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ABSTRACT: Human-induced pluripotent stem cell (hiPSC)-
derived cardiomyocytes have potential applications in regenerative
medicine. The quality by design (QbD) approach enables the
efficiency and quality assurance in the manufacturing of hiPSC-
derived products. It requires a molecular understanding of hiPSC
differentiation throughout the differentiation process; however,
information on cardiac differentiation remains limited. Proteins
associated with the early stages of cardiac differentiation would be
useful in the cardiomyocyte quality assessment. Here, we
performed quantitative proteomics of hiPSC intermediate cells in
the early phase of cardiac differentiation to better understand their
molecular characteristics. Proteomic profiles suggested that day 5—
7 cells were in the morphogenetic stage of cardiac differentiation.
Trophoblast glycoprotein (TPBG) was the most up-regulated protein in the morphogenetic stage; it was previously shown to be up-
regulated during differentiation into neural stem cells. Proteomics of TPBG-knockdown cells revealed that TPBG is involved in cell
proliferation and is related to the cardiomyocyte yield, suggesting that it could be used as a marker in QbD development. Our
approach helps us understand the molecular basis of hiPSC differentiation and could be a powerful tool in QbD-based

manufacturing,

1. INTRODUCTION

Induced pluripotent stem cells (iPSC) are a type of pluripotent
stem cell produced by reprogramming somatic cells. This is
done by introducing several types of transcription factors, such
as Oct4, Sox2, Klf4, and c—Myc.l Moreover iPSCs can
differentiate into various tissue and organ cell types derived
from three germ layers. Human-derived iPSCs (hiPSCs) have
several potential applications in regenerative medicine,” " drug
discovery,”™” and disease models." '* Clinical studies of
hiPSC-derived cardiomyocytes are ongoing for application in
diseases, such as ischemic cardiomyopathy.11 The practical
application of hiPSC-derived cardiac cells requires a sufficient
supply of cells with ensured quality."?

Recent drug development research (including biopharma-
ceuticals) has been dominated by “quality by design (QbD)”
development,'” as outlined in the ICH Q8-11 guidelines.'*~"”
The most important element in QbD in biopharmaceutical
development is a deeper understanding of the characteristics of
products and identifying critical quality attributes (CQAs) that
are used to guide the control strategy and the process
development.'®'” The concept of QbD is being applied to the
development of hiPSC-derived cardiomyocytes, although
knowledge of the molecular basis of hiPSC differentiation
remains limited, making this approach challenging. Proteins are
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directly involved in the cell cycle, proliferation, differentiation,
and cellular function. Therefore, an understanding of changes
in protein expression throughout the differentiation process is
essential for QbD-based manufacturing. In particular, elucidat-
ing the changes in protein profiles during the morphogenetic
stage when the distribution of numerous proteins is highly
variable is essential to increase the efficiency of cardiac
differentiation in the early stages, improving the yield of
differentiated cells and reducing batch failure rates. Proteomics
with liquid chromatography/tandem mass spectrometry (LC/
MS/MS) is useful to understand the intracellular proteome
profile’® and identify the proteins associated with differ-
entiation. However, proteomics studies of human stem cell-
derived cardiomyocytes are limited to identifying marker
proteins for differentiation and maturation by measurin§
cardiac progenitor cells’’ and postbeat cell maturation.”

Additionally, the proteins identified using conventional data-
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Figure 1. Proteome profiles in the early phase of cardiac differentiation. (A) Cell differentiation methods. hiPSCs were differentiated into
cardiomyocytes after 18 days. On days 0—1 of differentiation, CHIR99021 was added to activate the Wnt/f-catenin pathway, and on days 3—6 of
differentiation, IWR-1 was added to inhibit the Wnt//-catenin pathway. (B) Clustering analysis with heat map using 4166 protein quantitative

values (n = 6).

dependent acquisition mass spectrometry (DDA-MS) in
previous studies are insufficient to understand hiPSC-derived
cardiomyocytes for QbD.

Recently, data-independent acquisition mass spectrometry
(DIA-MS)*® has attracted attention as a quantitative
proteomic tool owing to its ability to perform comprehensive
quantitative analysis of proteins with high reproducibility.
Previously, we demonstrated that DIA-MS helps understand
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the early phase of neuronal differentiation at the molecular
level.”* We elucidated temporal changes in the proteome
profile and identified an up-regulated protein as a potential
marker of neural stem cells (NSCs) using DIA-MS with a
spectral library search. Lately, DIA-NN (the software for DIA-
MS) allows quantitative proteomics via library-free search-
ing;*> this potentially facilitates simple and rapid under-
standing of the molecular basis of cardiac differentiation for the
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Figure 2. Characterization of the differentiation stage by PCA of the proteome profile. (A) 3D score plot of protein quantification values on days
0—18. (B) 2D score plot of protein quantification values on days 0—2. (C) 2D score plot of protein quantification values on days 3—7. (D) 2D
score plot of protein quantification values on days 10—18. (E) Changes in the levels of the top S proteins with positive contribution to PC1 on days
0—2. SERPINBY, Serpin B9 (left); LAMPI, lysosome-associated membrane glycoprotein 1 (second left); PGM1, phosphoglucomutase-1 (middle);
TMPO, lamina-associated polypeptide 2 isoform a (second right); TPM2, tropomyosin f# chain (right). Each value is shown as the relative value
based on the peak area of the protein on day 0. (F) Changes in the levels of the top S proteins with positive contribution to PC1 on days 3—7. H3-
7, histone H3-7 (left); TPBG, trophoblast glycoprotein (second left); FUS, RNA-binding protein FUS (middle); CD82, CD82 antigen (second
right); CRB2, protein crumbs homologue 2 (right). Each value is shown as the relative value based on the peak area of the protein on day 3. (G)
Changes in the levels of the top S proteins with positive contribution to PC1 on days 10—18. MLEC, malectin (left); SLC25A1, tricarboxylate
transport protein mitochondrial (second left); DLD, dihydrolipoyl dehydrogenase mitochondrial (middle); CHCHD3, MICOS complex subunit
MIC19 (second right); SURF4, surfeit locus protein 4 (right). Each value is shown as the relative value based on the peak area of protein on day

