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Abstract

(&=

iPS HIRRIIER % 22~ L LD LA A L THY || BAEERSHEAIAZ) —=0 7 ~OIE D
HEHDDHD 28, A TIL, RIS ICH B AR D BE ORI DL U7 5 BR R iPS H
ko3 A =R ISV D700 HLA B iPS AR D A 7 64T 4, #k 2 72 T84 O iPS Mk
TERRESLTD %19, —J7 BS Mlfa<C iPS M Itk OFEREIZ LY | KMk~ /g mPEn Bp 52
EW Do TEI B, ZOFREL TITE Y = 2T 4 VR BV DSBS D Al Re S i S T
D 1416 PSSl B Sk e B KR O AR T AOTE S K EL e B0 T T ES Mlid ok
HENRDPNLOHOAIREMEN B 2 bID, £o, BRYET DMMITIGC Tl iPS Az 3 572 0
FRIEDSRO LMD Ryt~ —I—TIIZ D IR AR T 52 LN TER, £2T, FHx i
DM Z Lo iPS AR A AV — = T DI DA I~ — I — G PRFR T HZEZ B
LLTe, INETAA Y — I — TR —DBIZ AT 7T h 7+ — 2 W TERR SN TEID 257,
B2  OBEMIBAR T DO A A B NRICL T Fali7e A4~ —h — & RS LI R EREETH
%o £ T AWFZETIT CAGE fi##fr. mRNA 7 L Af#HT . microRNA 7 LA fEMT /LA B 2L T,
IAF 2 — T —%REEFRE THLI EZRALE LT,

[FEBLIURER]

(1) 6 FEHHD iPS HMIIRE TR — DMLk EEE VT, DA~ MEEE A T T2, SEFEEZ O
Oz 7 m— P AP AN —ROME & PCR % THEATL T, Lflifa ~D (LR mPER &V iPS Hifd
FR(High) LK iPS HEFERR(Low)ZBE NI &2 LTz, £ D5 R, High BEL Low BE0 2 RO MR =B
PESRICH B2 20372 (High v.s. Low: 81.1%+3.3% vs 13.6£1.9%; p<0.01, n=6), 7=, High # CiX

S EFE B DRI DFRAF R Low FELHLANTH BITIEWE R Th -T2,

(2) RO &L F I8 A RN IENT 572012 mRNA 7L AN, microRNA 7 LA f#4T .
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CAGE fi#thfr % FV =, Z3 b FamPEd High #EE Low LD 2 BEM TR LA OE (5 138 B B A Thig
U, A BN Do T BB FREZ T LT, 2 OFER ., High #TIX WNT 7 L0 ha R 7 H
REICBEE I D s 7 RHEDS Low BEE LR CTHEICE -T2, FTo, s T TIEE AR bELIE

THbFRMMEZ THITCED ATREMED D/ A A~ — I — MRS % 22 RISV IATe 2L TET,

(3) 7 ANy LT 13 BHHD iPS Mz N CL AR O 53 b EZ A A~ — I — EA B AR T Cf)
BRI REDENU T —a Uiz, High #kE Low #KD 2 DDOREI/NT T, A4~ — D — Az 1D
FEHLEA LR LT A R, 22 fHOBBE T DD 20 EOBAR 7 T2 BRI O F B2 2T B0 2 7203
2 DOBEMBIEFIET ANy NCOHE B EN b, IEICHBALIZEIR &L T CXCL4/PF4 3%

0. AL &G T LT TMEMG64 3T,

(4) DM ~O /I BIE S5 7 RO R ET R AT\, [ — iPS Mlfaik < Okl
~OGAHFEDOEACENSA T~ —T1— PR T 2 ZFRAEL T2, WNT 7 F ARZEDOBREAI, Rl
Fl, IR RUTHEREDBRE A, *TFREELL T DMSO Z/LiFEai0 iPS MilaicEnZiRine ¢,
ORI~ EUTZ, ZOFEFE, WNT 7 F L ORIIECIba L R THEREO B LD | O A~
DIHACFHE R RBEL AR TE T U, 200 LB RO ZAL AL T CXCL4/PF4 %

HEMETLU TR, TMEMG64 1 3ARBITED OSN3~ T,

(5) LR ~D/ALFEEIZ I D PF4 OREREZ T ~D7=012, /70 biFE AT D iPS MifElZ PF4 % 2
H AT ALER L D DA~ LB S 21T o 7, = DRGSR, PF4 JLVERRE ClIxf IREEE LT, 1l

5 5% OO i A B EE AR - (MYH7, MYL2 BX 0N TNT2) DFEHA BIZm <20, <4 58

CXCL4/PF4 DFEBL BN G\ iPS HIARE DN D AF AR ~D @ bR M2 A 32 R REMESH Y, LA
Rz BG4 5 TRz iPS Ak BT D D72 A A~ — I —IT R0 AT EDRIES LT,
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Introduction

Human induced pluripotent stem cells (hiPSCs) are capable of differentiating into various tissues!,

thereby acting as a source of cells for regenerative medicine and drug discovery>®. Technological

advancements in the development of disease-specific hiPSCs from somatic cells of patients have

enabled the study of the pathology of rare diseases’!?. Several studies have suggested that the

direction of differentiation of tissues derived from the endoderm, mesoderm, and ectoderm varies

depending on the line of human embryonic stem cells (hESCs) and hiPSCs!!-!3. Variation in the

direction of differentiation among hiPSC lines is the result of differences in somatic tissue of origin

and epigenetic changes'#+1°. As the genetic backgrounds of the somatic cells used to derive hiPSCs

differ significantly, the epigenetic variation between hiPSCs and hESCs is large!”. Biomarkers are

required for selecting suitable hiPSC lines with high differentiation potential for specific tissues.

Several studies have previously investigated biomarkers associated with differentiation potential of

hiPSCs!3-24, However, current pluripotency markers such as OCT-4, LIN28, and NANOG cannot be

used to distinguish the direction of differentiation.

The purpose of the present study was to identify a biomarker for predicting efficient cardiac

differentiation that can be used for selecting individual hiPSC lines by comparing the gene

expression profiles of undifferentiated hiPSC lines with varying cardiac differentiation potential.



2527 However, selection of

Biomarkers have been searched using single genome-wide analyses

appropriate genes from among the many candidate genes while minimizing the occurrence of false

positives using this approach is challenging.

In this study, we hypothesized that biomarkers can be selected using three different platforms of

genetic analyses. We comprehensively analysed the gene expression of hiPSCs using cap analysis of

gene expression (CAGE), mRNA array, and microRNA (miRNA) array to screen for biomarkers of

cardiac differentiation potential. CAGE has been used to analyse transcription start sites and can

measure the activity of alternative promoters via absolute quantitation. In contrast, microarray

analysis has been used to quantify transcript expression in samples based on the intensity ratio of the

hybridisation signal. Our proposed method of using three gene analysis platforms for identifying

novel predictive biomarkers of hiPSCs with high cardiac differentiation potential will reveal useful

genes that can be important for selecting desired hiPSC lines.

We showed the schematic illustration of the experimental design to identify biomarkers for

cardiac differentiation (Fig. 1).
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Figure 1 Strategy for identification of biomarkers for cardiac differentiation.

Results

Outline of the workflow for selecting predictive biomarkers for cardiac differentiation.

To compare the in vitro cardiac differentiation efficiency of hiPSC lines, six hiPSC lines were

cultured and differentiated into cardiomyocytes under identical conditions as a training set (Table 1).

Two types of human somatic tissues were used to establish hiPSCs, namely, dermal fibroblasts and

umbilical cord fibroblasts. Five hiPSC lines were generated using retroviral vectors and one hiPSC

line using episomal vectors.



Table 1 Information about six hiPSC lines of the training set.

