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Abstract

DFHRESENN—N—THDINRHSRBMIEE XX EAEGFP) TER T2 EETHAEXES
#fE (HES-Nkx2.5-GFP)Z B\ T, L HMRENDDLFEBZET 2. FLFERFBRVIERLITV,
SUFEBRICEVT, BRICUHEZEEMREEZREL . 2 MLEKBICERCEXEHZR
Bl RPUICHLFESRBONHEZRMEEGRS S, VHHEROFEESZREERENLS
CRTRTRREEERBIATLZRBELE, BRIAXZ1—JIIRY ND—UZRVT, U
ZEWFEEGPOOHFMERE, NQSDEXEREEZEALTDICETEREZIT >, FEICER
LTWELWTFANEGZAVT, BREBEBEL, ATBERZT . BR. BEXEBEBNkx25
NDRBFFEEIFECHLULLEREZERTDEICHIIL, LHHEROFERICELTEEVE
B (MBS R %K0.99) > TFRIMEETH 2 oo RIZ. DM O 2L FEEY) B R 0 TS E &
NS, BRENICOFHEREANEDLTIERTHAATFRALEVWEAEZEZ L, BRBNICKRETS
PEHRAXZ1-TI)E, BRIMBTF—2BMCRBETHIBRE_1-JILRYNT—U%
HAEDERHMBORY ND—JZBREL, FBZET 21z, FBEOHER. DLFEEORDILES
HEOIRED SRRV B LFEEFRITH LN TETH 22 (AUC=0.91) » RDLIRED
ESHRICEVWT, BCEENICOFHERASILTIAES P RN BEGRENF ChTVREE
Ashlz, JEFERKE dayl DRK/T—ETFARERETIZEND, day30ERTHTFAH
RERLARL,. BRIMBELMENKTZDCETHRBETOFRNAETH > (AUC=0.93)
o DMLFEBday3D A THREMICOHMBALEDLTHZIAOZ—HFERENEZENTREND
o AYATLAZERTAHIET, LDHHEADDILESIHIITIHNESHRRAICTFATAZL
FagEeRy), BEEBEAOISHAf B EER S h,

We used a genetically modified ES cell (HES-Nkx2.5-GFP) that labels Nkx2.5-expressing cells,
which are cardiomyocyte-specific markers, with fluorescent protein (GFP), and differentiated them
into cardiomyocytes. Differentiation induction was repeated, and in the differentiation induction
process, phase-contrast microscopic images were taken in chronological order, and fluorescence
images were acquired at the same time on the final day of differentiation. First, a virtual
immunostaining system was constructed in which the region where cardiomyocytes exist was
illustrated like immunostaining from the phase-contrast microscopic image on the final day of
cardiomyocytes differentiation. Using a convolutional neural network, cardiomyocytes in phase-
contrast microscope images were learned by reference to fluorescent images of Nkx2.5 as an
answer. Images were reconstructed and artificially colored using test images that were not used for
learning. As a result, we succeeded in creating images very similar to the immunostaining of
Nkx2.5, which is the answer, and it was predictable with a high correlation (correlation coefficient:
0.99) with respect to the abundance of cardiomyocytes. Next, we elucidated whether the
cardiomyocytes differentiation at the final day can be predicted at the initial stage of differentiation
from ESCs into cardiomyocytes, by using microscopic images. We constructed and trained a
unique network that combines a convolutional neural network, which is optimal for image analysis,
and a recurrent neural network, which is optimal for time-series data analysis. As a result of
learning, it was possible to predict the final induction of differentiation from the state of
undifferentiated ES cells before the induction of differentiation (AUC=0.91), which suggest that the
morphological fate of undifferentiated ES cells has already been determined whether or not they
will eventually differentiate into cardiomyocytes. Although the prediction accuracy decreased once
on day 1 after the differentiation, the prediction accuracy increased again on day 3, and it was
possible to make highly accurate predictions by using time-series analysis method (AUC = 0.93). It
suggestes that colonies that finally differentiate into cardiomyocytes were created at the time of
differentiation day3. By utilizing this system, regenerative medicine can advance, because we can
predict whether cardiomyocyte differentiation would be successed at an early stage of induction
into cardiomyocytes.
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Deep learning—based automated prediction system for pluripotent stem cell-derived cardiomyocytes