10. Data are shown as the mean + standard error, n = 6. *p < 0.05.

QbD approach. In this study, quantitative proteomics was in the proteomic profile and several up-regulated proteins
performed to gain a deeper understanding of hiPSC during morphogenesis stages. RNA interference (RNAi) and
intermediate cells in the early phase of cardiac differentiation subsequent quantitative proteomics were performed to
using DIA-MS with a library-free search using DIA-NN investigate the potential of the up-regulated proteins as a

marker to evaluate morphogenetic cells status. Our proteomic

software. Quantitative proteomics revealed temporal changes
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Figure 3. Extraction of up-regulated and down-regulated proteins by volcano plots. (A) Volcano plots on days 1, 2, 3, S, 7, 10, 12, and 18 of cardiac
differentiation. The points are relative to the values of the previous differentiation stage. (B) Changes in the TPBG level measured by DIA-MS.
Each value is shown as the relative value based on the peak area of proteins on day 0. Data are shown as the mean + standard error, n = 6. *p <

0.01.

approach will advance our understanding of cell differentiation
at the molecular level and allow us to develop QbD-based
strategies to ensure cell yield and quality.

2. RESULTS

2.1. Characterization of Cells in the Early Phase of
Cardiac Differentiation by Proteome Profile. Based on a
previously reported method,'” hiPSC 201B7 cells were
induced to differentiate into cardiomyocytes for 18 days (n =
6). The cells were cultured in medium A (see Experimental
Methods) from days 0 to 7. On the first day, CHIR99021 was
added to activate the Wnt/f-catenin pathway, while IWR-1
was added to inhibit the Wnt/f-catenin pathway on days 3—6.
The cells were cultured in medium B (see Experimental
Methods) on days 7—12. On days 12—18, the cardiomyocytes
were purified by culturing in medium C (see Experimental
Methods) (Figure 1A). The cells started beating from day 8
(Movie S1), and the beating intensity increased with further
differentiation toward day 18 (Movie S2).

The cells on days 0, 1, 3, 7, 10, and 18 were immunostained
using a pluripotency marker, SSEA-4, mesoderm marker,
brachyury, cardiac progenitor cell marker, Nkx2.5, and
cardiomyocyte marker troponin T (Figure SI1A). SSEA-4-
positive cells were identified only on day 0, whereas brachyury-
positive cells were identified only on day 1. Some Nkx2.5-
positive cells were observed on day 3 and could be seen until
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day 18 with consistent staining. Troponin T-positive cells were
identified from day 10 onward, with the staining intensity
increasing as the differentiation progressed. R10G and a-
actinin staining was observed on days 0 and 18, respectively
(Figure SIB). The troponin T-positive cells increased to $5%
on day 12, prior to cardiac purification (Figure S1C). Similar
experiments were performed with the 610B1 cell line, and
similar marker staining patterns were observed (Figure S2A,B).
These results indicate that cellular changes begin from early
differentiation, with mesoderm-like differentiation beginning
on day 1, cardiac progenitor-like differentiation after day 3, and
differentiation into cardiomyocytes from day 10 onward.
Next, proteins were digested with trypsin after cells were
collected and lysed on days 0, 1, 2, 3, 5, 7, 10, 12, and 18.
Quantitative proteomics was performed using DIA-MS.
Approximately 5560 proteins were identified at each differ-
entiation stage from 7492 proteins (Table S1). For 4166
proteins identified at all differentiation stages, the abundance
ratios between day O and each differentiation stage were
calculated. Hierarchical clustering analysis of these proteins
showed that cardiac differentiation can be broadly divided into
three stages: days 0—2, days 3—7, and days 10—18, which
corresponded to culturing time in medium A with Wnt/j-
catenin pathway activator, medium A with Wnt/f-catenin
pathway inhibitor, and medium B/C, respectively (Figure 1B).
Even though all replications were reflected, the data were
clustered by differentiation days (Figure S3). Evaluation of the
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Table 1. List of Cell Surface Proteins That Were Up-Regulated on Day 7 Related to Day 0

