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SUMMARY
Identifying lineage-specific markers is pivotal for understanding developmental processes and developing cell therapies. Here, we

investigated the functioning of a cardiomyogenic cell-surface marker, latrophilin-2 (LPHN2), an adhesion G-protein-coupled recep-

tor, in cardiac differentiation. LPHN2 was selectively expressed in cardiac progenitor cells (CPCs) and cardiomyocytes (CMCs) dur-

ing mouse and human pluripotent stem cell (PSC) differentiation; cell sorting with an anti-LPHN2 antibody promoted the isolation

of populations highly enriched in CPCs and CMCs. Lphn2 knockdown or knockout PSCs did not express cardiac genes. We used the

Phospho Explorer Antibody Array, which encompasses nearly all known signaling pathways, to assess molecular mechanisms un-

derlying LPHN2-induced cardiac differentiation. LPHN2-dependent phosphorylation was the strongest for cyclin-dependent kinase

5 (CDK5) at Tyr15. We identified CDK5, Src, and P38MAPK as key downstream molecules of LPHN2 signaling. These findings

provide a valuable strategy for isolating CPCs and CMCs from PSCs and insights into the still-unknown cardiac differentiation

mechanisms.
INTRODUCTION

To take advantage of the beneficial properties of embryonic

stem cells (ESCs) and induced pluripotent stem cells

(iPSCs), the development of protocols for differentiating

pluripotent stem cells (PSCs) into precursor and mature

functional somatic cells is required. The demand for ESC-

or iPSC-derived cardiomyocytes (CMCs) for use in cardio-

vascular disease research has increased in recent years

(Fox et al., 2014; Oikonomopoulos et al., 2018). In addi-

tion, specific surface markers that enable monitoring of

cell subtypes have been developed over the past several

years to establish conditions that promote PSC differentia-

tion into cardiac lineage cells (Oikonomopoulos et al.,

2018).

A previous study showed that FLK-1 (also known as KDR

or VEGFR-2) and PDGFR-a are co-expressed in the cardiac

mesoderm (Kattman et al., 2011). These markers are ex-

pressed in both cardiac and vascular progenitor cells, but

they appear transiently during development and require

two-color flow cytometry for practical enrichment. More-

over, signal-regulatory protein a(SIRPa or CD172a) (Dubois

et al., 2011) and podoplanin (PDPN) (Birket et al., 2015)

have been used as surface markers for the selective enrich-

ment and expansion of cardiac cell populations derived

from human PSCs. Although several sets of cell-surface

markers that distinguish cardiac progenitor cells (CPCs)
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from PSCs have been reported, the functional significance

of these molecules remains elusive.

To develop a widely applicable strategy for the enrich-

ment of PSC-derived cardiac cells, we conducted microar-

ray screening to identify cell-surface markers specific to

CPCs and focused on functional molecules, such as G-pro-

tein-coupled receptors (GPCRs) (Lee et al., 2019). GPCRs

play an essential role in pathophysiology and represent

attractive drug targets for the treatment of several diseases

(Hilger et al., 2018). Recently, we discovered latrophilin-2

(LPHN2, Adgrl2) as a novel cell-surface marker for cardio-

myogenic lineage cells during in vitro differentiation of

mouse PSCs (Lee et al., 2019). LPHN2 is an adhesion

GPCR characterized by large extracellular domains, and

it has been reported to be ubiquitously expressed in mul-

tiple organ tissues of adult mice (Boucard et al., 2014).

Another study showed that LPHN2 maintains synapse

numbers through a postsynaptic mechanism in the

mouse brain (Anderson et al., 2017). Although LPHN2

has been shown to play a role in the central nervous sys-

tem, LPHN2 expression during cardiac differentiation and

development and its clinical implication in heart disease

are unclear.

Here, we demonstrate LPHN2 to be a functional marker

for CPCs and CMCs during in vitro PSC differentiation. In

addition, we investigate the underlying molecular mecha-

nism of action of LPHN2 in cardiac differentiation. Our
ecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Expression Pattern of LPHN2 during Cardiac Differentiation
(A) Gene expression analysis of the latrophilin family in mouse induced pluripotent stem cells (iPSCs) during serial differentiation stages.
Cultures of iPSCs under differentiation were harvested at the indicated days, and gene expression in cells was analyzed by qPCR. Values are
shown relative to day 0. **p < 0.01, N.S., not significant, one-way ANOVA and post hoc Bonferroni test, n = 3 independent replicates.
(B) mRNA expression levels of Nanog, Oct3/4, Flk-1, PdgfR-a, Mesp1, Nkx2.5, Myh6, and cTnT in mouse iPSC-derived cells at successive
stages during cardiac differentiation. **p < 0.01, one-way ANOVA and post hoc Bonferroni test, n = 3 independent replicates.

(legend continued on next page)
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findings provide a vital strategy for achieving cardiomyo-

genic lineage cell differentiation.
RESULTS

LPHN2 Is Expressed in CPCs and CMCs during Mouse

PSC Differentiation

To optimize the conditions for cardiac lineage cell differen-

tiation, we compared the spontaneous and directed

differentiation of mouse PSCs. Moreover, we established a

protocol for directed PSC differentiation into CMCs after

exposing cells to various combinations of cytokines for

different periods, based on the biology of embryonic devel-

opment (Greber et al., 2010; Hudson et al., 2012; Kattman

et al., 2011; Laflamme et al., 2007; Yang et al., 2008; Yu

et al., 2011). For the directed differentiation ofmouse iPSCs

into the cardiac lineage cells, embryoid bodies (EBs) were

generated in an AggreWell plate after culturing for a day

in EBmedium in the presence of bone morphogenetic pro-

tein 4 (BMP-4), with the subsequent addition of activin A

and basic fibroblast growth factor (FGF2) for 3 additional

days (Figure S1A). On day 4, EBs were transferred to the car-

diac differentiation medium containing epithelial growth

factor, FGF2, cardiotrophin-1, and vascular endothelial

growth factor (Lee et al., 2019). On day 14, we observed a

4.5-fold increase in the number of beating foci in cells

undergoing optimized differentiation compared with that

in cells undergoing spontaneous differentiation (Fig-

ure S1B). Immunofluorescence (IF) analysis of beating cells

revealed a strong expression of a-sarcomeric actinin (a-SA)

(Figure S1C).