1. HIREBRFROBE

DS RENY—H—TH D Nkx25 RIRMAZ X AT O E(GFP) TI2H I 2815 FHEA B 2 ES #il8 (HES-Nkx2.5-GFP)Z R LY
T DFHBEADSEEEEZIT o=, DEFEITBRYRLITLD., MEFEBREICELT. BRIIHMBAZEMESTEXREZL. 21t
RIRBICRABICHAEBRZREL-. RYICHLFERREONAEBMBEENS, DB OEAEEBEZRELEDLSIZK
RIS ERELBATLEHBEL, EAFAAZI—TILRYET—HZRANT, MEZEMEEZ T OO HHEE . Nkx2.5 D
HEREREBEAETDETEERIT o, FEIFEALTOLVELWTFAMNEBRZRANT, BREZBHEL. AIBERE T KR . &
ZE1D Nkx2.5 DREZBEESICHELUL-EGEERT AIEICHIL DFMEOFERIZELTLE VVERBGER R 0.99)%
B TFATRETH 1= RIZ, DHMBEA~AD L E B RO BEMBEEN S, REMIZODFHEALN LT IEZRTHS N
FRILEWENEZ -, BEERICRETHIBHAHA-1—TILE BRINGT 2B NICRETHIBRE 1 —SILRVrD
— A EHEDIHMEDRYET—IFBEL, FEETo-. FEOHEER. MMELFEEFORSE ES D REHNSRENLS
EFEZFTRTHENATEETH = (AUC =0.91) , R 1EIREED ES HAZIZH LT, BRICEREBMIZDFHHEEA~ASETEMESH
B ERRENESN TVAEEZ DN, DL FERIIEE dayl DA T—EFTABELETTI2L0OND. day3 DEATEULF
BFEELILRL. BRIIMNEELEZNKRT S ETERETOFTAMNTEETH 7= (AUC = 0.93) , HELFEE day3 DA THRIEMIC
IDFHIIEANEMMET a0 —DMERSNI=CENTEEINS, BV AT LEERTAIET, IDFHEADMEFZENRINTEMNE
SMHBEIZF AT LN TREE LY . BAEEBRANDRANED EEZONT-,

2. MIREBRRAEEOBE FER)

We used a genetically modified ES cell (HES-Nkx2.5-GFP) that labels Nkx2.5-expressing cells, which are cardiomyocyte—specific
markers, with fluorescent protein (GFP), and differentiated them into cardiomyocytes. Differentiation induction was repeated, and in
the differentiation induction process, phase—contrast microscopic images were taken in chronological order, and fluorescence images
were acquired at the same time on the final day of differentiation. First, a virtual immunostaining system was constructed in which the
region where cardiomyocytes exist was illustrated like immunostaining from the phase—contrast microscopic image on the final day of
cardiomyocytes differentiation. Using a convolutional neural network, cardiomyocytes in phase—contrast microscope images were
learned by reference to fluorescent images of Nkx2.5 as an answer. Images were reconstructed and artificially colored using test
images that were not used for learning. As a result, we succeeded in creating images very similar to the immunostaining of Nkx2.5,
which is the answer, and it was predictable with a high correlation (correlation coefficient: 0.99) with respect to the abundance of
cardiomyocytes. Next, we elucidated whether the cardiomyocytes differentiation at the final day can be predicted at the initial stage
of differentiation from ESCs into cardiomyocytes, by using microscopic images. We constructed and trained a unique network that
combines a convolutional neural network, which is optimal for image analysis, and a recurrent neural network, which is optimal for
time—series data analysis. As a result of learning, it was possible to predict the final induction of differentiation from the state of
undifferentiated ES cells before the induction of differentiation (AUC=0.91), which suggest that the morphological fate of
undifferentiated ES cells has already been determined whether or not they will eventually differentiate into cardiomyocytes. Although
the prediction accuracy decreased once on day 1 after the differentiation, the prediction accuracy increased again on day 3, and it
was possible to make highly accurate predictions by using time—series analysis method (AUC = 0.93). It suggestes that colonies that
finally differentiate into cardiomyocytes were created at the time of differentiation day3. By utilizing this system, regenerative
medicine can advance, because we can predict whether cardiomyocyte differentiation would be successed at an early stage of
induction into cardiomyocytes.
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