ID protein name

Q13641 Trophoblast glycoprotein

QIY639 Neuroplastin

P51654 Glypican-3

Q8NGI11 Tetraspanin-14

Q08722 Leukocyte surface antigen CD47

P11532 Dystrophin

Q8N158 Glypican-2

P08648 Integrin alpha-S

Q9Y625 Glypican-6

075581 Low-density lipoprotein receptor-related protein 6
P19022 Cadherin-2

P54764 Ephrin type-A receptor 4

P98172 Ephrin-B1

Q01974 Tyrosine-protein kinase transmembrane receptor ROR2
Q8TCZ2 CD99 antigen-like protein 2

P01130 Low-density lipoprotein receptor

PS3708 Integrin a-8

P57087 Junctional adhesion molecule B

P61073 C-X-C chemokine receptor type 4

Q03167 Transforming growth factor 8 receptor type 3
Q04721 Neurogenic locus notch homolog protein 2
Q13433 Zinc transporter ZIP6

QIH6X2 Anthrax toxin receptor 1

fold change p-value protein expression in NSC
38.05 6.19 x 107% +
18.51 482 x 1074 -
18.38 1.19 x 1073 +
16.80 346 x 1074 -
12.47 7.38 x 107* -
8.75 7.76 x 1073 -
8.06 482 x 107* -
7.9 2.52 x 1074 +
521 1.01 X 1072 -
423 438 x 1073 -
Day 7 only 496 x 107* +
Day 7 only 514 x 107 +
Day 7 only 8.14 X 107° +
Day 7 only 8.91 x 1076 +
Day 7 only 6.17 X 1077 +
Day 7 only 1.67 X 1072 -
Day 7 only 2.16 X 1073 -
Day 7 only 9.14 X 1072 -
Day 7 only 134 X 1073 -
Day 7 only 641 x 107° -
Day 7 only 5.58 x 1073 -
Day 7 only 4.69 x 1073 -
Day 7 only 4.12 X 1072 -

“Cell surface proteins that were up-regulated on day 7 of neuronal differentiation were referred to pervious reports.”* Day 7 only, proteins
identified only on day 7. +, significantly increased proteins in NSC differentiation; —, not significantly increased (or decreased) proteins in NSC

differentiation.

changes in the proteome profile across the three stages
demonstrated that the proteome profile represents the status of
the differentiating cells.

2.2. Selecting the Proteins Associated with the
Morphogenetic Stage. To characterize the stages of cardiac
differentiation, we performed principal component analysis
(PCA) using the 7492 protein profile data from days 0—18
(Figure 2A, Table S2). On days 0—18, PC1 separated the
prebeat cells on days 0—7 and postbeat cells on days 10—18
(23.0%). Days S and 7 were the turnaround points for PC2
(16.3%). In PC3, days S and 7 were also the turning points
that divided days 0—18 into days 0—3 and days 10—18
(9.16%). These results suggest that the cell status changed
significantly between days S and 7.

Based on the results of hierarchical clustering analysis, we
also performed PCA on days 0—2, 3—7, and 10—18, and
observed segregation in the PC1 direction as differentiation
progressed (Figure 2B—D, Table S2). The top five proteins
that positively contributed to PC1 variation were extracted
(Figure 2E—G). On days 0—2, these proteins were mainly
lysosomal and nuclear proteins, whereas on days 10—18, they
were primarily mitochondrial proteins. The proteins extracted
on days 3—7 were CD82 antigen (CD82), a cardiac progenitor
cell marker,26 and TPBG, an inhibitor of the Wnt/f-catenin
pathway.

To identify the proteins that were significantly altered at
each day of differentiation, volcano plots were generated based
on the relative p-values and ratios of proteins in cells on days 1,
2, 3,5, 7, 10, 12, and 18 to those in cells harvested the
respective day before. Each differentiation day had a criterion
of >2- or <0.5-fold change (Figure 3A, Table S3). We
performed gene ontology (GO) analysis on the proteins whose
expressions increased or decreased (Figures S4 and SS). On
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day 3, terms related to cell cycles were enriched at the top,
while terms related to morphogenesis were enriched on days 5
and 7. Cytoskeletal related terms (such as actin filaments,
which are important for cardiomyocytes) were enriched on day
7. Muscle structure development and mitochondrial proteins
were enriched on days 10—18 and day 18, respectively.
Although the day 7 cells did not show beating and were
negative for troponin T staining, the proteome profile
suggested morphological changes to cardiomyocytes in the
stage. After day 10, the proteins whose expressions decreased
were enriched in cell division and the cell cycle. Days 5 and 7
were the turning points at pre- and postbeating cells, and cell
morphogenesis was in progress according to PCA and GO
analysis. These results suggested that the cells on day 7 were
considered critical intermediate cells, leading to proper cardiac
differentiation. A network analysis was performed to character-
ize the proteins up-regulated in the morphogenesis stage
(Figure S6A,B). Proteins whose expressions increased on day $
formed a network centered on proteoglycans, such as
syndecans and glypicans, which are involved in signal
transduction of many growth factors, including Wnt, trans-
forming growth factor-f, hedgehog, and fibroblast growth
factors. On day 7, the levels of proto-oncogene tyrosine-
protein kinase Src (SRC), which is known to promote cell
proliferatior127’28 and migration,29 forming a network.

