandfimportanceoffimpflfiednonflfinearfityamongthefinput

featuresandbetweenpafirsoffinputsandoutput.Thecoefficfientsoftheseflectedcardfiac

genesfintheflfinearregressfionmodeflareshownfinFfigure11.
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Ffigure11.TherankfingofcardfiacgenesusedbyM5.

5.Resuflts

Thefivefeatureseflectfionandregressfionmodefldeveflopmentmethods(M1toM5)are

appflfiedtoseflectthemostfimportantcardfiac-specfificgenesthatarereflatedtothehPSC-CM

cufltureduratfion. Wfiththeseflectedgenes,predfictfiveaflgorfithmsareadoptedtoquantfify

thematurfityfleveflofhPSC-CMs.Theresufltfingperformanceoverthetestdatafiscoflflected.

5.1.CufltureTfimePredfictfion

ThecomparfisonbetweentheobservedcuflturetfimeTandthepredfictedcuflturetfime

T̂overthetestdatasetfisshownfinFfigure12.Aflflofthefivemethodshaveacceptabfletest

performancefintermsofasmaflfldfiscrepancybetweenTandT̂,asverfifiedbytheflowRMSE

andtheR2scorecfloserto1finTabfle4.

Ffigure12.Thepredfictedmaturfityflevefl.

Tabfle4.Theperformanceofvarfiousfeatureseflectfionandregressfionaflgorfithms.

Method k∗ GenesfinX′RankedbyImportance RMSE(Day) R2Score

M1(Lfinear) 2 {x19,x175} 6.837 0.934

M2(Lfinear) 39
{x45,x9,x159,x149,x84,x74,x57,x19,x28,x169,x44,x60,x30,x69,
x158,x175,x94,x174,x115,x3,x176,x16,x133,x1,x43,x83,x86,x162,
x91,x183,x144,x14,x33,x126,x15,x141,x85,x157,x26}

5.216 0.962

M3(Lfinear) 40
{x19,x159,x176,x16,x144,x149,x60,x69,x183,x31,x115,x86,x15,
x74,x1,x14,x43,x33,x152,x175,x38,x127,x48,x94,x44,x56,x162,
x8,x78,x167,x57,x133,x85,x84,x109,x23,x126,x7,x142,x3}

5.521 0.957

M4(XGBoost) 27
{x19,x93,x149,x168,x123,x17,x151,x144,x46,x2,x82,x109,x60,x4,
x91,x52,x159,x175,x44,x49,x16,x14,x94,x11,x130,x7,x43}

4.461 0.972

M5(Lfinear) 27
{x159,x94,x168,x16,x4,x91,x109,x151,x82,x52,x2,x17,x130,x175,
x11,x60,x93,x19,x14,x43,x149,x49,x144,x123,x7,x46,x44}

8.724 0.892
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Fortheflfinearregressfion modefls,M2(RFE wfith39features)yfiefldsthebest

performance,whfichfisfoflflowedbyM3(Lassowfith40features),M1(Pearsoncorreflatfion

wfith2features),andM5(wfith27featuresseflectedbyXGBoost).Forthesefourflfinear

modefls,thepredfictfiveperformancedoesnotstrfictflygrowordecreasewfiththenumberof

seflectedcardfiacgenes.Thereasonfisthatononehand,thepredfictfiveperformancewfiflfl

fimprovewhenthenumberoffimportantcardfiacgenesbefingseflectedfincreases.Onthe

otherhand,theperformancewfiflfldropwhenflessfimportantcardfiacgenesarefincfludedfin

thepredfictfivemodefl.

Moreover,thenon-flfinearmodefl M4(XGBoost)outperformsaflflofthefourflfinear

modefls.ThfisfisanothersuccessfuflappflficatfionofXGBoostbecausefitcanextractusefufl

predfictfivefinformatfionfrom27cardfiacgeneswhfifleM2(RFE)needs39cardfiacgenes.The

performancedegradatfionfromM4toM5verfifiesthatXGBoostcancapturethenon-flfinearfity

correflatfionamongtheseflectedcardfiacgenesandcuflturetfime.