Cell Line Vectors Reprogramming factors Cell source RD::;;II‘ D;;sr D;:;r ;[“elttllll:; Reference
201B7 Retrovirus Oct3/4, Sox2, KIf4, c-Mye Hu&?;&?g?al Caucasian 36 Female MEF Takahashi K, etal. Cell. 2007 Nov 30;131(5):861-72.
253G1 Retrovirus Oct3/4, Sox2, K1f4 H“}E;&Z’?al Caucasian 36 Female MEF Naﬁlg;‘g? 11;’118;3; g;;f;%‘g;h]?g:;;ﬁos
409B2 Episomal O:Efnggic;ﬁ{;fifi;i)];?c Hu&?;[iea?al Caucasian 36 Female MEF Okita K, et al. Nat Methods. 2011 May;8(5):409-12.
%;F?;;A Retroviral QOct3/4, Sox2, KIf4, c-Myc Uﬂfl.:)iiioﬁlazfrd Japanese Female MEF Fujioka T, etal. Hum Cell. 2010 Aug;23(3):113-8
RJ:([;%\;?A Retroviral Oct3/4, Sox2, KIf4, c-Mye Unél;jigcl)allazfrd Japanese Male MEF Fujioka T, etal. Hum Cell. 2010 Aug;23(3):113-8
Rjgg?;)m Retroviral Oct3/4, Sox2, KIf4 U’%‘ﬁ;ﬁlﬁzfrd Japanese Male MEF Fujioka T, etal. Hum Cell. 2010 Aug;23(3):113-8

We performed miRNA array, mRNA array, and CAGE on the undifferentiated hiPSCs to develop

comprehensive transcript expression profiles of the undifferentiated hiPSCs. Next, we analysed the

cardiomyocytes derived from hiPSCs using flow cytometry, quantitative reverse transcription-

polymerase chain reaction (QRT-PCR), immunostaining, and beating analysis, and then determined

the cardiac differentiation efficiency ranking. Based on the ranking, the hiPSCs lines were divided

into high and low purity groups. To select candidate genes for predictive biomarkers, we compared

the mRNA and miRNA expression and the transcription start sites (TSS) in undifferentiated hiPSCs

to those of the high and low differentiation groups. Finally, using 13 hiPSC lines as a test set, we

examined whether hiPSC lines with high capability of cardiomyogenic differentiation could be

selected using the biomarker candidates (Fig. 2).
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Figure 2 Workflow for selecting biomarkers to predict the cardiac differentiation potential of

hiPSCs.

For cardiac differentiation of the hiPSCs, we used an embryoid body (EB) differentiation method
(Fig. 3) based on a previous protocol with some modifications?®-*, as EBs formed using three-

dimensional (3D) differentiation methods can be easily scaled up for clinical application of hiPSC-



derived cardiomyocytes. The formation of EBs is a critical process in hiPSCs differentiation®!.
Therefore, we compared the cardiac differentiation efficiency at the EB formation step of the cardiac
differentiation process between two methods, the small cell clump method and the single cell
method. The small cell clump method enzymatically disrupted hiPSC colonies into small cell
clumps, whereas the single cell method enzymatically dissociated them into single cells. After
evaluating cardiomyocytes derived from 253G1 hiPSCs for cardiac troponin T (cTnT) expression
using flow cytometry, we concluded that EB formation using the single cell method was more
efficient and robust with respect to cardiomyocyte differentiation than the small cell-clump method
(single cells, 83.4 = 1.2%, n= 110 vs. small clumps, 37.2 + 2.2%, n = 46) (Fig. 4). In subsequent
experiments, we determined the protocol for the use of the single cell method for cardiac

differentiation as shown in Fig. 3.

Activin A (6, 12 ng/mL)
. Y-27632(10ng/mL) _ . _ VEGF (5 ng/mL)
) ) BMP-4(10ng/ml) 3 IWR-1(4uM) @ pbEGF (10 ng/mL
BMP-4 (0.5 ng/mL) bFGF (5 ng/m) (10ng/mL)
D-3 DO D1 ) D4 - D6 D8 . D14-17
| | @ | @ | 3 | @ |
qPCR qPCR qPCR qPCR
m_RNA array Motion analysis Flow cytometry
miRNA array Motion analysis
CAGE

Figure 3 Schematic of the culturing process for cardiac differentiation in EB suspension cultures.
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Figure 4 Effect of passage number and differentiation protocols on cardiac differentiation efficiency.
Quantification of ¢TnT expression measured using flow cytometry in 253G1 hiPSCs prepared using
two different protocols. Red dots: single cells (83.4 + 1.2%, n = 110); blue dots: small clumps (37.2

+ 2.2%, n = 46). Data are expressed as mean = SEM.

Differences in cardiac differentiation abilities of hiPSC lines.

First, we analysed the expression of undifferentiated cell markers of each hiPSC line using qRT-
PCR. In addition to the similarities in cell morphology with pluripotent stem cells, the expression

levels of the undifferentiated cell markers showed no significant difference among the six hiPSC

lines (Fig. 5).
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Relative Expression

Low Differentiation = High Differentiation

(b)

High Differentiation
e

Figure 5 Undifferentiated gene expression profiles in a training set of hiPSCs lines. (a) Comparison

of undifferentiated-related genes of hiPSCs lines (ns, not significant). Data are expressed as mean +

SEM (n = 3). All mRNA values are shown as fold change relative to the expression of R-2A in Low

differentiation group. (b) Images of hiPSCs from experiments on training set of hiPSC lines. Scale

bars =300 um.

Next, we subjected all the hiPSC lines to cardiac differentiation. A previous study reported that the

highest number of cardiomyocytes was obtained from the mesoderm induced with 10 ng/mL BMP-4
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and 6 ng/mL of Activin A, while higher or lower levels of Activin A and BMP-4 showed lower

cardiomyocyte differentiation efficiencies®?. Based on these findings, we applied two different

concentrations of Activin A (6 ng/mL and 12 ng/mL) to the hiPSC lines with 10 ng/mL BMP-4, as

shown in the Matrials and Methods. Flow cytometry analysis revealed differences in the prevalence

of cTnT-positive cells among hiPSC lines. The percentage of cTnT-positive cells ranged from 7.7 +

2.6% in RIKEN-12A cells to 92.3 = 1.2% in 409 B2 cells (Fig. 6a). We calculated the percentage of

beating EBs in differentiated hiPSCs at 8 d and 17 d post-differentiation. In the high differentiation

group, approximately 50% and 90% of the EBs demonstrated rhythmical and synchronous beating at

8 d and 17 d post-differentiation, respectively. In contrast, the proportion of beating EBs was low in

the low differentiation group, even after 17 d of differentiation (Fig. 6b).

(a)

N %] ~J =)
(%] o (4] 8

o

Purity of cTnT-positive cells (%)

® Activin A 6ng/mL m Activin A 12 ng/mL

#E
#=E

R-1A R-2A R-12A 409B2 201B7 253G1

Low Differentiation High Differentiation

(b)

Day8 Activin A6 ng/mL
W Day17 Activin A 6 ng/mL

8

~l
[9)]
1

#=E

#=E

wu
o
1

N
[%)]
1

Proportion of beating EBs (%)
o

R-1A

m Day8 Activin A 12 ng/mL
W Day17 Activin A 12 ng/mL

*FE
Cikd
BEREE

R-2A°  R-12A 409B2 201B7 253Gl

Low Differentiation

High Differentiation
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Figure 6 (a) Comparison of the cardiac differentiation ability of hiPSC lines using flow cytometric

analysis 17 d post-induction of cardiac differentiation with different concentrations of Activin A; 6

ng/mL and 12 ng/mL. Data are expressed as mean + SEM (n = 3). **p < 0.01 vs. R-2A, ANOVA and

Dunnett’s test. (b) Beating analysis of rhythmic and synchronous beating of EBs at 8 d and 17 d

post-differentiation with different concentrations of Activin A; 6 ng/mL and 12 ng/mL. Data are

expressed as mean + SEM (n = 3). **p <0.01 vs. R-2A, ANOVA and Dunnett’s test.

With respect to cardiac differentiation capability, hiPSC lines could be categorised into two distinct

groups, the low (R-1A, R-2A, and R-12A) and high differentiation groups (409B2, 201B7, and

253@G1). Similarly, cardiomyocytes derived from the hiPSC lines in the high differentiation group

expressed TNT2 and NKX2.5 at > 20-fold higher levels than those in the low differentiation group

(Fig. 7). Differences in the concentrations of Activin A did not affect the percentage of cTnT-positive

cells in the hiPSC lines with low differentiation efficiency.
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Figure 7 Cardiac lineage gene expression in EBs at 17 d post-differentiation. Differences in cardiac

lineage differentiation potential among hiPSC lines induced with different concentrations of Activin

A; 6 ng/mL (a) and 12 ng/mL (b). All mRNA values are shown as fold change relative to the

expression of R-2A at 6 ng/mL Activin A. Data are expressed as mean + SEM (n = 3).
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Immunostaining also revealed that the number of cTnT-positive and NKX2.5-positive cells in the
cardiac population was higher in the high differentiation group than in the low differentiation group
(Fig. 8). Furthermore, in the low differentiation group, we detected many a-SMA and vimentin-
positive smooth muscle cells and fibroblasts (Fig. 9), which was consistent with the results of

previous reports3334,

Nkx2.5/ / Hoechst Nkx2.5/ / Hoechst
R-1A R-2A R-12A

Low Differentiation
High Differentiation

Figure 8 Immunofluorescence of hiPSC-derived cardiomyocytes for cardiac-specific markers.
Micrographs show cTnT (green), Nkx2.5 (red), and Hoechst (blue) staining. Upper panels show low

magnification and lower panels high magnification. Scale bars in upper panels = 300 um, in lower

panels = 100 pm.
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Vimentin / / Hoechst  aSMA/ / Hoechst
R-2A R-2A

Low Differentiation

Figure 9 Immunofluorescence of cardiomyocytes derived from the low differentiation group (R-2A

and R-12A) for cardiac-specific markers and smooth muscle cell and fibroblast markers. Left

micrographs show cTnT (green), vimentin (red), and Hoechst (blue) staining. Right micrographs

show cTnT (green), aSMA (red), and Hoechst (blue) staining. Scale bars = 100 um.