We investigated the expression patterns of all three

LPHN-family genes during differentiation. Lphn2 expres-

sion gradually increased during cardiac differentiation

and plateaued 14 days after induction of differentiation,

whereas the expression levels of latrophilin-1 (Lphn1,

Adgrl1) and latrophilin-3 (Lphn3, Adgrl3) remained unal-

tered (Figure 1A). Following induction of differentiation,

the pluripotency genes Nanog and Oct3/4 (Pou5f1) (Cho

et al., 2010) were found to be downregulated, whereas
(C) Flow cytometric analysis of LPHN2 expression during cardiac diffe
cells at various time points. (Right) Quantification of the plots shown o
n = 4 independent replicates.
(D) Flow cytometric analysis of cells on consecutive days after cardiac
CMC marker, glial fibrillary acidic protein (GFAP) as an ectoderm mark
(E and F) Representative fluorescence-activated cell sorting (FACS) p
FLK-1 and PDGFR-a. FACS analysis for LPHN2 expression in differen
populations were analyzed using anti-FLK-1 and anti-PDGFR-a an
populations were divided, and LPHN2 expression was analyzed.
(G) Immunostaining for LPHN2 and OCT3/4, FLK-1, or a-SA in monola
differentiation. Blue, nuclear counterstaining with 4,6-diamidino-2-p
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the mesoderm and CPC markers (Flk-1, Mesp1, and

Nkx2.5) were expressed transiently 7 days postinduction

(Figure 1B). Similarly, the CMC markers Myh6 and cTnT

(Ieda et al., 2010) were highly expressed 14 days

postinduction.

Flow cytometric analysis revealed LPHN2 expression on

the surface of 41.5% of cells after 14 days of optimized

cardiac differentiation (Figure 1C). Moreover, the expres-

sion of the pluripotency-related marker (NANOG)

decreased during differentiation, and that of the cardiac

lineage marker (cTNT) gradually increased (Figure 1D).

The expression of the other lineage markers (glial fibrillary

acidic protein and a-fetoprotein) did not change

(Figure 1D).

To determine whether LPHN2 expression correlates with

the expression of the CPC markers, we divided the cells

into LPHN2-negative (LPHN2�) and LPHN2-positive

(LPHN2+) subpopulations 4 days post differentiation. The

LPHN2+ population overlapped with the FLK-1+PDGFR-a+

(F+P+) population by 92.95%, validating LPHN2 as a CPC

marker (Figure 1E). In addition, 99% of the F+P+ subpopula-

tion expressed LPHN2, whereas only 0.32% of the

FLK-1�PDGFR-a� (F�P�) subpopulation expressed LPHN2

(Figure 1F). Furthermore, immunostaining analysis re-

vealed an absence of LPHN2 in undifferentiated cells; its

expression gradually increased following induction of dif-

ferentiation (Figure 1G). Moreover, LPHN2 co-localized

with FLK-1 on day 7 of differentiation and a-SA on day

21 (Figure 1G).

To examine the expression of LPHN2 during differentia-

tion of mouse PSCs into non-CMC cell types, we induced

endothelial cell (EC) differentiation, as described previ-

ously (Joo et al., 2012). When FLK-1+ mesodermal precur-

sor cells were purified on day 4, Cd31 expression was found

to increase gradually in the ECdifferentiationmedium (Fig-

ure S1D). IF staining showed that the CD31+ EC colonies

on day 21 did not express LPHN2 (Figure S1E), suggesting

that LPHN2 was detected only in PSC-derived CPCs and

CMCs from the mesoderm lineage.

To explore the broad-spectrum utility of LPHN2 as a cell-

surface marker, we validated our findings by examining
rentiation. (Left) LPHN2 expression in mouse iPSC-derived cardiac
n the left. **p < 0.01, one-way ANOVA and post hoc Bonferroni test,

differentiation. NANOG was used as a pluripotency marker, cTNT as a
er, and a-fetoprotein (AFP) as an endoderm marker.
lots showing the correlation between LPHN2 and co-expression of
tiated cells at day 4 is shown. (E) The LPHN2+ and LPHN2� cell
tibodies. (F) The FLK-1+/PDGFR-a+ and FLK-1�/PDGFR-a� cell

yer cultures in the early (day 7) and late (day 21) stages of cardiac
henylindole (DAPI). PSC, pluripotent stem cell.



Figure 2. Enrichment of iPSC-Derived Cardiac Progenitor Cells and Cardiomyocytes by Cell Sorting Based on LPHN2 Expression
(A) qPCR analysis of cardiac lineage cell markers in pre-sorting and sorted (LPHN2+ and LPHN2�) cells at various stages of cardiac dif-
ferentiation of iPSCs. Values are shown relative to day 0. *p < 0.05, **p < 0.01, one-way ANOVA and post hoc Bonferroni test; n = 3
independent replicates.
(B) Pre-sorting and sorted (LPHN2+ and LPHN2�) fractions at each time point were analyzed for NKX2.5, a-SA, and cTNT expression by
intracellular flow cytometry. Quantification of the plots is shown on the right. **p < 0.01, one-way ANOVA and post hoc Bonferroni test;
n = 3 independent replicates.

(legend continued on next page)
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other mouse ESC (mESC) lines. mESC-derived CPCs and

CMCs exhibited Lphn2 gene and LPHN2 protein expres-

sion levels similar to those noted for iPSC-derived CPCs

and CMCs (Figures S2A–S2D).

Enrichment of Cardiac Lineage Cells by LPHN2

To determine whether LPHN2 can be used as a marker to

select populations enriched in the cardiac lineage cells,

LPHN2+ and LPHN2� fractions were isolated from mouse

iPSC-derived cell populations after 4, 7, and 14 days of dif-

ferentiation by cell sorting. The purities of the LPHN2+ and

LPHN2� sorted populations are shown in Figure S3. Gene

expression analyses revealed higher expression of Lphn2,

Flk-1, PdgfR-a, Mesp1, and Nkx2.5 in LPHN2+ cells than in

LPHN2� cells (Figure 2A). After cell sorting on days 7 and

14, the LPHN2+ fractions at both stages were dominantly

enriched for NKX2.5, a-SA, and cTNT expression, repre-

senting CPCs and CMCs, compared with the LPHN2� frac-

tions (Figure 2B). In addition, fluorescence-activated cell

sorting (FACS)-based separation of various cell lines repro-

duced the significant enrichment of mESC-derived CMCs

(Figure S4).

To investigate the feasibility of using LPHN2 as a cardiac-

specific cell-surface marker, we assessed the advantages of

using LPHN2+ CPCs over cells expressing other known

markers (Birket et al., 2015; Dubois et al., 2011; Kattman

et al., 2011). Interestingly, quantitative real-time polymer-

ase chain reaction (qPCR) analysis revealed that F+P+ cells

expressed higher levels of Lphn2 than F�P� cells, similar

to LPHN2+ cells (Figure 2C). Conversely, the difference in

Lphn2 expression between PDPN+ and PDPN� populations

was not significant. Moreover, Pdpn expression was not

significantly higher in LPHN2+ and F+P+ cells than in

LPHN2� and F�P� cells, respectively (Figure 2D). The

expression of Mesp1 and Nkx2.5, which encode CPC

markers, was higher in LPHN2+ and F+P+ cells than in

LPHN2� and F�P� cells, respectively (Figures 2E and 2F).