Cell surface proteins are considered useful markers for the
simple and rapid evaluation of intermediate cells. Proteins
identified using UniProt as “cell surface” and “cell membrane”
based on GO annotation and subcellular location, respectively,
were selected for the morphogenesis-related proteins among
the proteins whose expressions increased on day 7 related to
day 0 (Tables 1 and S3). TPBG was unexpectedly identified as
a candidate protein that could be used to evaluate the cells in
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Figure 4. Effect of TPBG-KD on cardiac differentiation. TPBG-siRNA was transfected on days 5 and 6. Quantitative proteomics was performed on
day 7 using DIA-MS with a library-free search. (A) Relative abundance of TPBG on day 7. (B) Relative abundance of proliferation marker protein
Ki-67 (MKI67) (left) and alkaline phosphatase (ALPL) (right). (C) Comparative volcano plot for control and TPBG-KD cells on day 7. (D)
Relative abundance of CDKN2A-interacting protein (CDKN2AIP) on day 7. (E) GO analysis results showed that proteins increased by TPBG-KD
on day 7. (F) GO analysis results of proteins decreased by TPBG-KD on day 7. Each value is shown as the relative value based on the peak area of
protein in control on day 7. Data are shown as the mean + standard error, WT; n = 6, control; n = 3, TPBG-KD; n = 6. *p < 0.05. n.s., not

significant.

the morphogenetic stage of cardiac differentiation based on the
marker requirements and the most up-regulated protein in
PCA and volcano plots. It was most elevated during
differentiation into NSCs in our previous study.”* Its
expression rapidly increased after day 3 during cardiac
differentiation and was approximately 38-fold higher on day
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7 than on day 0 (Figure 3B). TPBG was expressed in most
Nkx2.5-positive cells (Figure S7), indicating that it was highly
expressed in cardiac progenitor cells. These results suggest that
TPBG is crucial for hiPSC differentiation into ectodermal and
mesodermal lineages. Immunostaining with TPBG was
performed on 201B7 cells and 610B1 cells to confirm that
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siRNA; KD, knockdown; *p < 0.05; n.s., not significant.

the increase in TPBG expression was neither cell-line-
dependent nor limited to LC/MS/MS measurements (Figure
S8). The results showed that the number of stained cells
rapidly increased from day 3 to 7, while TPBG signals were
absent on day 1, consistent with the quantitative proteomics
results using DIA-MS. This suggested that an increase in
TPBG expression during cardiac differentiation was a cell line-
independent phenomenon.

2.3. Impact of TPBG on the Proliferation and
Differentiation of hiPSCs in Cardiac Differentiation. To
assess the impact of TPBG on the morphogenetic stage of
cardiac differentiation, TPBG-knockdown (KD) was per-
formed with TPBG-siRNA on days 5 and 6 when TPBG was
increased. Then, wild type (WT) cells, nontargeting siRNA
transfected (control) cells and TPBG-KD cells on day 7 were
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solubilized and digested with trypsin. Quantitative proteomics
was performed using DIA-MS with the digested protein (0.1
ug) from each cell sample (WT, n = 6; control, n = 3; TPBG-
KD, n = 6). Transfection of nontargeted siRNA and TPBG-
siRNA reduced expression to levels of 0.9 (not significant) and
0.2 (p < 0.05) on day 7, respectively, compared to expression
in WT cells (Figure 4A). The effect of TPBG-KD on
proliferation and cardiac differentiation was also evaluated by
comparing the levels of marker proteins between the control
cells and TPBG-KD cells. The levels of the proliferation
marker protein Ki-67 (MKI67) and stem cell maker alkaline
phosphatase (ALPL) were reduced to a level of 0.5 (Figure
4B). Next, proteins that were up- and down-regulated by
TPBG-KD were extracted from volcano plots (Figure 4C,
Table S4), and GO analysis was performed using the proteins
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showing a >4- or <0.25-fold change (p < 0.0S). The up-
regulated protein, which had increased significantly, was
CDKN2AIP-interacting protein (CDKN2AIP), which has
been reported to inhibit cell proliferation when overexpressed
(Figure 4D).*® Up-regulated proteins included those involved
in metabolism of RNA and the cell cycle, including several
proteins associated with cell mitosis and cell cycle regulation
(Figure 4E, Table SS). Down-regulated proteins involved those
found in the cytoskeleton in muscle cells and actin
cytoskeleton organization (Figure 4F, Table SS). These results
suggested that the cell cycle and morphogenesis of
cardiomyocytes were suppressed in TPBG-KD cells.

TPBG is reported to inhibit the Wnt/f-catenin signaling
pathway and enhance the C-X-C motif chemokine 12
(CXCL12)/C-X-C chemokine receptor type 4 (CXCR4)
pathway.”' ~** The intercellular level of f-catenin was reduced
by TPBG-KD (Figure S9A). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis revealed that TPBG-KD
down-regulated not only f-catenin but also other Wnt/p-
catenin pathway-associated proteins, such as dishevelled
segment polarity protein 2 (DVL2), and S-phase kinase-
associated protein 1 (SKP1) (Figure SA). In contrast, CREB-
binding protein (CREBBP), which is involved in the cell cycle
regulation, cullin-1 (CUL1) which is associated with
proteolysis, and low-density lipoprotein receptor-related
protein 6 (LRP6) (Figure S9B) were up-regulated by TPBG-
KD. In the CXCLI12 pathway, TPBG-KD reduced SRC
(Figure S9C) and its downstream proteins such as mitogen-
activated protein kinase 1 (MAPK1) (Figure SB). Our findings
suggest that suppressing TPBG expression affects the cell cycle
and ultimately suppresses stem cell proliferation. As many
studies have shown that Wnt signaling and chemokine
pathways are critical pathways for stem cell differentiation
through the regulation of cell cycle and differentiation, TPBG,
which is associated with both pathways, could be considered a
key protein to produce hiPSC-derived cardiomyocytes.