The presence of residual undifferentiated cells after differentiation is a critical issue regarding

clinical application of hiPSC-derived cardiomyocytes*33-38. Therefore, we compared the expression

of an hiPSC marker gene (LIN28) between the high and low differentiation groups on day 17 after

the induction of differentiation. The expression of the undifferentiated hiPSC marker LIN28 3° was

significantly higher in the low differentiation group than in the high differentiation group, suggesting

that the lower efficiency in cardiac differentiation correlated inversely with a higher proportion of

residual undifferentiated hiPSCs (Fig. 10). This underscored the importance of selecting hiPSC lines

17



with high differentiation potential for clinical application of hiPSC-derived cardiomyocytes.

LIN28 Figure 10 Expression of an undifferentiated hiPSC marker
< 1.0 - .
'E 0.8 - gene (LIN28) among hiPSC lines at 17 d post-cardiac
% 0.6 -
% differentiation. All mRNA values are shown as fold change
2 0.4 -
=
=2
e 0.2 A1 relative to the expression of R-2A in Low differentiation group.
0.0 - -
Low ngh Data are expressed as mean £ SEM (n = 6). *p < 0.05, t-test.

To examine the expression of cardiomyocyte-related genes in EBs, we extracted RNA from

hiPSC-derived cardiomyocytes on day 17 after the induction of differentiation and performed qRT-

PCR analysis. The expression of cardiomyocyte-related genes in EBs formed after induction with 12

ng/mL Activin A was higher in the high differentiation group than in the low differentiation group.

Heat maps demonstrated the relative expression levels of cardiomyocyte-related genes and cardiac

maturation-related genes in EBs derived from the hiPSC lines (Fig. 11).
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Figure 11 Heat map of cardiomyocyte-related

10 . .
genes and maturation-related genes among six

00 hiPSC lines.

The cardiomyogenic ranking in EBs at 17 d post-differentiation was calculated based on the

expression levels of six cardiomyocyte-related genes that were used as markers. We performed

principal component analysis (PCA) to determine the rank of cardiac differentiation capacity among

the six hiPSC lines. The ranking of hiPSC lines according to their cardiac differentiation potential

(from highest to lowest) was 409B2, 253G1, 201B7, R-1A, R-2A, and R-12A (Fig. 12). The

expression of cardiomyocyte-related genes was also high in the high differentiation group of EBs at

9 d post-differentiation. In addition, PCA based on the expression of cardiomyocyte-related genes in

EBs demonstrated that the ranking order on day 9 post-differentiation was identical to that on day

17. We recalculated cTnT-positive rates of EBs at day 17 in the high and low differentiation groups

and observed a significant difference in the cTnt-positive rate between the two groups; low = 13.6%

+ 1.9 vs. high = 81.1% + 3.3% (p < 0.01) (Fig. 13).
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Figure 12 Principal component analysis of cardiac differentiation ability among six hiPSC lines at

17 d and 9 d post-cardiac differentiation with different concentrations of Activin A; 6 ng/mL and 12

ng/mL (PCl1, first principal component scores).

100

80
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20
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*¥

Low Differentiation

High Differentiation

Figure 13 Percentage of cTnT-positive cells

generated from hiPSCs in high and low

differentiation groups at 17 d post-differentiation

in a training set of hiPSC lines. Data are

expressed as mean = SEM (n = 6). **p <0.01, t-

test.

Expression of germ layer-related genes in EBs derived from hiPSC lines.

To determine the differentiation direction of hiPSC lines in the early stage of differentiation, we

20



analysed gene expression of the three embryonic germ layers in EBs on day 4 of cardiac

differentiation using qRT-PCR. The radar charts were based on the expression of genes specific to

the mesendoderm and mesoderm (GOOSECOID, PDGFR-A, FLK1, and BRACHYURY), endoderm

(HNF3,50X7,50X17, and AMN), and ectoderm (ZIC1, SOXI, and PAX6), which enabled

assessment of the differentiation direction of the hiPSC lines with high and low differentiation

potential. The hiPSC lines in the high differentiation group showed high expression of the

mesodermal gene FLK! during the early stage of differentiation, whereas the hiPSC lines in the low

differentiation group showed high expression of the endodermal gene AMN and the ectodermal gene

PAX6 (Fig. 14).

Low Differentiation High Differentiation
&
o, K
o,
%, § PAX6 %
» S AMN %,
S
ZIc1 g SOX7 zIc1
~/BRACHYURY  gox37 ~/— BRACHYURY
HNF3 7\ FLK1 S " Cd
GOOSECOID —— PDGFR-A e GOOSECOID PDGFR-A be,‘(o
e o
W é&"

Figure 14 Comparison of differentiation direction of hiPSC lines at 4 d post-cardiac differentiation.

Radar chart based on expression levels of endoderm, ectoderm, and mesoderm-related genes at 4 d

post-cardiac differentiation.
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We compared the ranking order of the hiPSC lines for cardiac differentiation potential at 17 d
post-differentiation (Fig. 12) and the expression of germ-layer related genes at 4 d using Spearman’s
rank correlation analysis. The expression levels of FLK1 correlated positively with the cardiac
differentiation potential of hiPSC lines (Spearman correlation coefficient (rs) = 0.75, p = 0.05). In
contrast, the expression of ZIC1 and AMN showed negative correlation (ZICI, rs =—0.57, p = 0.18;
AMN, 1s =—0.89, p < 0.05) (Table 2). Considering that cardiomyocytes are generated from the
mesoderm*’, we inferred that mesodermal genes were upregulated in hiPSCs with high cardiac
differentiation potential during the early stage of differentiation. The expression of germ layer-
related genes at 4 d post-differentiation reflected a lineage-specific direction of hiPSC lines,
suggesting that the differentiation process of EBs can be confirmed by measuring the expression

levels of FLK1, ZIC1, and AMN.

Lineaze Marksr = p-value
Mzsodemm FLE] 0.75 0.05
FPDGFR-4 0.1 053
GOOSECOID 0.1 0.54
ER4ACHTURY 01 082
Endoderm 50X7 0.3a 0.38
AUN 088 .01
SQE7 0.1 0.82
HNF3 .36 043
Ectodem SQXI £.29 0.53
P4TH 078 004
Il 057 0.18

Spearman comelation cosfficient (rs) and p-vaine wers caloulated for staristical analysis.

Table 2 Spearman’s rank correlation analysis between cardiac differentiation capacity at 17 d post-

differentiation and the expression of EB-related genes at 4 d post-differentiation.
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In addition, we observed that the diameter and area of EBs at 6 d post-differentiation were

significantly different between the high and low differentiation groups of hiPSC lines. The mean

diameters of the high and low differentiation groups were 286 = 15 um and 202 + 9 um, respectively

(p <0.01), whereas the mean areas of the high and low differentiation groups were 67329 + 7145

um? and 33676 + 2892 um? (p < 0.01), respectively (Fig. 15).

(a) Low Differentiation High Differentiation
- 2 \ ~ o ’ L >

(b) Area

Diameter
. *%
80000 i ——> 4009
1 < 300 A
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=2 40000 & 200 A
©
e 5
< a -
20000 - 8 100
0 0 -
Low  High Low High

Figure 15 (a) Images of EBs 6 d post-cardiac differentiation of a training set of hiPSC lines. Scale

bars = 300 um. (b) Cross-sectional area and diameter of EBs at 6 d post-cardiac differentiation. Data

are expressed as mean = SEM (n = 6). **p < 0.01, #-test.
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During the time course of cardiac differentiation, the diameter of EBs in the high differentiation

group was significantly larger than that in the low differentiation group (Fig. 16a). We also

demonstrated that the number of cells per EB was significantly different between the high and low

differentiation groups (Fig. 16b). Previous studies also reported that the size of EBs was associated

with cardiac differentiation in ES cells3!#!. Therefore, the differences in cell proliferation may have a

significant impact on cell differentiation in EBs, suggesting that the non-invasive measurement of

EB size could be useful for process control.

(a) (b)
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0 r r r ) 0
0 5 10 15 20 Low High
Day of differentiation

Figure 16 (a) The diameter of EBs in the high and low differentiation groups during the cardiac

differentiation. Data are expressed as mean £ SEM (n = 6). **p < 0.01; *p < 0.05, t-test. (b) Number

of cells per EB at 17 d post-cardiac differentiation. Data are expressed as mean = SEM (n = 6). *p <

0.05, z-test.
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Comprehensive gene expression analysis of undifferentiated hiPSCs using miRNA and mRNA

arrays.