However, the expression of CPCmarkers in the PDPN+ cells

was not higher than that in the PDPN� cells. Moreover,

flow cytometric analysis demonstrated higher expression

of F+P+ in PDPN+ cells than in PDPN� cells; however, the

expression was lower than that in the LPHN2+ cells (Fig-

ure 2G). Conversely, F+P+ cells expressed a marginally

higher level of PDPN than F�P� cells, suggesting that
(C and D) qPCR analysis of (C) Lphn2 and (D) Pdpn expression in the s
significant, one-way ANOVA and post hoc Bonferroni test; n = 3 indep
(E and F) Differences in the mRNA expression of (E) Mesp1 and (F) Nkx2
are shown relative to day 0. **p < 0.01, #not significant, one-way ANO
undifferentiated.
(G and H) Representative flow cytometric plots showing correlation in
and PDGFR-a on day 4 of differentiation.
(I and J) Representative flow cytometric plots showing correlation b
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PDPN is not a functional receptor for mouse CPC differen-

tiation (Figure 2H). The correlation between PDPN and

LPHN2 was examined, and 53.32% of the PDPN+ popula-

tion was found to express LPHN2 (Figure 2I). In addition,

38.36% of the LPHN2+ population expressed PDPN, indi-

cating a low correlation between the LPHN2 and the

PDPN markers (Figure 2J).

Taken together, these cell sorting analyses demonstrated

that LPHN2 expression distinguished cardiac lineage cells

during differentiation of mouse iPSCs and ESCs, and cell

sorting with the anti-LPHN2 antibody allowed isolation

of populations highly enriched in CPCs and CMCs.

Functional Significance of LPHN2 in Cardiac

Differentiation

To examine the functional significance of LPHN2 in vitro,

we used a short-hairpin RNA (shRNA) against Lphn2

mRNA to knock down (KD) Lphn2 expression in mouse

iPSCs, achieving 70% reduction in Lphn2 expression (Fig-

ures 3A and 3B). No differences were observed between

control-iPSCs and Lphn2-KD cells in the expression of plu-

ripotency-related genes (Nanog and Oct3/4) or the gross

morphology of EBs formed during differentiation (Figures

3A and 3B). However, Lphn2-KD cells did not show com-

plete cardiac differentiation in terms of cardiac gene

expression and did not produce beating cells (Figures 3B

and 3C, Videos S1 and S2).

To confirm the importance of LPHN2 in cardiac differen-

tiation, we further established mouse Lphn2-knockout

(KO) ESCs (Lee et al., 2019). IF analysis showed no

LPHN2 expression in Lphn2-KO ESC-derived cells (Fig-

ure 3D). From day 10 to 14, wild-type ESC-derived cells

began to contract (Video S3) and expressed a-SA with stria-

tions (Figure 3E). Lphn2-KO cells, however, did not

generate contracting cardiac cells (Video S4).

As LPHN2 is a GPCR, we investigated its potential li-

gands. Two potential ligands have been reported for the

LPHN family, particularly LPHN1 and LPHN3: a-latrotoxin

(a-LTX) and fibronectin leucine-rich repeat transmem-

brane 3 (FLRT3), respectively (Langenhan et al., 2013; Le-

lianova et al., 1997; O’Sullivan et al., 2012). Cardiac differ-

entiation was not significantly altered when cells were

stimulated with a-LTX or FLRT3 (Figures 3F and 3G). None-

theless, further research is required to determine the native
orted cell populations on day 4 of differentiation. **p < 0.01, #not
endent replicates. UD, undifferentiated.
.5 in the sorted cell populations on day 4 of differentiation. Values
VA and post hoc Bonferroni test; n = 3 independent replicates. UD,

the expression of the cardiac progenitor cell markers PDPN, FLK-1,

etween LPHN2 and PDPN expression on day 4 of differentiation.



(legend on next page)
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ligands involved in LPHN2-mediated cardiac differentia-

tion and develop artificial agonists.

Mechanisms Underlying LPHN2-mediated Cardiac

Differentiation

To investigate the molecular mechanisms underlying the

induction of cardiac differentiation by LPHN2, we used

the Phospho Explorer Antibody Array, which encompasses

nearly all known signaling pathways. From the array data,

we first calculated the degree of increased phosphorylation

on differentiation day 4 relative to the phosphorylation on

day 3 (phosphorylation ratio D4/D3) in three different

groups: A, control-shRNA-transfected cells differentiating

from mESCs; B, Lphn2-shRNA-transfected cells differenti-

ating from mESCs; and C, Lphn2-KO cells differentiating

from KOmESCs (Figure S5). Based on the phosphorylation

ratios obtained, we delineated three different sets to

construct a Venn diagram as follows. Set 1 included pro-

teins with a phosphorylation ratio >1.5 for both groups A

and B; set 2 included proteins with a >1.5-fold higher phos-

phorylation ratio for group A than for group B; and set 3

included proteins with a >1.5-fold higher phosphorylation

ratio for group B than for group C (Figure 4A). The purpose

of defining sets 1, 2, and 3was to classify proteins according

to a progressive increase in phosphorylation (from group C

to A). The heatmap constructed from the data shown in the

Venn diagram shows the differential phosphorylation ra-

tios (Figure 4B). The proteinswith specific phosphorylation

sites in the intersecting region of the Venn diagram are

shown in Figure 4C. LPHN2-dependent phosphorylation

was the strongest for cyclin-dependent kinase 5 (CDK5)

at Tyr15 (Figure 4C).