5.2.CardfiacGeneSeflectfion

AsfiflflustratedfinTabfle4,threemethods(M1,M3,andM4)haveseflectedx19asthetop

genefinX′thatcorreflateswfiththecufltureduratfion.Thedetafifledfimportancefleveflofx19
canbefoundfinEquatfion(11),Ffigures7and10.AflthoughM2(RFEfinFfigure5)ranksx19
astheefighthmostfimportantgene,thetrafinfingdatasetfisverysmaflfl(onfly40datarecords),

andtherefisrandomnessfinthe189coefficfientsofthefuflflmodeflreturnedbyEquatfion(12).

Consequentfly,therankfingofthecardfiacgenesreturnedbyM2hasrandomnessasweflfl.

Whenx19fisnotrankedasthetopcardfiacgene,M5hastheworstperformance.Itfisthus

reasonabfletoconcfludethatx19fisthemostfimportantgenefintermsofpredfictfingthecuflture

tfimeofhPSC-CMs.

Inaddfitfion,bfioflogydomafinknowfledgesuggeststhatx19(GeneCASQ2:Caflsequestrfin

2)trfiggersskefletaflandcardfiacmuscflecontractfionandpflaysacrfitficaflroflefinexcfitatfion–

contractfioncoupflfingfintheheartandfinreguflatfingtherateofheartbeats.Thfisvaflfidates

ourproposeddata-drfivenapproachforassessfinghPSC-CMmaturfityfinfinvfitrocuflture

systems.Moreover,thfisobservatfionfispartficuflarflysfignfificantasfitcanfinformthedesfignof

maturatfionpromotfionschemesforhPSC-CMs.BystfimuflatfinghPSC-CMsfinawaythat

accefleratesthefofld-changefincreasefinCASQ2,fitfisflfikeflytofacfiflfitatethefirmaturatfionfinto

amoreaduflt-flfikephenotype.

6.Dfiscussfion

Wehaveproposedanfinnovatfiveapproachthatfintegratesmachfineflearnfingwfith

bfioflogficafldatatoevafluatehPSC-CMmaturfity.Bycorreflatfingpubflficflyavafiflabflegene

expressfionprofifles wfithcufltureduratfion,ourdata-drfivenframeworkrepresentsa

sfignfificantfimprovementovertradfitfionaflbfioflogficaflquaflfitatfivetechnfiquesfinFfigure1.

6.1.LfimfitatfionsandFutureWorkforMaturfityEvafluatfion

Aflthoughthedata-drfivenpfipeflfinefisnovefl,theflfimfiteddatasfizeusedfinthfisstudy

fincreasessensfitfivfitytonofiseandoutflfiersfinthegeneprofifle. Thfisfissuefisfurther

compflficatedbythefinherentvarfiabfiflfityfinceflflmaturatfionrates,asceflflsmayachfieve

sfimfiflarfunctfionaflfitfiesatdfifferentpaces. Asaresuflt,thecorreflatfionbetween

post-dfifferentfiatfioncuflturetfimeandunobservabflematurfityfleveflmaynotbeperfect.

Thesefactorscoufldcausetheregressfionmodefltooverfitthecurrentdataset,thereby

flfimfitfingfitsgeneraflfizabfiflfitytootherdatasets.