Short non-coding RNAs, such as miRNAs, play important roles in silencing targeted genes by

regulating post-transcriptional events*2. Over 500 human miRNAs and small nucleolar RNAs

(snoRNAs) have been described and each can regulate hundreds of different mRNAs*. Previous

reports showed that miRNAs can control cell lineage determination and maturation of hiPSCs,

possibly by regulating the transcriptome of undifferentiated hiPSCs**-4¢, Therefore, we performed

miRNA array analysis and investigated miRNA expression profiles in the hiPSC lines (Fig. 17a).

Differential analysis based on miRNA array comparing the high and low differentiation groups

identified three miRNAs and two snoRNAs that were statistically different (p < 0.05, fold change >

2; Fig. 17b and Table 3). The miRNAs were expressed at significantly higher levels in the low

differentiation group than in the high differentiation group, suggesting that these miRNAs may be

involved in inhibiting the cardiac differentiation of hiPSCs and in maintaining cells in a state of self-

renewal. To characterise the miRNA-mediated regulation of cardiac differentiation, miRNA target

prediction was performed using the Ingenuity software (Qiagen). In total, 1924 genes were identified

as being regulated by has-miR-139, mml-miR-204, and hsa-miR-629.
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Figure 17 Transcriptome analysis of undifferentiated hiPSCs using miRNA array. (a) Plot showing

expression of relative fold change expression between high and low differentiation groups. The x-

axis indicates miRNA ranks for relative fold change and the y-axis shows the expression ratio

(high/low) based on the differential profiles of 535 miRNAs in hiPSCs. (b) The differential

expression of miRNAs in the high differentiation and low differentiation groups at a p < 0.05 and

fold change > 2. Data are expressed as mean + SEM (n = 3). **p < 0.01; *p < 0.05, z-test.

Fold Subcellular

Probe Set ID T Type Location Role in cell
ACA24 1—20 small nucleolar RNA - -
hsa-miR-629-star 1—21 mature microRNA Cytoplasm -

expression in, differentiation,

mml-miR-204 1—26 mature microRNA Cytoplasm antiapoptosis, activation in,

proliferation, maturation
ACA61 1 —4.0 small nucleolar RNA - -

hsa-miR-139 1 —11.4 mature microRNA Cytoplasm growth

Three miRNAs and 2 snoRNAs showed significant difference in their levels in the high and low purity

groups (p < 0.05, fold change > 2).

Table 3 Differentially expressed miRNAs and snoRNAs in the high and low purity groups.
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Next, gene expression of the high and low differentiation groups was compared quantitatively to

identify genes that were expressed in undifferentiated hiPSCs and may regulate cardiac

differentiation. To perform a comprehensive analysis of the gene expression of undifferentiated

hiPSCs, the mRNA array was used to identify differentially expressed transcripts in the high

differentiation group compared to that in the low differentiation group. We identified 20 upregulated

genes and 11 downregulated genes related to cardiac differentiation capability (fold change > 2 and p

< 0.01; Fig. 18a and 18b). Ingenuity canonical pathway analysis showed that the genes differentially

expressed between the high and low differentiation groups were involved in chemokine signaling

and the Wnt/Ca+ signaling pathway (Fig. 18c).
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Figure 18 Transcriptome analysis of undifferentiated hiPSCs using GeneChip array.

(a) Scatter plot showing counts per million (CPM) of high differentiation (y-axis) vs. CPM of low

differentiation (x-axis) from the mRNA array analysis. Red and blue coloured points and gene names

indicate mRNAs that were significantly changed (fold change > 2 and p < 0.01, #-test). (b) Graph

28



showing the fold changes of the top and bottom differentially expressed genes from a GeneChip

analysis comparing the high differentiation group with the low differentiation group. Selected genes

have been colour-coded and labelled. Red, top 10 expression in the high differentiation group (p <

0.01, t-test); blue, top 10 expression in the low differentiation group (p < 0.01, #-test). (c) Pathway

analysis of the collective expression levels of interacting genes involved in specific pathways.

Profiling of TSS expression in undifferentiated hiPSCs using CAGE.

To further investigate the correlation between the genetic state of hiPSC lines and cardiac

differentiation potential, we comprehensively compared TSS expression between the high and low

differentiation groups using CAGE**°, which allowed identification of specific promoters for

hiPSC differentiation. We identified 159 upregulated-transcripts and 707 downregulated-transcripts

with more than twofold change in expression and FDR (false discovery rate) less than 0.01 in the

high differentiation group compared to that in the low differentiation group (Fig. 19a). The genes

identified using CAGE with the highest differentially expressed fold-changes in either direction are

shown in Fig. 19b. Pathway analysis of these differentially expressed genes demonstrated that genes

related to BMP receptors and human embryonic stem cell pluripotency were possibly involved in

cardiac differentiation (Fig. 19¢).
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Figure 19 Undifferentiated hiPSC transcriptome profiling using CAGE. (a) Scatter plot shows log

fold changes of individual genes (x-axis) vs. log CMP of high differentiation (y-axis) from CAGE.

(b) Graph showing the fold changes of the top and bottom differentially expressed promoters
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according to CAGE comparing the high differentiation group with the low differentiation group.

Selected genes have been color-coded and labelled. Red, top 10 expression in the high differentiation

group; blue, top 10 expression in the low differentiation group (FDR < 0.01, fold change > 2). (c)

Pathway analysis of the collective expression levels of interacting genes involved in specific

pathways.

In addition, Venn diagram analysis indicated that five genes (CHCHD2, PF4, ZNF229,

ZNF354C, and LOC441666) were differentially expressed in both mRNA array and CAGE, 130

genes were differentially expressed in CAGE and were targets of differentially expressed miRNAs,

and one gene (TMEMG64) that was differentially expressed in the mRNA array was the target of

differentially expressed miRNAs. Genes were categorised as positive predictors (upregulated in the

high differentiation group) and negative predictors (downregulated in the high differentiation group)

of cardiac differentiation potential (Fig. 20). In addition to these eight genes (CHCHD2, PF4,

ZNF229, TMEM64, FGF17, GATA6, ANKRD1, and IGFBP5) identified using multiple analysis

platforms, we selected 14 genes related to cell differentiation that were differentially expressed in at

least one platform. In total, we selected 22 genes as biomarker candidates and listed their cellular

roles (Table 4).
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Figure 20 List of predictive biomarkers for cardiac differentiation. Venn diagram analysis

visualising the overlap among the candidate genes identified using CAGE, mRNA array, and miRNA

array analyses. The number of upregulated and downregulated mRNAs in hiPSC lines of the high

differentiation group compared to that in the low differentiation group is indicated by red (up) and

blue (down) colours, respectively.
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Table 4 Predictive biomarker candidates for cardiac differentiation of hiPSC lines.

Positive predictors:

reading frame 50

Gene . .
Analysis | Entrez gene name Role in cell
name
coiled-coil-helix-coiled- | phosphorylation in, differentiation,
CAGE & ] ] ] T o o
CHCHD2 RNA coil-helix domain expression in, migration by, signaling in,
m
containing 2 formation in, formation
proliferation, chemotaxis, activation,
CAGE & binding, growth, chemoattraction,
PF4 platelet factor 4 ) o o )
MRNA differentiation, migration, survival,
adhesion
. differentiation, identity, expression in,
KDM6A MRNA | lysine demethylase 6A ) o ] ]
remodelling, cell viability, proliferation
BCOR mRNA | BCL6 corepressor differentiation, formation
POMZP3 mRNA | POM121 and ZP3 fusion | formation
RNA binding motif alternative splicing by, homologous
RBMX mMRNA ] ) o o
protein, X-linked recombination in, expression in
o proliferation, homeostasis, quantity,
ring finger and CCCH- o
RC3H1 MRNA . number, expression in, abnormal
type domains 1 o o
morphology, degradation in, differentiation
apoptosis, sensitivity, destruction in, cell
GLI pathogenesis related | cycle progression, transactivation in,
GLIPR1 mRNA R o
1 degradation in, binding in, ubiquitination
in
apoptosis, activation in, cell death,
receptor interacting necroptosis, necrosis, expression in,
RIPK1 CAGE ] o o ] ] ]
serine/threonine kinase 1 | production in, survival, proliferation,
formation in
chromosome 7 open
C7orf50 CAGE unknown
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Negative predictors:

Gene ) )
Analysis | Entrez gene name Role in cell
name
CAGE & o ]
ZNF229 zinc finger protein 229 | unknown
mRNA
differentiation, expression in, activation in,
PLCB1 MRNA phospholipase C beta 1 | cell death, G2/M phase transition, loss,
binding, size, hypertrophy, fusion
MRNA & | transmembrane protein | o
TMEM64 differentiation
miRNA | 64
prostaglandin )
PTGR1 CAGE survival
reductase 1
formation by, expression in, quantity,