To confirm this finding, we performed western blot anal-

ysis with antibodies against phosphorylated CDK5 (Tyr15),

as well as Src (Ser75) and P38MAPK (Tyr182), which are

presumably downstream of CDK5. In wild-type mESCs,
Figure 3. Functional Significance of LPHN2 during In Vitro Cardia
(A) Gross morphology of control induced pluripotent stem cells (iPSCs)
Lphn2-shRNA, respectively. No differences were observed in the colon
(B) Effects of Lphn2 KD on cardiac differentiation. Transcriptional profi
in control iPSC- and Lphn2-KD iPSC-derived cells by qPCR. *p < 0.05
Bonferroni test; n = 3 independent replicates.
(C) Quantification of spontaneous beating foci in control and Lphn2-KD
U test; n = 4 independent replicates.
(D) Immunostaining for LPHN2 (green) expression in wild-type embry
on day 7 of cardiac differentiation. Blue, nuclear counterstaining wit
(E) WT-ESCs express LPHN2 (green) and a-SA (red) with striations at da
but Lphn2-KO ESCs did not differentiate into cardiomyocytes. Blue, n
(F and G) qPCR analysis of gene expression of cardiac-specific Mes
Treatment with a-latrotoxin (F) and FLRT3 (G) did not increase the e
7 days under cardiac differentiation conditions. Values are shown rela
one-way ANOVA and post hoc Bonferroni test; n = 3 independent repl
See also Videos S1, S2, S3, and S4.
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cardiac differentiation following exposure to cytokines

significantly increased the phosphorylation of CDK5, Src,

and P38MAPK on day 4 compared with that on day 3,

whereas this phosphorylation was not observed in Lphn2-

KOmESCs (Figures 5A and 5B). Treatment with roscovitine

(a CDK5 inhibitor) or PP2 (a Src inhibitor) resulted in

decreased phosphorylation of CDK5, Src, and P38MAPK.

In contrast, upon application of SB 203580 (a P38MAPK

inhibitor), neither CDK5 nor Src phosphorylation was

inhibited; however, P38MAPK phosphorylation was

decreased (Figures 5A and 5B). In Lphn2-KO mESCs, none

of these inhibitors affected the level of phosphorylation,

suggesting that LPHN2 signaling involved CDK5, Src, and

P38MAPK activation.

qPCR analysis further confirmed that each inhibitor (ro-

scovitine, PP2, and SB 203580) downregulated cardiac-spe-

cific gene expression (Mesp1, Isl1, Tbx5, and cTnT) in

wild-type mESCs, but not in Lphn2-KO mESCs (Figure 5C).

Therefore, our results suggested that CDK5 and Src inter-

acted in parallel downstream of LPHN2 to induce cardiac

differentiation, and P38MAPK, which is located down-

stream of CDK5 and Src, was also involved (Figure 5D).

We concluded that LPHN2 was critical in the differentia-

tion of PSCs into CPCs and CMCs, and CDK5, Src, and

P38MAPK were key downstream molecules of LPHN2

signaling.

LPHN2 Expression in Human PSC Differentiation

Next, we analyzed the expression of LPHN2 (ADGRL2) in

human PSCs. To differentiate human PSCs into CMCs effi-

ciently, we optimized the previously developed protocols

(Figure 6A). Similar to our findings in murine cells, TNT

and LPHN2 were not expressed in human dermal fibro-

blasts or undifferentiated human ESCs, including HUVECs

(Figures 6B and S6A). As expected, TNT and LPHN2 expres-

sion gradually increased throughout the process of
c Differentiation
and Lphn2-knockdown (KD) iPSCs transduced by control-shRNA and
y formation or EB formation. Scale bar, 200 mm. EB, embryoid body.
ling of Lphn2, Nanog, Oct3/4, Flk-1, Mesp1, Nkx2.5, Myh6, and cTnT
, **p < 0.01, N.S., not significant, one-way ANOVA and post hoc

cells on day 12 of cardiac differentiation. *p < 0.05, Mann-Whitney

onic stem cell (WT-ESC) and Lphn2-knockout (KO) ESC-derived cells
h DAPI. Scale bar, 50 mm.
y 14 after differentiation, indicating cardiomyocyte differentiation,
uclear counterstaining with DAPI. Scale bar, 20 mm.
p1, Nkx2.5, and cTnT after stimulation with presumptive ligands.
xpression of cardiac lineage genes in mESCs or Lphn2-KO ESCs after
tive to the expression in WT-mESCs on day 0. N.S., not significant,
icates. UD, undifferentiated; Veh, vehicle.



A

C

B Figure 4. Screening of LPHN2-mediated
Cardiac Differentiation Mechanisms
Based on the Phospho Explorer Antibody
Array
(A) A Venn diagram showing the intersec-
tion of sets 1, 2, and 3, with the most highly
phosphorylated proteins in group A during
differentiation of control-shRNA pluripo-
tent stem cells. Lphn2-KO, Lphn2-knockout;
Lphn2-KD, Lphn2-knockdown.
(B) Heatmap constructed from the data
shown in (A) shows the differential phos-
phorylation ratios in groups A, B, and C.
(C) Phosphorylation sites of the most highly
phosphorylated proteins in group A were
considered as candidates for LPHN2 down-
stream signaling.
differentiation of human ESCs into CPCs and CMCs (Fig-

ure 6B).We examined the time course of LPHN2 expression

during CMC differentiation using flow cytometry. LPHN2

expression gradually increased to 42.3%, and the cTNT

expression level reached approximately 78.4% on day 14

(Figures 6C and 6D). Immunostaining analysis did not

reveal the expression of LPHN2 in undifferentiated ESCs

or HUVECs (Figures 6E and S6B). LPHN2, however, co-

localized with KDR at day 7 of differentiation, and

LPHN2+ cells expressed NKX2.5 at day 14 (Figure 6E).

Sequentially, IF staining confirmed that LPHN2 was ex-

pressed in beating CMCs expressing a-SA characterized by

a striated morphology at day 28 post differentiation

(Figure 6E).
When we sorted cells depending on the LPHN2 expres-

sion after 5 days of differentiation of human iPSCs toward

CPCs, we observed significant enrichment of cardiac line-

age cells in the LPHN2-positive cell population and could

exclude cardiac lineage cells from the LPHN2-negative

cell population (Figure 6F). Consistent with our findings

in murine cells, human LPHN2+ CPCs expressed other

well-known CPC markers, such as SIRPa (Dubois et al.,

2011), VCAM1 (Uosaki et al., 2011), and ROR1 (Halloin

et al., 2019), in amounts higher than that expressed by

LPHN2� cells. Under differentiation conditions, LPHN2+

cells yielded SIRPa+, VCAM1+, and ROR1+ CPCs with

90% efficiency, but LPHN2� cells failed to show CPC

marker expression (10% efficiency) (Figure 6F).
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Figure 5. CDK5 Activated P38MAPK via Src and Induced Differentiation of Pluripotent Stem Cells into Cardiomyocytes
(A) Phosphorylation levels of CDK5, Src, and P38MAPK in wild-type mouse ESCs (mESCs) and Lphn2-knockout (KO) mESCs treated with the
respective inhibitors during cardiac differentiation, as detected by western blotting.
(B) Quantification of the phosphorylation ratios of CDK5, Src, and P38MAPK in wild-type mESCs (WT mESCs) and Lphn2-KO mESCs. Values
are shown relative to the phosphorylation ratio for the vehicle group of WT mESCs on day 3 of differentiation. *p < 0.05, **p < 0.01, #not
significant, one-way ANOVA and post hoc Bonferroni test; n = 3 independent replicates.