Toaddresstheseflfimfitatfions,futureworkwfiflflafimtoenhancetherobustnessand

generaflfizabfiflfityoftheproposedapproachbyfimprovfingbothdataquantfityandmodefl

desfignthroughthefoflflowfingstrategfies:(1)Coflflectfingaddfitfionaflexperfimentafldatato

furthervaflfidatetheregressfionmodefl’spredfictfions.Forexampfle,predfictedmaturfityflevefls

coufldbecompared wfithfunctfionaflassaysorthephysfioflogficaflcharacterfistficsof

cardfiomyocytestofimprovethemodefl’saccuracyandreflfiabfiflfity.(2)Expflorfingmore

reflfiabfleproxfiesformaturatfionfleveflsanddeveflopfingadvancedmachfineflearnfingmodefls



Eflectronfics2024,13,4985 16of18

capabfleofuncoverfingflatentmaturfityfleveflsfromreflatfiveflysmaflfldatasets.Theseefforts

wfiflflfurtherstrengthenthepredfictfiveframeworkandenhancethemodefl’sappflficabfiflfity

andperformance.

6.2.LfimfitatfionsandFutureWorkforMaturfityMonfitorfingandPromotfion

Sfincethecuflturedceflflsaredestroyeddurfingdataacqufisfitfion,theexfistfinggene

expressfion-basedhPSC-CM maturfityquantfificatfionschemesarefinvasfiveandcostfly,

sfimfiflartothemorphoflogy-andstructure-basedschemesandcaflcfiumhandflfing-based

schemesdescrfibedfinSectfion2.Fornon-finvasfivematurfityquantfificatfion,thecontractfifle

functfionandeflectrophysfioflogficaflproperty-basedapproacheshavethemostpotentfiafl,

becauseadvancedflab-on-chfipdevfices[30]canbedesfignedandfabrficatedtomonfitorthe

propertfiesthatcorreflatewfithceflflmaturfityfindficator,suchasgenex19,finreafltfimeasthe

cufltureduratfionfisproflonged.

Meanwhfifle,byfleveragfingaflab-on-chfipdevficecapabfleofreafl-tfimeceflflstatus

monfitorfingandpotentfiaflstfimuflatfionthroughmechanficaflstretchfingoreflectrficaflpuflsfing,

futureflongfitudfinaflstudfiescanutfiflfizeflfivedatatotrackthematuratfionprocessovertfime.

ThfisapproachcoufldofferdeeperfinsfightsfintothematuratfiondynamficsofhPSC-derfived

cardfiomyocytes,fincfludfingadaptfivestfimuflatfionadjustments.

7.Concflusfions

Wehaveproposedadata-drfivenpfipeflfineforevafluatfingthematurfityofhPSC-CMs.

Usfingpubflficgeneexpressfiondataspannfingvarfiousfinvfitrocuflturetfimepofints,we

demonstratedthefeasfibfiflfityofusfingcuflturetfimeasaproxyforassessfinghPSC-CM

maturfity.Byfintegratfingbfioflogficafldomafinknowfledgewfithmachfineflearnfingaflgorfithms,

wefidentfifiedkeycardfiacgenesthatcorreflatestrongflywfithcuflturetfime. Regressfion

modeflsfurtherpredfictedcuflturetfimewfithanaverageerrorofflessthan4.5days.Thfiswork

estabflfishesafoundatfionforstandardfizfingthequantfificatfionofhPSC-CMmaturatfionand

offersvafluabflefinsfightsforpromotfingthefirmaturatfion.Bufifldfingonthfisfoundatfion,our

futureworkwfiflflfocusondeveflopfinganadvancedflab-on-chfipdevficecapabfleofreafl-tfime

monfitorfingofceflflmaturfityandseflectfingadaptfivestfimuflfitoenhanceceflflmaturatfion.
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AppendfixA

TabfleA1.ThemappfingbetweenvarfiabflenamefinXandcardfiacgeneID.

Notatfion Gene Notatfion Gene Notatfion Gene Notatfion Gene

x1 ABO x2 ACO2 x3 ACOT2 x4 ACOX2
x5 ACTN2 x6 AK1 x7 ANK1 x8 ANKRD2
x9 ATP5G1 x10 ATP5G3 x11 BAG3 x12 BRP44L
x13 BSG x14 C1QA x15 C1QB x16 CA4
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TabfleA1.Cont.