FOXQ1 CAGE forkhead box Q1 o . _
migration, proliferation

MYL4 CAGE myosin light chain 4 unknown

FGF17 CAGE & | fibroblast growth proliferation, abnormal morphology,

miRNA | factor 17 phosphorylation in, survival
o | differentiation, expression in, proliferation,
CAGE & | GATA binding protein ) o S
GATAG . apoptosis, transcription in, transactivation in,
miRNA | 6 o
specification, growth, abnormal morphology
ANKRDL CAGE & | ankyrin repeat domain | apoptosis, response, differentiation, cell
miRNA | 1 viability, expression in, colony formation
insulin like growth rowth, migration, apoptosis, proliferation,
CAGE & (R TN ST, T TOn, S e, B
IGFBP5 - factor binding protein | survival, translation in, differentiation, cell
mi
5 spreading, expression in, quantity
expression in, binding in, accumulation in,
. signaling in, transcription in,

WNT3 CAGE Wnt family member 3 o ) )
phosphorylation in, proliferation,
differentiation, stabilization in
proliferation, differentiation, growth,

insulin like growth migration, phosphorylation in, apoptosis,

IGF2 CAGE J J i p p. y _ F_)p

factor 2 expression in, activation in, survival,
quantity
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Validation of 22 candidate genes as predictors of cardiac differentiation potential.

Differential gene expression between the high and low differentiation groups of undifferentiated
hiPSCs revealed potential candidate genes related to cardiac differentiation potential. The expression
of 22 biomarker candidate genes that predicted the cardiac differentiation capacity of hiPSC lines
was confirmed in 13 additional hiPSC lines. A previous report showed that culture conditions affect
the pluripotency and cardiac differentiation of hiPSCs*. Therefore, hiPSC lines of the test set were
evaluated under on-feeder and feeder-free conditions to determine the effects of extracellular matrix

on cardiac differentiation (Table 5).

Source
Celllinename | Vectors |Reprogrammingfactors lcu“:::;g p;’:;‘:i::;:’:;‘:‘:n:) Reference
Origin Racial Age Sex
454E2 Episomal |08 S“Sﬁ&g4fn&';j'§"c Lin28 Dental pulp cell Tapanese 16 F MEF 5% Kajiwara M, etal Proc. Natl Acad. Sci. USA. 2012 Jul 31;109(31):12538-45.
606A1 Episomal Oct3/4, Sox2, KIff, L-Mye, Lin28 Cord blood cell Tapanese - F MEF 16% Kajiwara M. et al Proc. Natl. Acad. Sci. USA. 2012 Jul 31:109(31):12538-43.
648A1 Episomal | %% sz&gﬁ;’g" L1284 perigheral blood monorudearcell|  Tapanese 30s M MEF 17% Okita K, etal. Stem Cells. 2013 Mar:31(3)458-66.
Tic Retroviral Oct3/4, Sox2, Kif, c-Myc ‘Human fetus langcell no data 14 weekfetus | M MEF 4% Fujioka T, etal Hum Cell. 2010 Aug:23(3):113-8
ATCC- Retroviral Octd, Sox2, KIft, Mye ‘Primary hepatic fibroblast Hispanic i M MEF
HYR0103
ChiPSC18 Retroviral Octd, Sox2, KIfY, Mye Human demalfibrablast Northaftican 2 M | iMatrix511 9% Asplund A, etal. Stem Cell Rev. 2016 Feb;12(1):90-104,
ChiPSC21 Retroviral Octd, Sox2, Kift, Mye Human demalfibroblast Northafrican 2% M | iMatrix511 3% Asphund A etal Stem Cell Rev. 2016 Feb: 12¢1):50-104.
ChiPSC22 Retroviral Octd, Sox2, KIfi, Mye ‘Human demalfibroblast Northaftican 2 M | iMatrix511 3% Asplund A, etal Stem Cell Rev. 2016 Feb;12(1):00-104.
PCi-1432 Episomal Sox2, Oct4, KIf, Mye Peripheral blood monomudearcell | South european 30-50 M | iMatrix511
PCi-1503 Episomal | Octd,S0x2, Lin2§, Kifd, L-Myc | Peripheral blood monoruclearcell Asian no data F | iMatrix511 1%
PCi-1533 Episomal Octt, Sox2, Lin28, Kift, LMye | Peripheral blood monomudlear cell African 26 F | iMatrix511 1%
Ff-201B7 Retrovirus Oct3/4, Sox2, KIFL, e Mye Human demal fibrablast Caucasian 3% F | iMatrix511 1% TakahashiK, etal. Cell 2007 Nov 30;131(5):861-72.
F£-253G1 Retrovirus Oct3/4, Soxd, Kift Human demalfibroblast Caucasian 3% F | iMatrix511 9% NakagawaM, etal NatBiotechnol 2008 Jan:26(1):101-6. Epub 2007 Nov30.

Table 5 Information about the 13 hiPSC lines of the test set.

To validate the biomarker candidate genes using a method other than CAGE, and mRNA and
miRNA arrays, we measured the expression of each biomarker candidate gene in these
undifferentiated hiPSC lines using qRT-PCR. The cells were then differentiated into cardiomyocytes

using the protocol shown in Fig. 3. The differentiated cells of each hiPSC line were divided into high
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and low differentiation groups based on whether the cTnT-positive rate was 50% or higher, and the
cTnt-positive rates were recalculated for the differentiated hiPSC lines of each group (Table 5 and

Fig. 21).

Cardiac Troponin-T

‘B-:’ 100 *% Figure 21 Validation results for expression of 22 genes in a
HER N g

E: test set of 13 hiPSC lines. (a) Percentage of cTnT-positive cells
'z 60

,Z' 20 generated from hiPSCs in high and low differentiation groups
I i

o

E’_ 20 A at 17 d post-differentiation in a test set of hiPSC lines. Data are
g ol

Low High expressed as mean + SEM (n = 3-10). **p < 0.01, ¢-test.

Next, we compared the expression levels of the biomarker candidate genes between the two
groups. Twenty of the 22 genes exhibited no significant difference in expression between the two
groups (Fig. 22). These observations suggested that those 20 candidate genes were false positives.
Two of the candidate genes in the test set correlated either positively or negatively with cardiac
differentiation potential. The gene that positively correlated with cardiac differentiation potential was
PF4 (Fig. 23a, and 23c), which is known to be involved in cellular functions, including proliferation,
chemotaxis, activation, binding, growth, chemoattraction, differentiation, migration, survival, and
adhesion. PF4 has been reported as one of the most potent antiangiogenic chemokines influencing
angiogenesis®!, suggesting that PF4-high expressing hiPSC lines may be efficiently induced to
differentiate into cardiomyocytes. In addition, TMEM64 was found to negatively correlate with
cardiac differentiation potential (Fig. 23b and 23d). Reports show that TMEM64 is involved in WNT

signaling®?, possibly affecting the differentiation of cells into cardiomyocytes. Although WNT32,
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IGF2'3, and CHCHD2'? have been reported as differentiation markers, results from the present study

revealed only low correlation of these genes as a predictive marker for cardiac differentiation.
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Figure 22 Expression profile of 20 candidate genes based on qRT-PCR for positive predictors (red)

and negative predictors (blue). All mRNA values are shown as fold change relative to the expression

of PCi-1533.
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Figure 23 Validation results for expression of 22 genes in a test set of 13 hiPSC lines. (a,b) PF4 and

TMEM64 mRNA expression levels in the high and low differentiation groups were quantified using

gRT-PCR. Data are expressed as mean = SEM (n = 3-10). **p < 0.01; *p < 0.05, #-test. (c,d) PF4

and TMEM64 mRNA levels in undifferentiated hiPSCs correlated with their cardiac differentiation

efficiency along with r and p values. All mRNA values are shown as fold change relative to the

expression of PCi-1533. Each dot indicates the expression level in each hiPSC line.