(legend continued on next page)
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To evaluate the multipotent potential, we purified KDR+

or LPHN2+ cells at day 5 by FACS analysis and re-cultured

the purified cell populations for 14 days under EC or

smooth muscle cell (SMC) differentiation conditions. Un-

der the EC culture conditions, the KDR+ and LPHN2+ cell

populations almost completely differentiated into CD31+

or CD144+ ECs with >90% efficiency (Figure 6G). In addi-

tion, the KDR+ and LPHN2+ cell populations predomi-

nantly differentiated into PDGFR-a+ SMCs (Figure 6G).

Immunostaining also showed that most LPHN2+ cells at

day 14 differentiated into VE-Cadherin+ or CD31+ ECs un-

der differentiation conditions, similar to KDR+ cells (Fig-

ures S6C and S6D).

Taken together, these data indicated that LPHN2 was

highly expressed on the surface of human CPCs and

CMCs. In conclusion, LPHN2 expression during human

cardiac differentiation was identical to that in murine car-

diac differentiation.
DISCUSSION

Although clinical trials have been performed for applying

several types of stem cells in the treatment of acutemyocar-

dial infarction, CMCs derived from stem cells are not ready

for clinical use. Extensive studies on pre-clinical and clin-

ical cell therapies for heart diseases have employed several

types of cells for cardiac repair. However, owing to the low

efficiency of cardiac differentiation by various types of stem

cells, effective methods to generate homogeneous cardiac

cells in amounts sufficient for clinical applications are still

lacking. Therefore, practicalmethods for generating homo-

geneous CMCs are a prerequisite for their eventual clinical

application. Although CPCs have been identified using

multiple markers (Chen and Wu, 2016), it is very chal-

lenging to isolate PSC-derived CPCs and CMCs in vitro

becausemost cardiac-specificmarkers are intracellular mol-

ecules (Elliott et al., 2011) or transcription factors (Bu et al.,

2009). Thus, cell-surface markers are required to purify

CPCs and CMCs from heterogeneous cell populations dur-

ing stem cell differentiation.

In this study, we demonstrated that a cardiac lineage-spe-

cific cell-surface marker, LPHN2, which is highly specific to

CPCs and CMCs, possesses functional significance in mice

and humans. Intriguingly, the mouse Lphn2 gene is highly

homologous to its human ortholog, with 95.8% identity.

Recent studies have utilized SIRPa (Dubois et al., 2011),
(C) Gene expression analysis of Mesp1, Isl1, Tbx5, and cTnT in WT mE
P38MAPK on day 7 of cardiac differentiation. Values are shown rel
significant, one-way ANOVA and post hoc Bonferroni test; n = 3 indep
(D) Schematic illustration of the molecular mechanism of LPHN2-me
cascade.
VCAM1 (Uosaki et al., 2011), ROR1 (Halloin et al., 2019),

and PDPN (Birket et al., 2015) as cell-surface markers to pu-

rify human cardiac cell populations or enrich CMCs. How-

ever, SIRPa is not expressed in mouse cardiac cells, making

it difficult to study its role and functional significance in

KO or geneticallymodifiedmodels. In addition, cell sorting

with anti-PDPN antibodywas less useful in isolatingmouse

CPCs because of the differences in the PDPN protein ho-

mology between mice and humans. Herein, we reported

several notable differences between LPHN2 and other

CPC markers (Figures 7A and 7B).

The LPHN family includes three adhesion GPCRs

(LPHN1–LPHN3) that mediate synaptic exocytosis caused

by a-LTX in the venom of black widow spiders, which are

an invertebrate species (Lelianova et al., 1997). However,

their endogenous ligands and functions remain unclear

(Ichtchenko et al., 1999). Similarly, there are three forms

of LPHN present in vertebrates, each of which is expressed

in different tissues. LPHN1 was first thought to be brain

specific, but RNA blotting techniques revealed ubiquitous

expression of the protein in all tissues at low levels (Bou-

card et al., 2014). In contrast, LPHN3 is expressed only in

the brain. However, the potential mechanism underlying

LPHN-mediated exocytosis remains unknown. As LPHN

proteins are GPCRs, it might be expected that a-LTX trig-

gers an intracellular G-protein-linked second-messenger

cascade that ultimately leads to cardiac differentiation.

Nevertheless, when we stimulated cells with a-LTX and

another known LPHN3 ligand, FLRT3 (O’Sullivan et al.,

2012), cardiac differentiation was not induced. These ob-

servations should therefore prompt further studies on

GPCR-mediated signaling as well as innate and synthetic li-

gands for LPHN2-promoted cardiac differentiation.

We used the Phospho Explorer Antibody Array to inves-

tigate the molecular mechanism of LPHN2 in cardiac dif-

ferentiation. The antibody array analysis showed that

CDK5 phosphorylation at Tyr15 increased the most dur-

ing cardiac differentiation from mESCs. Previous reports

have shown that CDK5 is involved in myogenesis (Lazaro

et al., 1997), whereas Src and P38MAPK are involved in

ESC differentiation (Li et al., 2011) and heart function

(Engel et al., 2006). In terms of a molecular hierarchy,

Src is phosphorylated at S75 by CDK5 (Pan et al., 2011),

and it has been shown to regulate P38MAPK activation.

Thus, we first postulated that LPHN2 activated the down-

stream signaling cascade from CDK5 to Src and eventually

to P38MAPK. LPHN2 activates P38MAPK via CDK5 and
SCs and Lphn2-KO mESCs treated with inhibitors of CDK5, Src, and
ative to the expression in WT mESCs on day 0. **p < 0.01, #not
endent replicates.
diated cardiac differentiation via the CDK5-Src-P38MAPK signaling
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Src, which possibly affects the epithelial-mesenchymal

transition events during differentiation to allow cardiac

mesoderm formation (Graichen et al., 2008). However,

our inhibitory experiments suggested that CDK5 and Src

might act independently, rather than synergistically, dur-

ing cardiac differentiation. In addition, it is interesting

that CDK5, and not P38MAPK, appeared at the top of

the molecular hierarchy, as Src and P38MAPK are better

known for their functions in cardiac differentiation.

CDK5 is known to be involved in myogenesis, but not

in cardiac differentiation as such. Therefore, it is surpris-

ing that CDK5 phosphorylation was found to be critical

for LPHN2 signaling during cardiac differentiation from

PSCs.

In summary, we demonstrated that LPHN2 is a unique

cell-surface marker of cardiac muscle progenitor cells and

a functionally significant marker of cardiac differentiation.