Notatfion Gene Notatfion Gene Notatfion Gene Notatfion Gene

x17 CABC1 x18 CAND2 x19 CASQ2 x20 CCL15
x21 CD151 x22 CD320 x23 CFD x24 CHST7
x25 CKM x26 CKMT2 x27 CLEC3B x28 CLTB
x29 COQ9 x30 COX5A x31 COX5B x32 COX6A2
x33 COX7A1 x34 COX8A x35 CPT1B x36 CRIP2
x37 CRYAB x38 CRYM x39 CSDC2 x40 CSRP3
x41 CTTN x42 CYC1 x43 DCHS1 x44 DCI
x45 DES x46 DEXI x47 DMPK x48 DSPP
x49 ECHDC3 x50 ECSIT x51 EEF1A2 x52 EFEMP2
x53 ENDOG x54 ERCC1 x55 FABP3 x56 FAHD2A
x57 FARS2 x58 FHL2 x59 FLJ22222 x60 FLNC
x61 FXYD1 x62 GADD45GIP1 x63 GAMT x64 GATA4
x65 GATA6 x66 GOT1 x67 GPC1 x68 GYS1
x69 HOMER3 x70 HRC x71 HSPB1 x72 HSPB2
x73 HSPB3 x74 HSPB6 x75 HSPB7 x76 HSPB8
x77 HSPG2 x78 ICAM2 x79 IDH2 x80 IFI27
x81 IGFBP2 x82 IGFBP7 x83 IL11RA x84 ILVBL
x85 INMT x86 ITGA7 x87 ITGB1BP2 x88 ITGB1BP3
x89 KCNH2 x90 LDB3 x91 LGALS3BP x92 MAPKAPK3
x93 MB x94 MCOLN1 x95 MRAS x96 MRPL12
x97 MRPL34 x98 MRPL41 x99 MRPS12 x100 MSRB2
x101 MYBPC3 x102 MYH6 x103 MYH7 x104 MYL2
x105 MYL3 x106 MYL4 x107 MYL7 x108 MYL9
x109 MYLC2PL x110 MYOM1 x111 MYOM2 x112 MYOZ2
x113 NDUFA11 x114 NDUFA7 x115 NDUFB10 x116 NDUFB7
x117 NDUFS7 x118 NDUFS8 x119 NKX2-5 x120 NOL3
x121 NPPA x122 NPPB x123 NRAP x124 OGDH
x125 OPLAH x126 PCTK3 x127 PDE4DIP x128 PDK2
x129 PDLIM5 x130 PGAM2 x131 PGM1 x132 PHPT1
x133 PLA2G5 x134 PLEKHF1 x135 PLN x136 POLR2I
x137 POLRMT x138 POMGNT1 x139 POPDC2 x140 PPAPDC3
x141 PPP1R13L x142 PPP1R1A x143 PPP2R3B x144 PTGDS
x145 PTP4A3 x146 PTPLA x147 PTRF x148 PXMP2
x149 RAMP1 x150 RAMP3 x151 RASIP1 x152 RBPMS
x153 RGS3 x154 RRAS x155 S100A1 x156 SEPW1
x157 SGCG x158 SH3RF2 x159 SIVA x160 SLC25A11
x161 SLC25A4 x162 SLC29A1 x163 SLC4A3 x164 SMPX
x165 SMTN x166 SNTA1 x167 STAB1 x168 STOML1
x169 STOML2 x170 SYNPO2L x171 TACC2 x172 TAX1BP3
x173 TCAP x174 TIMM8B x175 TM7SF2 x176 TMEM159
x177 TNNC1 x178 TNNI3 x179 TNNT2 x180 TNXA
x181 TNXB x182 TPM1 x183 TSPAN4 x184 UQCR
x185 UQCRC1 x186 VAMP5 x187 VEGFB x188 VWF
x189 WDR13
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