As WNT signaling and mitochondrial function have been reported to play critical roles in the

cardiac differentiation of hiPSCs?*33, we attempted to differentiate hiPSCs after treatment with WNT

signaling inhibitors IWR-1 and IWP-2, a WNT signaling activator CHIR99021, and a mitochondrial

function inhibitor MitoBlock-6°*. We observed that CHIR99021 and Mitoblock-6 significantly

decreased the cardiac differentiation efficiency compared to that of vehicle (Fig. 24a). In addition,

treatment with CHIR99021 suppressed PF4 expression in hiPSC lines, indicating that the activity of

WNT signaling was associated not only with the cardiomyocyte differentiation efficiency, but also

with PF4 expression (Fig. 24b). Furthermore, the 2D plots of the raw data points of Fig. 24 indicated

a significant correlation between PF4 gene expression in hiPSCs with a common genetic

background and purity of cTnT-positive cells after their differentiation (Fig. 24d). In contrast,

TMEM64 expression did not correlate with changes in cardiac differentiation potential (Fig. 24c and

24e).
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Figure 24 (a) Percentage of cTnT-positive cells generated from hiPSC lines with a common genetic

background (253G1) incubated with IWR-1 & IWP-2, CHIR99021, and Mitoblock-6 at 17 d post-

differentiation. Data are expressed as mean £ SEM (n = 6). **p <0.01 vs. DMSO, ANOVA and

Dunnett’s test. (b, ¢) PF4 and TMEM64 mRNA expression levels of the hiPSC lines incubated with

IWR-1 & IWP-2, CHIR99021, and Mitoblock-6. All mRNA values are shown as fold change

relative to the expression of mRNA in DMSO-treated control cells. Data are expressed as mean +

SEM (n = 6). *p < 0.05 vs. DMSO, ANOVA and Dunnett’s test. (d, €) Pearson correlation analysis

between PF4 and TMEM64 mRNA levels in undifferentiated hiPSCs and their cardiac differentiation

efficiency along with r and p values.
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Finally, we performed experiments to examine the functional significance of PF4 in

cardiomyocyte differentiation of hiPSCs. In brief, cardiomyocyte differentiation of hiPSCs, which

were cultured in the presence of PF4 (1 uM)> for 2 days prior to differentiation induction, led to 1.3-

to 10.0-fold higher expression levels of cardiomyocyte-specific genes (MYH7, MYL2, and TNT2) at

14 d post-differentiation, compared with the controls (Fig. 25). Similarly, PF4 treatment of hiPSCs

resulted in an increased number of strong beating EBs, compared to the controls. The cross-sectional

area of the EBs, which was associated with the cardiomyogenic potential of hiPSC lines (Fig. 15),

was significantly larger in the PF4-treated group, compared with that in the control group. In

addition, the proportion of beating EBs in the PF4-treated group was significantly higher than that in

the control group (Fig. 26).
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Figure 25 Expression of cardiomyocyte-specific genes (MYH7, MYL2, and TNT?2) at 14 d post-

differentiation in EBs derived from hiPSCs treated with PF4 (1 uM) or DMSO (1%) as a control for

41



2 days prior to differentiation induction. The mRNA values are shown as fold changes relative to the

expression in the controls. Data are expressed as mean + SEM (n = 9). **p < 0.01, ¢-test.

Proportion of beating EBs Area Diameter
*
* 700 - P =0.10
§ 100 4 350000 - -
s 600 -
2 g | 300000 R
E & 250000 - E 500 1
® 60 £ 2
i 2 200000 - = 400 1
=2 m =
S 2 150000 - g 300 -
< 40 < E
= 100000 - 8 200 -
g 20 1
S 50000 - 100 -
a o o - o -
Control  PF4 Control  PF4 Control  PF4

Figure 26 Proportion of beating EBs, and cross-sectional area and diameter of EBs derived from
253G1 hiPSCs treated with PF4 (1 uM) or DMSO (1 %) as a control for 2 days prior to
differentiation induction. Data were obtained from EBs at 14 d post-differentiation and are expressed

as mean = SEM (n = 6). *p < 0.05, ¢-test.
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Discussion

Transcriptome comparison of hiPSC lines between the high and low differentiation groups

revealed that PF4 was a novel biomarker that may be used to distinguish between high and low

cardiac differentiation potential of hiPSC lines. For clinical application of hiPSC-derived

cardiomyocytes, suitable hiPSC lines must be selected, from which highly purified cardiomyocytes

containing minimal undifferentiated hiPSCs can be generated. Our results suggest that the cardiac

differentiation potential of individual hiPSC lines can be predicted by assessing PF4 expression in

hiPSCs. In addition, it was possible to reduce the potential risk of tumorigenicity from residual

undifferentiated hiPSCs in the end product. In our study, we identified PF4 as a marker for selection

of hiPSCs as a raw material for cardiomyocyte production. The data from the test set of 13 hiPSC

lines suggest the robustness of this biomarker, though the usefulness of PF4 as a biomarker could be

changed by further optimization of the differentiation protocol.

We showed variability in cardiac differentiation potential of hiPSCs lines by assessing

cardiomyocytes differentiated from hiPSCs. We focused on the gene expression profiles of hiPSC

lines to identify predictive biomarkers for hiPSCs with cardiac differentiation potential. As factors

specific to the original cells and reprogramming methods are both known to influence the

differentiation efficiency of hiPSC lines%, we used hiPSC lines that were derived from different

43



somatic origins and reprogramming methods. Our results showed that hiPSC lines derived from skin

fibroblasts tended to differentiate more efficiently into cardiomyocyte than hiPSC lines derived from

umbilical cord fibroblasts. Furthermore, we used 253G1, 201B7, and 409B2, which were generated

from the same individual and dermal fibroblasts, and different reprogramming methods as shown in

Table 1. Our results demonstrate that the hiPSC lines expressing high levels of PF4 had a higher

capacity to differentiate into cardiomyocytes. The levels of PF4 and the purity of cardiomyocytes

were not different among the three hiPSC lines (data not shown). We also found that the cardiac

differentiation capacity of hiPSCs was not affected by the MEF and feeder-free culture condition

(data not shown). Taken together, these findings suggest that their efficiencies for cardiomyocyte

differentiation do not depend on the reprogramming methods. Considering the epigenetic influence

of somatic cells on differentiation, analysis of DNA methylation profiles of hiPSC lines and large-

scale differentiation experiments might be necessary in the future, as has been reported

previously!'3!4,

In the present study, we evaluated hiPSCs in an undifferentiated state using three comprehensive

gene expression analysis approaches that included miRNA array, mRNA array, and CAGE, as

multiple strategies for identifying biomarkers that are clearly required to reduce the number of false

positives. In the process of identifying biomarkers for differentiation potential, the three platforms

44



for quantitating transcript expression allowed us to better understand the mechanisms underlying

hiPSC differentiation into cardiogenic lineages. Furthermore, the three independent genetic analyses

identified common genes by comparing the transcript expression patterns between hiPSC lines with

high and low differentiation potential. Validation using qRT-PCR analysis of candidate genes of the

test set of hiPSC lines further decreased the number of false positives. Indeed, PF4 expression

overlapped as a candidate gene between the CAGE and GeneChip analyses, and 20 false positive

markers were eliminated using the qRT-PCR-based validation. Using our comprehensive gene

analysis data of commercially available undifferentiated hiPSCs, researchers can search for new

differentiation biomarkers in desired cell types such as blood, liver, and neural cells.

Moreover, the marker for cardiac progenitors was used to identify the cardiomyogenic potential of

the hiPSC lines at the early stage of differentiation®>>’. However, our results demonstrated that the

cardiac differentiation capacity could be predicted by measuring the expression of PF'4 in the

undifferentiated hiPSCs. PF4, a known heparin neutralising factor released from platelets, plays a

key role in the activation and differentiation of monocytes and macrophages and is associated with

systemic sclerosis and cancer’®. In addition, PF4 levels in the blood have been proposed as

biomarkers for determining cancer types®’. We demonstrated that PF4 expression decreased in

hiPSC lines with low cardiac differentiation potential and that higher percentage of residual
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undifferentiated cells remained post-differentiation in the low differentiation group of hiPSC lines

than in the high differentiation group. Taken together, these results suggested that PF4 can be used to

distinguish among hiPSC lines associated with tumorigenicity after induction of differentiation. In

addition, we found that the pretreatment of hiPSCs with PF4 enhanced the cardiac differentiation

potential of hiPSCs, suggesting that PF4 has a cause-and-effect relationship with their cardiac

differentiation. These observations suggest that PF4 gene expression, which could vary not only

between hiPSC lines but also between pharmacological conditions, reflect the potential of hiPSCs to

differentiate into cardiomyocytes and can thus be used as a quality control marker of hiPSCs. On the

other hand, further experiments will be required to improve hiPSCs in the low differentiation group

or to confirm the loss-of-function experiments using inhibitors.

Although our observations revealed that PF'4 was responsible for cardiac differentiation in

hiPSCs, the mechanism underlying the regulation of cardiac differentiation remains unknown. As

PF4 is a chemokine that suppresses FGF2-dependent ERK phosphorylation®®, we presumed that it

may possibly modulate FGF signals in hiPSCs. FGF2 and BMP signals are important for inducing

differentiation of cells into cardiomyocytes®'-*2, and FGF2/ERK signals suppress BMP signaling-

induced Smad1 phosphorylation in ES cells. Indeed, the expression of pluripotency markers and

proliferative ability are not altered in FGF knockout stem cells, which rather show difficulty in
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differentiating into neural cells®*%*, Therefore, suppression of the FGF2 signal via PF4 may play a

key role in directing cardiac differentiation in hiPSCs.