Analysis of the LPHN2 signaling pathway indicated that

CDK5 is downstream of LPHN2 and interacts with Src ki-

nase to induce P38MAPK phosphorylation, subsequently

activating cardiac-specific gene transcription. The specific

expression pattern of LPHN2 in PSC-derived cardiac line-

age cells in mice and humans suggests that this receptor

plays a pivotal and functional role across all strata of the

cardiomyogenic lineage. Our findings, therefore, provide

a strategy for achieving cardiac lineage cell differentiation

that facilitates clinical application of stem cells in cardio-

vascular disease treatment.
EXPERIMENTAL PROCEDURES

Additional details on experimental procedures can be found in the

Supplemental Experimental Procedures.
Ethics Statement
All experiments with human products were conducted with

informed consent and were approved by the Institutional Review

Board of Seoul National University Hospital (IRB no. H-0908-

036-290).
Figure 6. LPHN2 Expression and Enriched CPC Potential in Human
(A) A schematic timeline demonstrating the major steps of the cu
pluripotent stem cells into cardiomyocytes.
(B) qPCR analysis of TNT and LPHN2 expression in human embryonic st
relative to that in hDFs. **p < 0.01, one-way ANOVA and post hoc B
fibroblast cell; hESC, human embryonic stem cell; Diff, differentiated
(C) FACS plots for LPHN2 expression in undifferentiated human Nuff-
(D) FACS analysis of the cTNT expression in human Nuff-iPS cells dur
(E) Immunostaining for LPHN2 (green), OCT4 (red), KDR (red), NKX2.
cardiomyocytes. Blue, nuclear counterstaining with DAPI.
(F) Flow cytometric analysis showing expression of CPC markers in so
(G) FACS measurements of CD31, CD144 after EC differentiation, and
Cell Lines and Maintenance
Cell culture was performed as previously described with slight mod-

ifications (Cho et al., 2010). C57BL/6-background mESCs (C57-

mESCs; American Type Culture Collection [ATCC], cat. no. SCRC-

1002) and iPSCs generated by FVB-background skin fibroblasts

were cultured on a mitomycin C (Sigma-Aldrich)-treated STO

(ATCC, cat. no. CRL-1503) or MEF (ATCC, cat. no. SCRC-1040)

feeder layer in 0.1% gelatin (Sigma-Aldrich)-coated tissue culture

dishes at 37�C in a 5% CO2 atmosphere. All cell lines used in the

study were regularly tested for mycoplasma, and no contamination

was observed. The mESC culture medium was changed daily and

composed of Dulbecco’s modified Eagle’s medium (DMEM; Gibco)

with 2 mM L-glutamine, 10% fetal bovine serum (FBS; Gibco),

0.1 mM b-mercaptoethanol (Sigma-Aldrich, filter sterilized), 1%

nonessential amino acids (Gibco), 50 IU/mL penicillin (Gibco),

50mg/mLstreptomycin (Gibco), and2000U/mL (20ng/mL) recom-

binant leukemia inhibitory factor (LIF). ThehumanESC line ESI-049

was purchased from BioTime (cat. no. ES-702). Human ESCs were

cultured with DMEM/F12 Glutamax (cat. no. 10565-018, Gibco)

on an STO feeder layer. To generate human iPSCs from Nuff

(newborn foreskin fibroblast) cells (cat. no. AMS.GSC-3006G, AMS

Biotechnology), we introduced the reprogramming factors OCT4,

SOX2, KLF4, and cMYC using lentiviruses (Takahashi et al., 2007).

Human iPSCs were maintained on STO feeder cells with mTESR-1

medium (cat. no. 85851, STEMCELL Technologies).

EB Formation and Cardiac Differentiation
To assess the in vitro spontaneous differentiation potential, mESCs

and iPSCs (Cho et al., 2010) were passaged in 0.1% gelatin-coated

tissue culture dishes without feeder layers. Next, 1 3 106 cells were

cultured by suspension in 100-mm Petri dishes containing EB me-

dium (ESC medium without LIF). After 7 days, aggregated cells

(EBs) were plated onto 0.1% gelatin-coated tissue culture dishes

and cultured for another 7 or 14 days. Spontaneously contracting

EBswere filmedwithOlympus IX71andOlympusDP71digital cam-

eras (15 fps/s at 6803 512; Olympus). For cardiac differentiation of

mouse PSCs, EBs were generated using AggreWell plates (STEMCELL

Technologies) for 1 day and ultra-low attachment plates (Corning)

for 3 days in the EB medium with activin A (10 ng/mL), BMP-4

(10 ng/mL), and bFGF (10 ng/mL). On day 4, EBs were attached to

0.1% gelatin-coated plates in the cardiac differentiation medium

(35% Iscove’s modified Dulbecco’s medium, 65% DMEM/F12, 1%

FBS, 2% B27, 2 mM L-glutamine, 0.1 mM 2-mercaptoethanol, and
Pluripotent Stem Cells
lturing procedure used for the directed differentiation of human

em cell (ESC)-derived cardiomyocytes. Expression values are shown
onferroni test; n = 3 independent replicates. hDF, human dermal
.
iPS cells and during a time course of cardiac differentiation.
ing cardiac differentiation at day 14.
5 (red), and a-SA (red) expression in human ESCs and ESC-derived

rted LPHN2+ and LPHN2� populations at day 5 of differentiation.
PDGFR-a after SMC differentiation of sorted populations.
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Figure 7. A Schematic Illustration and
Summary Indicating the Applicability
of LPHN2 as a Marker of Cardiac
Differentiation
(A) Schematic illustration showing the dif-
ferences in cardiac progenitor cell markers
based on homology in mice and humans.
(B) Notable differences between LPHN2 and
other reported cardiac progenitor cell
markers for cardiac differentiation.
antibiotics in the presence of 20 ng/mL EGF, 20 ng/mL bFGF,

40ng/mL cardiotrophin-1, and 5ng/mLVEGF). For cardiac differen-

tiation of human ESCs and iPSCs, we optimized the previously

described protocols (Lian et al., 2013). Briefly, human PSC colonies

were detached by dispase (cat. no. 17105-041, Gibco) and dissoci-

ated into single cells and seeded inMatrigel (cat. no. 354277, Corn-

ing)-coated 35-mm dishes containing mTeSR1 medium (cat. no.