The effects of TPBG-KD on cell proliferation and cardiac
differentiation during the morphogenetic stage was examined
by flow cytometry and immunostaining. On day 6, no
significant differences in cell proliferation were observed
between WT cells and control cells, but the number of
TPBG-KD cells was significantly reduced to about 40%
compared to that of the other two experimental groups
(Figure 6A,B). The effect of TPBG-KD on cardiac differ-
entiation was assessed by continuing the differentiation until
day 18. Fewer beating cells were observed in TPBG-KD cells
than in WT cells and control cells (Movie S3, Movie S4, Movie
SS, respectively). Flow cytometry of cardiomyocytes on dayl8
showed significantly fewer troponin T-positive cells in TPBG-
KD cells than in WT cells (Figure 6C). The percentage of
troponin T-positive cells on day 18 was 83.8% (n = 3) for WT
cells and 32.3% (n = 3) for TPBG-KD cells (Figure 6D).
Visualization by immunostaining also showed that TPBG-KD
reduced troponin T-positive cells compared with WT cells and
control cells (Figure 6E). This suggests that TPBG expression
in the morphogenetic stage contributes to cell proliferation in
the process of cardiac differentiation.

3. DISCUSSION

3.1. Extraction of Proteins Associated with Morpho-
genesis during Cardiac Differentiation. In this study,
DIA-MS was used to better understand the molecular
characteristics of the hiPSC intermediate cells during cardiac
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differentiation, which is necessary for QbD-based manufacture
of hiPSC-derived cardiomyocytes. In particular, quantitative
proteomics by dividing early differentiation into daily stages
was performed, as understanding the change in protein
expression during the early phase of differentiation will lead
to more efficient cardiac differentiation and fewer batch
failures. Protein expression changes suggested that the cells on
day 7 were undergoing morphological changes and are in the
preliminary cardiac differentiation stage. We assumed that the
cells on day 7 were the critical intermediates in manufacturing
and selected proteins that can be used to evaluate the
intermediate cell status. Proteins characterizing cells at days 3—
7 of differentiation were extracted using PCA. Volcano plots
and GO analysis were also used to extract proteins that
increased in level on days 5—7 and are associated with
morphogenesis. We also considered that cell surface proteins
are preferable as differentiation marker proteins. Overall,
TPBG was unexpectedly selected as the protein to evaluate
critical intermediate cells for cardiac differentiation. In our
previous study, TPBG was up-regulated in NSCs, and TPBG-
KD promoted neuronal differentiation, suggesting that TPBG
may inhibit neuronal differentiation. The results of proteomics
in cardiac differentiation suggest that TPBG is also an essential
protein in morphogenesis during the cardiac differentiation of
hiPSCs. The importance of TPBG in endodermal differ-
entiation of hiPSCs has not been explored in previous
studies.”>*® Future detailed analysis of endodermal differ-
entiation will provide a comprehensive understanding of
TPBG functions. Although the role of TPBG in stem cell
differentiation is poorly understood, it suppresses the Wnt/f-
catenin pathway by inhibiting the internalization of LRP6,*”**
a significant component of the LRPS/LRP6/Frizzled complex,
a Wt receptor.”” While the Wnt/f-catenin pathway promotes
early cardiac differentiation,” it also inhibits late cardiac
differentiation.*”~** In this study, TPBG was increased on days
3—7, the period when the Wnt/f-catenin pathway inhibitor
was added to the medium. TPBG is also involved in CXCL12-
mediated chemotaxis in differentiating embryonic stem cells
and regulating cell adhesion, cytoskeletal organization, and
mobility by promoting functional CXCR4 expression.”' "
Only a few reports have characterized protein expression
during the early phase of hiPSC cardiac differentiation.*
Previous transcriptome analysis revealed that CD82 is up-
regulated on days 3, 4, and S during cardiac differentiation of
hiPSCs.*® In addition, flow cytometry revealed that CD82
expression began to increase on day S and was highest on day
7. Our proteomic approach also showed that CD82 protein
increased on day S (Figure 2F), although the expression level
was low (Table S3). Interestingly, both CD82 and TPBG are
involved in the Wnt/f-catenin pathway.