In addition, we observed that WNT activation reduced PF'4 expression in hiPSCs, which

suggested a role of WNT signaling in the regulation of cardiac differentiation via PF4. These results

suggest that PF'4 is a novel biomarker for selecting hiPSC lines that are likely to differentiate into

cardiomyocytes, which can be used in regenerative therapy and drug screening. In the present study,

we focused on the differentiation process of hiPSC lines. However, the gene expression patterns of

hESC lines and the mechanism for the maintenance of their pluripotency are known to be similar to

those of hiPSC lines. Thus, it seems likely that our biomarker could be applicable to hESC lines.

In summary, hiPSCs with high cardiomyogenic potential showed high expression levels of PF4,

suggesting that this gene may be used as a biomarker for the selection of hiPSCs that are suitable for

generating cardiomyocytes. In the current study, we demonstrated the feasibility of using our

approach to efficiently select critical biomarkers in hiPSC lines, which can then be used for

screening the cardiac differentiation potential of hiPSCs. In addition to the identification of PF4, this

new approach will facilitate the identification of novel biomarkers for the differentiation potential of

hiPSCs. This new strategy may be beneficial in selecting novel biomarkers and in eliminating false-

positives.
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Conclusion

Differential global gene expression of hiPSC lines with high and low differentiation capacity

showed that cardiac differentiation potential may be predicted by measuring the expression of PF4.

The identification of PF4 as a cardiomyogenic differentiation potential marker of hiPSC lines may

be helpful in selecting hiPSCs lines for regenerative therapy and drug screening.

Materials and Methods

Cell culture and differentiation of hiPSCs.

We used commercially available hiPSC lines as listed in Table 1 and Table 5. To differentiate

hiPSCs into cardiomyocytes, we modified a previously described protocol?®-*°, Undifferentiated

hiPSCs in the training set were cultured on mouse embryo fibroblast (MEF) feeders (ReproCell,

Tokyo, Japan) treated with mitomycin C in primate embryonic stem (ES) medium (ReproCell)

supplemented with 5 ng/mL basic fibroblast growth factor (bFGF; ReproCell). The hiPSC lines were

passaged twice a week on MEF feeders. Feeder-free hiPSCs in the test set were cultured on iMatrix-

511 (Nippi, Inc., Tokyo, Japan) using StemFit (Ajinomoto Co., Inc., Tokyo, Japan).

When the hiPSCs were differentiated into cardiomyocytes, the MEF feeders were removed using
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human ES/iPS dissociation solution (ReproCell). Cell colonies were then dissociated into single cells

using Accumax (Innovation Cell Technologies, San Diego, CA, USA). Feeder-free hiPSCs were

dissociated into single cells using Accutase (Innovation Cell Technologies). Embryoid bodies (EBs)

were generated in EZSPHERE (AGC Techno Glass, Shizuoka, Japan) with StemPro-34 medium

(Gibco, Grand Island, NY, USA) containing 50 pg/mL ascorbic acid (Wako, Osaka, Japan), 2 mM L-

glutamine (Gibco), and 400 uM L-thioglycerol (Sigma-Aldrich, Saint Louis, MO, USA) with 0.5

ng/mL bone morphogenic protein 4 (BMP-4; R&D Systems) and 10 pM Y-27632 (Wako).

The next day, 5 mL StemPro-34 medium containing 10 ng/mL BMP-4 (R&D Systems), 6 ng/mL

bFGF, and 6 ng/mL or 12 ng/mL Activin A (R & D Systems) was added into the EZSPHERE. On

day 4, the EBs were transferred to a low-attachment plate (Corning, NY, USA), and the medium was

changed to StemPro-34 medium containing 4 uM IWR-1 (Sigma-Aldrich). After day 6, the medium

was changed to StemPro-34 medium containing vascular endothelial growth factor (VEGF; R & D

Systems; 5 ng/mL) and bFGF (10 ng/mL) after every 2 days. The EBs were differentiated under

hypoxic conditions (5% O and 5% CO>) at 37°C in a hypoxic incubator (Thermo Fisher Scientific,

Waltham, MA, USA). The differentiated EBs were collected on days 14—18.

To study the effect of cardiac differentiation, hiPSCs were preincubated in a medium containing 1%

dimethyl sulphoxide (DMSO; Wako), 10 uM IWR-1, 5 uM IWP-2 (Sigma-Aldrich), 6 pM
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CHIR99021 (StemCell Technologies, Vancouver, Canada) or 10 uM Mitoblock-6 (Focus

Biomolecules, Plymouth Meeting, PA, USA) for overnight, or in a medium containing 1 uM

Recombinant Human PF4 (Peprotech, New Jersey, USA) or 1% DMSO for 2 days. Following

preincubation, the hiPSCs were differentiated into cardiomyocytes as described above.

Affymetrix miRNA labelling, array hybridisation, and data pre-processing.

Undifferentiated hiPSCs were maintained on Matrigel (Corning, NY, USA) -coated dishes in

mTeSR1 medium (StemCell Technologies, Vancouver, Canada). Total RNA was isolated from hiPSC

lines using a miRNeasy mini kit (Qiagen, Hilden, Germany) and treated with DNase I according to

the manufacturer’s instructions. Total RNA containing low molecular weight RNA (from six hiPSC

lines of the training set, n = 6 for each line) were labelled using the FlashTag Biotin HSR RNA

labelling kit (Affymetrix, Sunnyvale, CA, USA), according to the manufacturer's instructions.

Labelled RNA was processed for microarray hybridisation to miRNA 3.0 array (Affymetrix). An

Affymetrix GeneChip fluidics station was used to perform streptavidin/phycoerythrin staining. The

hybridisation signals on the microarray were scanned using a GeneChip Scanner 3000 (Affymetrix),

and normalisation was performed using the miRNA array RMA+DABG analysis and the Expression

Console software (Affymetrix). The National Center for Biotechnology Information Gene

Expression Omnibus (NCBI GEO) accession number for the miRNA array data is GSE117739.
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GeneChip profiling and biostatistical analysis.

Undifferentiated hiPSCs were maintained on Matrigel (Corning)-coated dishes in mTeSR1 medium

(StemCell Technologies). Total RNA was isolated from hiPSC lines using an RNeasy mini kit

(Qiagen) and treated with DNase I according to the manufacturer’s instructions. RNA samples (from

six hiPSCs lines of the training set, n = 6 for each line) were converted into biotinylated cRNA using

GeneChip 3' IVT PLUS reagent kit (Affymetrix). Labelled RNA was processed for microarray

hybridisation to Human Genome U133 Plus 2.0 GeneChips (Affymetrix). An Affymetrix GeneChip

fluidics station was used to perform streptavidin/phycoerythrin staining. The hybridisation signals on

the microarray were scanned using a GeneChip Scanner 3000 (Affymetrix) and analysed using

Expression console software (Affymetrix). Normalisation was performed after global scaling, with

the arrays scaled to a trimmed average intensity of 500 after excluding the 2% probe sets with the

highest and lowest values. The hybridisation experiments were performed with six samples of each

hiPSC line. The NCBI GEO accession number for the microarray data is GSE88963. To identify the

probe sets related to cardiac differentiation of hiPSCs, paired sample #-tests were conducted to

compare high and low differentiation groups based on PCA ranking. Statistical significance was

defined as p < 0.01 as determined by the Student’s ¢-test with a fold change > 2.

CAGE profiling.
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Undifferentiated hiPSCs were maintained on MEF feeder (ReproCell)-coated dishes in primate ES

medium (ReproCell). Eleven hiPSC lines of a training set, including four hiPSCs with different

passages for 253G1 and two for 201B7 and R-12A were used for total RNA extraction and

purification using the TRIzol tissue kit (Invitrogen) according to the manufacturer’s protocol. RNA

quality was assessed using a NanoDrop spectrophotometer and the Agilent total RNA nano kit. The

standard CAGE protocol was adapted for sequencing on an Illumina platform*-%>, the details of

which are provided in the supplemental experimental procedures (CAGE profiling and data

processing).

Data analysis.

Data are expressed as mean =+ standard error of mean (SEM). Statistical significance was

determined using a two-tailed Student’s 7 test or analysis of variance (ANOVA), as appropriate.

Differences between groups were considered statistically significant at p-values < 0.05.

Flow cytometry.

After differentiation into cardiomyocytes, the EBs were dissociated with TrypLE Select (Gibco) for

5-10 min and neutralised with DMEM (Nacalai Tesque, Kyoto, Japan) containing 10% foetal bovine

serum (FBS; Sigma-Aldrich). Thereafter, the cells were fixed with CytoFix fixation buffer (Becton

Dickinson, East Rutherford, NJ, USA) for 30 min at 4°C. Then, the fixed cells were stained with the
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cardiac troponin T (cTnt) antibody CT3 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or

normal mouse IgG (Santa Cruz Biotechnology, Inc.) in perm/wash buffer (Becton Dickinson). Alexa

Fluor 488-conjugated goat anti-mouse IgG (Thermo Fisher Scientific) was used as a secondary

antibody. The stained cells were analysed using a flow cytometer (Becton Dickinson). Data were

analysed using a FACS Canto II system (Becton Dickinson).