85851, STEMCELL Technologies) supplemented with 5 mM

Y-27632 (cat. no. 72302, STEMCELL Technologies). When human

PSCs reached 100% confluency, cardiac differentiation was induced

in a monolayer supplemented with a mixture of cytokines that was

changed sequentially. The cytokine treatments usedwere as follows:

CHIR99021 (cat. no. 252917-06-9, Cayman) for 3 days, activin A

(cat. no. 338-AC, R&D Systems) and bFGF (cat. no. 13256029, Invi-

trogen) for a day, and IWR1 (cat. no. I0161, Sigma-Aldrich) for

2 days. Themediumwas replaced once every 2 dayswith thehuman

cardiac differentiation medium. The human cardiac differentiation

mediumwas supplementedwith B27 supplement in RPMI1640me-

dium (cat. no. 11875-085, Gibco).
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Statistics
All experiments were performed independently at least three

times. For all cell types, multiple experiments were performed

independently to verify the reproducibility of results. The num-

ber of samples (n) used for each experiment is indicated in the fig-

ures and their legends. The results are presented as the mean ±

standard error of the mean (SEM). SPSS version 18.0 (SPSS) was

used for all statistical analyses. Statistical analyses between two

groups were conducted using the unpaired Student’s t test or

the Mann-Whitney U test, as appropriate. Comparison of more

than two groups was performed using a one-way ANOVA, and

post hoc comparisons were performed with the Bonferroni test.

Statistical significance was defined at p < 0.05 and indicated as

*p < 0.05 and **p < 0.01.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.03.003.
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Figure S1 

 
Figure S1 (Related to Figure 1). Optimized culture conditions for cardiac differentiation 
and LPHN2 expression in mouse iPSC-derived ECs. 



(A) Comparison of the size and shape of EBs using Petri dishes and AggreWell plates at day 4 
after differentiation. The EB populations on AggreWell plates are uniform in size and shape 
relative to those of the petri dish culture. Scale bar, 200 µm. (B) Beating foci count in cardiac 
differentiation culture at 14 days. **P < 0.01, Mann–Whitney U test, n = 8 independent 
biological replicates. (C) Immunostaining for α-sarcomeric actinin (α-SA, red) in cardiac 
differentiation culture at day 18. Blue, nuclear counterstain with 4, 6-diamidino-2-phenylindole 
(DAPI). A white rectangle in the left image indicates the regions shown at higher magnification. 
Scale bars, 100 µm (left panels) or 10 µm (right panels). (D) Gene expression analysis of mouse 
iPSC-derived endothelial cells analyzed by qPCR for Cd31. Expression values are shown 
relative to that of miPSCs (D0). **P < 0.01, ANOVA test and post hoc Bonferroni test, n = 3 
independent replicates. (E) Immunostaining for LPHN2 (green) and CD31 (red) in mouse iPSC-
derived ECs. Scale bar, 100 µm. Scale bar, 100 µm. 

 



Figure S2 

 
Figure S2 (Related to Figure 1). Reproducibility of iPSC findings in mouse ESCs.  
(A) Gene expression analysis by qPCR of Lphn1, Lphn2, and Lphn3 in ESCs following cardiac 
differentiation. Values are shown relative to day 0. **P < 0.01, N.S. (not significant), ANOVA 
test and post hoc Bonferroni test, n = 3 independent replicates. (B) mRNA expression levels of 
Oct3/4, Flk-1, Mesp1, Nkx2.5, Myh6, and cTnT in ESC-derived cells during cardiac 
differentiation. **P < 0.01, ANOVA test and post hoc Bonferroni test, n = 3 independent 
replicates. (C) Sequential changes in LPHN2 expression in ESC-derived cardiac lineage 
populations by FACS analysis. (D) FACS analysis of multiple markers (OCT3/4, NANOG, 
NKX2.5, cTNT, and αSA) in ESC-derived cells during cardiac differentiation.  



Figure S3 

 
 
Figure S3 (Related to Figure 2). Sorting purity of LPHN2+ and LPHN2– fractions in iPSC-
derived cells during cardiac differentiation. 



Figure S4 

 

 
Figure S4 (Related to Figure 2). Enriched expression of NKX2.5 and α-SA sorted by 
LPHN2 in mouse ESCs.  
Representative FACS plot showing surface expression of NKX2.5 and α-SA at 10 days after 
cardiac differentiation for pre-sort, LPHN2+, and LPHN2– fraction in mouse ESC-derived cells. 
 

 

 



Figure S5 

 

Figure S5 (Related to Figure 4). Heat map based on a Phospho Explorer Antibody Array.  
Differential phosphorylation ratio between groups A (control (D4)/control (D3)), B (Lphn2-KD 
(D4)/Lphn2-KD (D3)), and C (Lphn2-KO (D4)/Lphn2-KO (D3)). 
 



Figure S6 

 
 
Figure S6 (Related to Figure 6). LPHN2 expression in HUVEC and endothelial 
differentiation potential of the KDR-positive or LPHN2-positive population.  
 (A) qPCR analysis of LPHN2 expression in human ESCs, human ESC-derived CMCs and 
HUVECs. Expression values are shown relative to that of hESCs (D0). **P < 0.01, #P = N.S. 
(not significant), ANOVA test and post hoc Bonferroni test, n = 3 independent replicates. (B) 
Immunostaining for LPHN2 (green) and VE-Cadherin (red) in HUVECs. Blue, nuclear 
counterstaining with 4, 6-diamidino-2-phenylindole (DAPI). Scale bar, 100 µm. 
 



 (C) Immunofluorescence analysis for EC markers (VE-Cadherin and CD31) in KDR+ cells 
differentiated toward endothelial lineages on day 14. Blue, nuclear counterstaining with 4, 6-
diamidino-2-phenylindole (DAPI). (D) Immunostaining of VE-Cadherin and CD31 in LPHN2+ 
cells on day 14 of endothelial differentiation. Blue, nuclear counterstaining with 4, 6-diamidino-
2-phenylindole (DAPI). Scale bar, 50 µm. 
 



Supplemental Movie Legends 

 

Movie S1 (Related to Figure 3). Beating foci following control-iPSCs and cardiac 

differentiation. On day 10 of cardiac differentiation, control-shRNA transduced iPSCs exhibited 

robust beating. 

 

Movie S2 (Related to Figure 3). Beating foci following Lphn2 knockdown (KD) and cardiac 

differentiation. On day 10 of cardiac differentiation, Lphn2-shRNA transduced iPSCs did not 

beat spontaneously. 

 

Movie S3 (Related to Figure 3). Beating foci following wild-type ESCs and cardiac 

differentiation. On day 10 of cardiac differentiation, there were several spontaneous beating foci 

in wild-type ESCs. 

 

Movie S4 (Related to Figure 3). Beating foci following Lphn2 knockout (KO) and cardiac 

differentiation. On day 10 of cardiac differentiation, there were not spontaneous beating foci in 

Lphn2-KO ESCs. 