3.2. The Potential of TPBG as a Marker for
Intermediate Cells in Cardiac Differentiation. The effect
of TPBG-KD on the morphogenetic stage of cardiac
differentiation was investigated through quantitative proteo-
mics of TPBG-KD cells and control cells. In chemokine
pathways, TPBG-KD decreased the expression of SRC, which
was the center in network analysis on day 7 (Figure 5B, Figure
S9C). SRC promotes the nuclear translocation of f-catenin by
phosphorylating it,** thereby activating the Wnt/f-catenin
pathway and increasing cyclin D expression which involved in
cell cycle.*”** Thus, the reduction of SRC by TPBG-KD may
affect many proteins involved in the cell cycle. The effects of
TPBG-KD on protein expression involved in cell proliferation
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were also supported by flow cytometry experiments. TPBG-
KD on days 5 and 6 reduced the number of total cells on day 6
(Figure 6B) and troponin T-positive beating cells on day 18
(Movies S3, S4, and S5, Figure 6C,D). The manufacturing of
cellular products requires a sufficient supply of desired cells.
Considering that TPBG may regulate proliferation during stem
cell morphogenesis, using TPBG expression as a marker may
be useful for monitoring the proliferative potential of the target
cells and reducing batch failure. TPBG is also expressed in
undifferentiated hiPSCs; however, as shown in Figure 3B, a
significant 40-fold increase was observed on day 7 compared
with that on day 0. This difference in expression levels is
sufficient to distinguish between undifferentiated and differ-
entiated cells. TPBG is an abundant cell surface protein that
can be easily used to fractionate target cells”® and evaluate the
manufacturing process. However, TPBG alone is not sufficient
to assess the proper differentiation. Therefore, time point-
specific markers should also be used in combination with
TPBG. In addition to TPBG, the cell surface proteins found to
be specifically increased in cardiac differentiation in this study
can be used more conveniently as markers for mesoderm and
cardiac progenitor cells than existing nucleoproteins such as
brachyury or MIXL* and trace proteins including ROR1/
CD13.*°

In QbD-based manufacturing of hiPSC-derived products,
identification of CQAs is crucial as well as understanding of
hiPSC intermediates and differentiated cells. Proteins up-
regulated during the morphogenesis stage, whether common to
neural or cardiac-specific, may play an important role in hiPSC
differentiation and may be candidates for CQA to produce
hiPSC-derived cardiomyocytes. To determine the criteria for
their use in QbD-based manufacturing, proteins identified as
CQA candidates need to be comprehensively investigated via
various batch analyses, including worst-case scenarios and
scaled-up conditions.

4. CONCLUSIONS

DIA-MS allowed for a simple and rapid understanding of
temporal changes in the proteome profile and cell states at the
molecular level in the early phase of hiPSC cardiac differ-
entiation. Proteins associated with morphogenesis were
increased in cells on days 5—7, suggesting that these cells are
critical intermediates in cardiac differentiation. TPBG was the
most up-regulated cell surface protein on day 7 and was
involved in cell cycle regulation during morphogenesis. TPBG
may be used as a marker of the cells in the morphogenetic
stage of cardiac differentiation and be useful for cardiomyocyte
yield and for ensuring quality. We believe that our approach
will be useful in QbD-based manufacturing through an
understanding of hiPSC derivatives and extracting potential

CQAs.

5. EXPERIMENTAL METHODS

5.1. hiPSC Culture and Differentiation into Cardio-
myocytes. The human iPS cell lines, iPSC 201B7 (HPS0063;
CELLBANK, Ibaraki, Japan) and iPSC 610B1 (HPS0331;
CELLBANK), were cultured on Geltrex (Thermo Fisher
Scientific, Waltham, MA, USA)-coated six-well plates (TPP
Techno Plastic Products AG Int., Klettgau, Switzerland) in
Essential 8 medium (Thermo Fisher Scientific) at 37 °C in an
atmosphere with 5% CO,.
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Cardiac differentiation of hiPSCs was based on the method
described by Tohyama et al.'*> For cardiac differentiation, 80%
confluent hiPSCs were cultured in medium A comprising
RPMI1640 (FUJIFILM Wako Pure Chemical, Osaka, Japan)
and B27 minus insulin (Thermo Fisher Scientific) at 37 °C in
5% CO, for 0—7 days. The medium was changed every 24 h.
On day 0, cells were cultured in medium A containing 8 yM
CHIR99021 (FUJIFILM Wako Pure Chemical) and 1 ng/mL
BMP4 (FUJIFILM Wako Pure Chemical). On days 3—6, cells
were cultured in medium A containing 5 uM IWR-1
(FUJIFILM Wako Pure Chemical). On day 7, cells were
cultured in medium B comprising 95% a-MEM (Nacalai
Tesque, Kyoto, Japan) and 5% FBS (Thermo Fisher Scientific)
for 5 days. The medium was changed on day 10.

For cardiac purification, cells on day 12 were cultured in
medium C,”" which consisted of RPMI1640 (no glucose)
(FUJIFILM Wako Pure Chemical), 1% CDM3 supplement
with human recombinant albumin (FUJIFILM Wako Pure
Chemical), vr-ascorbic acid 2-phosphate (FUJIFILM Wako
Pure Chemical), and 4 mM L-lactic acid (FUJIFILM Wako
Pure Chemical) for 6 days. The medium was changed on day
1S.