Beating analysis.

Differentiated EBs were monitored using a motion analysis system (SI8000 View; Sony, Tokyo,

Japan). The proportion of beating EBs and the cross-sectional area and diameter of EBs in the video

images were calculated, using SIS000C analyser (Sony) and a fluorescence microscope (BZX-710;

Keyence, Osaka, Japan).

Immunofluorescence staining.

For immunofluorescence staining, cells were fixed with 4% paraformaldehyde for 10 min at room

temperature and washed with phosphate-buffered saline (PBS). After incubation with blocking

solution containing 10% normal bovine serum albumin (Sigma-Aldrich) for 1 h at room temperature,

the cells were permeabilised by incubation with 0.25% Triton X-100 for 10 min at room

temperature. The cells were then incubated overnight with primary antibodies for cTnt (Santa Cruz

Biotechnology), Nkx2.5 (Abcam, Cambridge, United Kingdom), alpha-smooth muscle actin (aSMA,
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Abcam), and vimentin (Abcam) at 4°C. Anti-rabbit or anti-mouse IgG secondary antibodies

conjugated with fluorescein such as Alexa Fluor 488 or Alexa Fluor 555 (Thermo Fisher Scientific)

were used for visualisation of the antigens of interest. Nuclei were counterstained with Hoechst

33258 (Dojindo, Kumamoto, Japan). Immunofluorescent images were examined under a confocal

microscope (FV1200 or SD-OSR, Olympus, Tokyo, Japan).

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR) analysis.

Undifferentiated hiPSCs were lysed using QIAzol lysis reagent (Qiagen, Hilden, Germany). RNA

was extracted using a miRNeasy mini kit (Qiagen) according to the manufacturer’s protocol. cDNA

was synthesised using a SuperScript VILO cDNA synthesis kit (Thermo Fisher Scientific). gPCR

was performed using a ViiA 7 real-time PCR system (Applied Biosystems, Carlsbad, CA, USA),

PCR primers, SYBR Green PCR master mix (Applied Biosystems) or Tagman probe, and Tagman

Gene Expression master mix (Applied Biosystems) as described in Table 6. Relative expression

analysis was performed using the expression level of GAPDH, a housekeeping gene, as a reference.

Heat map and principal component analysis (PCA).

A heat map was generated based on the standardised data using Excel 2016 (Microsoft, Redmond,

WA, USA), representing the cardiac marker genes TNT2, NKX2.5, GATA4, MYL2, MYH6, and

MYH?7, and cardiac maturation marker genes SCN5A4, RYR2, PPARGCI1, KCNJ2, HCN4, CACNAIC,
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and ATP2A42 expressed in the differentiated hiPSC lines. PCA was also performed, and the first

principal component scores were calculated for the cardiac marker genes on days 9 and 17 for six

hiPSC lines from the training set using the JMP 12 software (SAS Institute, Cary, NC, USA).

Table 6 List of primers used in the current study.

Oligonucleotide primers:

(Crene Forward primer seguences (3'—37 F.ewerse primer sequences (3'—37)
NIX2S ACCTCAACAGCTOOCTGACTC ATAATCGOOGICACAAACTCTCOC
TNNT2 TTICACCAAAGATCTGCTCCTCOGET TTATTACTGGTGTGGAGTGGETGTGG
MTLZ TGETCCCTACCTTGTCTGTTAGCCA ATTGFAACATGEOCTCTGRATGEA
MYHS TCAGCTGGAGGICAAAAGTAAAGEA | TICTTGAGCTCTGAGCACTOGTCT
MYHT TCGTGCCTGATGACAAACAGGAGT ATACTCGGTCTCGGCAGTGACTTT
FAT44 AGGOCTCTTGCAATGOGEA CTGGTGETEHIGTIGCTGE

FA L CACGGTGOGGECATCTG CCTTCCATGTGCAGCTTACTC
GAPDH CAATGACCCCTICATTGACT TTIGATTITGEAGGGATCTCG
NANOG AMAGAATCTICACCTATGCC GAAGEAAGAGGAGAGACAGT
SOX7 CACAACTCOGGAGATCAGZAA GGETACTTGTAATCOCGEHGTGC
PATS GTCCATCTTIGCTIGGGAAA TAGCCAGGTTGOGAAGAACT

ZIc] CTGGECTGTHFCAAGGTCTTC CAGCCCTCAAACTCOGCACTT
FLE] TEATCGGAAATGACACTGEA CACGACTCCATGTTGETCAL
POGFR-A ACAGGTTGETGTHGGTTCAT CTGCATCTTCCAAAGCIATCA
ERACHYLRT AATTGGTCCAGCCTTGRAAT CGTTGCTCACAGACCACA
GOOSECOID GAGGAGAAAGTGGAGGTCTG CTCTGATGAGGACCGCTTICTG
SONT CTCTGOCTCCTCCACGAA CAGAATCCAGACCTGIACAA
HNF3 GRAGCGETGAAGATGTAA TACGTGTICATGCCGTICAT

AMN GACTCTGACCGITTCTCCTG CACTAGGEOGGAAAGAAGACG
SOXT ACGICGAGCTCAGCAAGAT TCCACGTACGGOCTCTTCTG
oCT-4 CAATTTGICAAGITCCTGAAG AAAGCGFCAGATGGTCGTT
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Tagman primers:

(rens Azsay reference
ANERDI Hs00173317_ml]
ATP242 Hs005344877_m]

BCOR Hs00372378_ml
CTarf30 Hs00260584_m]
CACNAIC Hs00167681_m]
CHCHD? H=00853324_gl
FGFI7 Hs00182509_m]
Foxgn Hs)336425_sl
F4PDH H=0275899]_gl
FAT4S Hs00232018_m]
GLIPRI Hz01554144_gl
HCW4 Hs00A75482_m]
IGFBPS Hs00181213_m]
FA W Hs1874357_sl
EDdi4 Hs00253500_m]

MTT4 Hs04187281_m]

FPF4 H=00427210_gl
FLCE] Hs01001930_m]
POMZP3 Hs02341150_m]

FPARGCI Hs01014719_m]
PrER] Hs00:200932_m]
RRMT H=009853044 gl
RC3H] Hs01367684_m]
RIFED Hs01041268_m]
RYRZ Hs0018146]1_m]
FCNGA Hs00165683_m]

SEIT Hs01045418_m]
TMEMGS Hs01585138_m]

FNT3 Hs00202257_m]
INF129 H=00870905_gl
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Pathway analyses.

We determined the intracellular location and biological function of a group of genes with

significantly changed expression using Qiagen’s Ingenuity Pathway Analysis (IPA) software.

Enriched human homologues were classified into functional categories based on either biological

function or canonical pathways. A right-tailed Fisher’s exact test was used to calculate p-values to

determine the probability of each enriched human homologue associated with the dataset based on

chance alone. We selected human homologues that had been functionally annotated as

“differentiation” by IPA and further confirmed their roles based on functional descriptions in the

NCBI and GeneCard databases.

CAGE profiling and data processing.

cDNA was synthesised from total RNA using random primers in the presence of trehalose and

sorbitol under high temperature. The ribose diols in the cap structure and the 3' end of the RNA were

oxidised and then biotinylated by reacting the generated aldehyde groups with biotin hydrazide

(Vector Laboratories, Burlingame, CA, USA). Single-stranded RNAs were digested with RNase

ONE ribonuclease (Promega, Fitchburg, WI, USA). The biotinylated RNA/cDNA was selected using

Dynabeads M-270 streptavidin (Thermo Fisher Scientific). After capturing on the beads, the cDNA

was released into the supernatant by heat denaturation. The supernatant was subjected to RNase
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ONE/H digestion, followed by purification using AMPure XP (Bio Rad, Hercules, CA, USA) and

adaptor ligation to both ends of the cDNA. A double-stranded cDNA library was created using

DeepVent (exo-) DNA polymerase. The CAGE cDNA libraries were sequenced using an Illumina

HiSeq 2500 sequencer (Illumina). The data have been submitted to DDBJ Read Archive (DRA)

under accession number DRA007185. The obtained reads were aligned with the reference human

genome (GRCh37) using Burrows-Wheeler Alignment tool (BWA ), and low quality alignments

with a mapping quality of 20 or less were discarded. The 5'-ends of the remaining alignments were

counted based on the robust set of CAGE peaks defined in a previous study®’ and submitted to the

Functional Annotation of Mammalian Genome 5 (FANTOMS5) web resource®®. The read counts were

normalised as counts per million based on the normalisation (size) factor calculated using the RLE

(relative log ratio) method®. Expression analysis was conducted using edgeR°.
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