5.2. Immunofluorescence. The cells were washed twice
with DPBS (—) (Nacalai Tesque), and the supernatant was
removed. Next, 4% paraformaldehyde (FUJIFILM Wako Pure
Chemical) was added to the cells and incubated for 10 min,
followed by incubation with 0.1% saponin for S min. The
solution was then replaced with DPBS (—) containing 3% BSA
(Nacalai Tesque) and incubated for 1 h. The supernatant was
removed, and the cells were incubated with primary antibodies
at 4 °C for 16 h. The antibodies used were as follows:
antistage-specific embryonic antigen-4 (SSEA-4) antibody (1/
500; MAI1-021; Thermo Fisher Scientific), antibrachyury
antibody (1/40; PAS-46984; Thermo Fisher Scientific), anti-
Nkx2.5 antibody (1/500; PAS-85215; Thermo Fisher
Scientific, 1/33; H00001482-M04; Thermo Fisher Scientific),
anticardiac troponin T antibody (1/100; MAS—12960;
Thermo Fisher Scientific), anti-TPBG antibody (1/100;
PAS-116062; Thermo Fisher Scientific), R10G (1/500; 011-
25811; FUJIFILM Wako Pure Chemical), or a-actinin (1/800;
A7811-2 ML; Sigma-Aldrich, St. Louis, MO, USA). Next,
0.1% Tween 20 (Sigma-Aldrich) was added to assess nuclear
targets (brachyury and Nkx2.5), and then the supernatant was
removed. The cells were washed with DPBS (—) containing
0.1% Tween 20 thrice and incubated with goat antimouse IgG
Alexa Fluor 488 (1/2000; A-11001; Thermo Fisher Scientific),
goat anti-rabbit IgG H&L Alexa Fluor 488 (1/1000;
ab150077; abcam, Cambridge, UK.), goat anti-rabbit IgG
H&L Alexa Fluor 594 (1/1000; ab150080; abcam), or donkey
anti-goat IgG H&L Alexa Fluor 488 (1/1000; ab150129;
abcam) at 25 °C for 1 h. After washing with DPBS (—)
containing 0.1% Tween 20 three times, the cells were stained
with 1 pg/mL 4',6-diamidino-2-phenylindole (DAPI; FUJI-
FILM Wako Pure Chemical) for 20 min and washed again with
DPBS (—) containing 0.1% Tween 20. Cells in 24-well plates
were examined under a microscope, Eclipse Ts2 (Nikon,
Tokyo, Japan), at 594, 488, and 385 nm for differentiation-
specific and nuclear markers, respectively. Cell counting on day
6 was based on the number of DAPI-positive cells.

5.3. Protein Preparation for LC/MS/MS. The cells (days
0,1,2,3,5,7 10, 12, and 18) were washed twice with DPBS
(=) and mixed in buffer D’ comprising 12 mM sodium
deoxycholate, 12 mM N-lauroylsarcosine, and 100 mM Tris-
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HCI, pH 9.0. The cell lysate was collected and incubated at 95
°C for S min. The samples were sonicated to remove the
viscous matter. Protein concentration was determined using a
bicyclohexoninic acid (BCA) protein assay. Subsequently, 100
pg of protein was diluted to 1.0 ug/uL in dissolution buffer D.
The proteins were reduced by incubation with 10 mM 2-
mercaptoethanol (FUJIFILM Wako Pure Chemical) at 37 °C
for 30 min. Alkylation was performed by incubation with 20
mM acrylamide (FUJIFILM Wako Pure Chemical) at 37 °C in
the dark for 60 min. The protein solution was incubated with 1
ug of lysyl endopeptidase mass spectrometry grade (FUJIFILM
Wako Pure Chemical) at 37 °C for 60 min. Next, SO mM Tris-
HC], pH 8.5, containing 1.5 mM CaCl, was added with 2 ug of
trypsin (FUJIFILM Wako Pure Chemical) and cell lysate was
incubated at 37 °C for 16 h. The reaction was terminated by
adding 500 uL of ethyl acetate, followed by 10 uL of formic
acid. After stirring and centrifugation at 14000g, the
supernatant was discarded. Desalting was performed using an
Oasis PRIME HLB 1 cc Extraction Cartridge (Waters
Corporation, Milford, CA, USA) following the manufacturer’s
instructions. The protein fraction was dried using a Speed Vac
concentrator (Sakuma, Tokyo, Japan), and the dried sample
was reconstituted with 0.1% formic acid/3% acetonitrile
(ACN) to a final concentration of 0.1 pg/uL proteins.

5.4. LC/MS/MS. Briefly, 0.1 ug of the peptides was analyzed
using an LC/MS/MS instrument comprising Q-Exactive
(Thermo Fisher Scientific) and EASY-nLC1000 (Thermo
Fisher Scientific) equipped with an Acclaim PepMapC18 (3
pum, 0.075 mm X 10 mm; Thermo Fisher Science) column and
an NTCC-360/75-3-125 (C18, 3 um, 0.075 mm X 125 mm;
Nikkyo Technos, Tokyo, Japan) column. Solvent A was 0.1%
formic acid, and solvent B was acetonitrile with 0.1% formic
acid. Separation was performed using a gradient eluent (0—
35% linear gradient of solvent B at 0—150 min, 35—100% of
solvent B at 150—151 min, and 100% of solvent B at 151—155
min) at a flow rate of 300 nL/min.

The mass spectrometer was operated in DIA-MS mode.
Data were acquired in positive ion mode with a spray voltage
of 1800 V and fragmentation by high-energy collision
dissociation. The Q-Exactive method was the same as
previously reported.”*

5.5. Quantitative Proteomics. A database search was
performed using DIA-NN® against the UniProt Human
Database (March 2021). Raw data were converted into
mzml format in ProteoWizard (3.0.21).°* mzml data were
converted to dia data using DIA-NN. The protease was
Trypsin/P, and missed cleavage was 1. The box for N-term M
excision and C carbamidomethylation was checked. The
peptide length range was 7—30. The precursor charge range
was 1—4. The precursor m/z range was 495—90S. The
fragment ion m/z range was 100—1800. Precursor false
discovery rate was 1.0%.

5.6. RNAi. Opti-MEM (Thermo Fisher Scientific) and
Lipofectamine RNAIMAX (Thermo Fisher Scientific) were
mixed in a ratio of 50:3. Opti-MEM and 10 uM siRNA
(Silencer Select siRNA TPBG, Silencer Select Negative
Control) were mixed in a ratio of 50:1. Equal amounts of
the two mixtures were combined to prepare the siRNA
solutions. hiPSCs were seeded in 6-well plates, and cardiac
differentiation was induced for S days. On days S and 6, the
cells were transfected with siRNA by adding the siRNA
solution to a final concentration of 10 nM. At day 7, the cells
were harvested.
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5.7. Flow Cytometric Analysis. On day 18 of differ-
entiation, cells were washed twice with DPBS (—) and
incubated in TrypLE (Thermo Fisher Scientific) at 37 °C for
10 min to detach. The cells were then centrifuged at 300g for 4
min, the supernatant was removed, and the cells were
incubated with 99.8% methanol at 4 °C for 20 min. The
cells were rinsed twice with 0.5% BSA/DPBS (—)/0.5 mM
EDTA. After removing the solution, the cells were incubated in
0.5% BSA/DPBS (—)/0.5 mM EDTA with anticardiac
troponin T (1/20; 564767; BD Biosciences., Franklin Lakes,
USA) antibodies at 4 °C for 1 h. The cells were washed twice
with 0.5% BSA/DPBS (—)/0.5 mM EDTA, and aggregates
were removed by filtration through a cell strainer (BD Falcon,
New York, USA). The cells were examined using a CytoFLEX-
S flow cytometer (Beckman Coulter, California, USA) at 488
nm at a flow rate of 10 yL/min; 10000 events were recorded
for each sample. Data analysis was performed by using
CytExpert.

5.8. Statistical Analysis. DIA-MS experiments were
performed using six technical replicates. All DIA-MS data
were analyzed by DIA-NN (1.8), and data sorting was
performed by using Microsoft Excel. Data are expressed as
the mean + standard error. Data were analyzed using a two-
tailed Student’s t test. GO analysis was performed using
Metascape (https://metascape.org/gp/index.html#/main/
stepl). Network analysis was performed using STRING
(https://string-db.org/) (version 12.0). Pathway analysis was
performed using the KEGG Mapper Color (https://www.
genome.jp/kegg/mapper/color.html). Heatmap and clustering
analyses were performed using Perseus software (version
1.6.13.0). Clustering analysis was performed by calculating
abundance ratios based on day 0. Volcano plots were created
using our script with pandas (version 1.2.3), NumPy (version
1.20.1), scikit-learn (version 0.24.2), seaborn (version 0.11.1),
matplotlib (version 3.3.4), and bioinfokit (version 2.0.4). In
the comparison of TPBG expression levels, normalization was
performed so that the total ion chromatogram intensities were
equal. For comparing control cells and TPBG-KD cells,
normalization was performed so that the relative values of all
proteins in the nontargeting control and TPBG-KD had the
same mean value. For normalization, missing data were
assigned the smallest identified value. PCA was performed
using R software (version 4.2.0). Missing data were assigned a
value of zero.

5.9. Data Availability. The data sets generated during and
analyzed during the current study are available in the Japan
Proteome Standard Repository, https://repository.jpostdb.
org/ (PXD044846 and PXD056768). Proteome data on day
7 of differentiation into NSC were from our previous data
deposited in Japan Proteome Standard Repository, https://
repository.jpostdb.org/ (PXD03492S5).
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Movie S3 showing TPBG-KD cells on day 18 of cardiac
differentiation (MP4)
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Movie S4 showing WT cells on day 18 of cardiac
differentiation (MP4)

Movie SS showing control cells on day 18 of cardiac
differentiation (MP4)

Table S1 of list of identified proteins and their peak
areas; Table S2 of list of proteins used for PCA and their
loadings; Table S3 of list of protein variations at each
differentiation point used in the volcano plot; Table S4
of list of proteins changed by TPBG-KD; Table S5 of
GO analysis of proteins up- and down-regulated by
TPBG-KD (XLSX), Figure S1 showing characterization
of 201B7-derived differentiating cells by immunostain-
ing; Figure S2 showing characterization of 610B1-
derived differentiating cells by immunostaining; Figure
S3 showing clustering analysis reflecting all replication
data; Figure S4 showing GO analysis of proteins
showing an increase by volcano plot; Figure SS showing
GO analysis of proteins showing a decrease by volcano
plot; Figure S6 showing network analysis of up-regulated
proteins extracted by volcano plot; Figure S7 showing
immunostaining analysis on day 7; Figure S8 showing
immunostaining analysis of TPBG on days 0—18; Figure
S9 showing effect of TPBG-KD transfected with TPBG-
siRNA on day 5 and day 6 on protein expression (PDF)
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