Table S1. PCR primers used in this study 

Primer Sequence Access Number 

Mouse 

Lphn1 

Forward 5′- AAGACATGAATGCCACCGAA -3′ 
NM_181039.2 

Reverse 5′- CTCTTGGGGGAACACCAACT -3′ 

Mouse 

Lphn2 

Forward 5′- GCTGCAAGCTGGTTGACACT -3′ 
NM_001081298.1 

Reverse 5′- GATGCAGATAGCCAGGCAGA -3’ 

Mouse 

Lphn3 

Forward 5′- TTTATAGGACCGGCGACCTT -3′ 
NM_198702.2 

Reverse 5′- TACATGAGTCCAAAGGCCCA -3′ 

Mouse 

Nanog 

Forward 5′- CAGAAAAACCAGTGGTTGAAGACTAG -3′ 
NM_001289828.1 

Reverse 5′- GCAATGGATGCTGGGATACTC -3 

Mouse 

Oct3/4 

Forward 5′- GAGGATCACTTGGGGTACA -3′ 
NM_013633.3 

Reverse 5′- CTCGAAGCGACAGATGGTG -3′ 

Mouse 

Flk-1 

Forward 5′- GGCGGTGGTGACAGTATCTT -3′ 
NM_010612.2 

Reverse 5′- CTCGGTGATGTACACGATGC -3′ 

Mouse 

PdgfR-α 

Forward 5’- TCCATGCTAGACTCAGAAGTCA -3’ 
NM_001083316.2 

Reverse 5’- TCCCGGTGGACACAATTTTTC -3’ 

Mouse Forward 5’- TGTACGCAGAAACAGCATCC -3’ 
NM_008588.2 

Mesp1 Reverse 5’- TTGTCCCCTCCACTCTTCAG -3’ 

Mouse 

Nkx2.5 

Forward 5’- GACAAAGCCGAGACGGATGG -3’ 
NM_008700.2 

Reverse 5’- CTGTCGCTTGCACTTGTAGC -3’ 

Mouse 

Myh6 

Forward 5’- ACGGTGACCATAAAGGAGGA -3’ 
NM_001164171.1 

Reverse 5’- TGTCCTCGATCTTGTCGAAC -3’ 

Mouse 

cTnT (Tnnt2) 

Forward 5′- CAGAGGAGGCCAACGTAGAAG -3′ 
NM_001130174.2 

Reverse 5′- CTCCATCGGGGATCTTGGGT -3’ 

Mouse 

Tbx5 

Forward 5′- GGAGCCTGATTCCAAAGACA -3′ 
NM_011537.3 

Reverse 5′- TTCAGCCACAGTTCACGTTC -3′ 

Mouse 

Isl1 

Forward 5′- CACTATTTGCCACCTAGCCAC -3′ 
NM_021459.4 

Reverse 5′- AAATACTGATTACACTCCGCAC -3′ 

Mouse 

Cd31 (Pecam1) 

Forward 5′- TGCAGGAGTCCTTCTCCACT -3′ 
NM_001032378.2 

Reverse 5′- ACGGTTTGATTCCACTTTGC -3’ 

Mouse 

Gapdh 

Forward 5′- GACCCCTTCATTGACCTCAAC -3′ 
NM_001289726.1 

Reverse 5′- CTTCTCCATGGTGGTGAAGA -3′ 

Human 

LPHN2 

Forward 5′- CTGGTTGCAGAATGCGAAGT -3′ 
NM_001297704.1 

Reverse 5′- CAAATCTTGTCATCCGTCCG -3 

Human 

GAPDH 

Forward 5′- AACATCATCCCTGCCTCTAC -3′ 
NM_001256799.2 

Reverse 5′- CCCTGTTGCTGTAGCCAAAT -3′ 



Table S2. Antibodies, Cytokines, and Reagents 

Primary antibody Cat. # Company Application 

Anti-Mouse CD309 (FLK-1) Biotin 13-5821-82 eBioscience FC 

Anti-Mouse CD140a (PDGFR-α) APC 17-1401-81 eBioscience FC 

Anti-Human/Mouse OCT3/4 PE 12-5841-80 eBioscience FC 

Nanog 3580 cell signaling FC 

Oct3/4 sc-9081 Santa Cruz IF 

Nkx2.5 sc-8697 Santa Cruz FC 

Anti-Cardiac Troponin T ab10214 Abcam FC 

Anti-Sarcomeric Alpha Actinin ab9465 Abcam FC, IF 

Monoclonal Anti-α-Sarcomeric Actin A2172 Sigma-Aldrich IF 

GFAP sc-6170 Santa Cruz FC 

AFP sc-15375 Santa Cruz FC 

PECAM-1 (CD31) sc-1506-R Santa Cruz IF 

VE-Cadherin sc-6458 Santa Cruz IF 

Latrophilin-2 sc-47091 Santa Cruz FC 

Anti-LPHN2 ab101833 Abcam IF 

Phospho-CDK5 [Tyr15] sc-12918 Santa Cruz WB 

Phospho-Src [Ser75] Ab194520 Abcam WB 

Phospho-P38MAPK [Thr180/Tyr182] 9211 cell signaling WB 

CDK5 684502 BioLegend WB 

Src 2109 cell signaling WB 

P38MAPK 9212 cell signaling WB 

β-actin sc-1615 Santa Cruz WB 

Anti-VEGF Receptor 2 (FLK-1) ab10972 Abcam IF 

Lectin from Ulex europaeus (UEA-I) L9006 Sigma-Aldrich IF 

Anti-human CD172a/b (SIRPα/β) 323804 BioLegend FC 

Human VCAM-1/CD106  FAB5649G R&D systems FC 

Human ROR1 FAB2000G R&D systems FC 

Human CD31 555446 BD Pharmingen FC 

Human CD144 17-1449-42 eBioscience FC 

Human PDGFR-α FAB1264A R&D systems FC 



Secondary Antibody Cat. # Company Application 

Streptavidin PE 12-4317-87 eBioscience FC 

Alexa Fluor 488 Donkey Anti-Goat IgG A11055 Invitrogen IF, FC 

Alexa Fluor 488 Donkey anti-Rabbit IgG A21206 Invitrogen IF 

Alexa Fluor 488 Goat Anti-Chicken IgG A11039 Invitrogen IF 

Alexa Fluor 555 Goat Anti-Mouse IgG A21422 Invitrogen IF 

Alexa Fluor 555 Donkey anti-Rabbit IgG A31572 Invitrogen IF 

Alexa Fluor 555 Donkey Anti-Goat IgG A21432 Invitrogen IF 

Alexa Fluor 555 Goat anti-Mouse IgM(μ chain) A21426 Invitrogen IF 

Streptavidin, Alexa Fluor 555 Conjugate S32355 Invitrogen IF 

Alexa Fluor 647 Donkey anti-Rabbit IgG A31573 Invitrogen IF, FC 

Alexa Fluor 647 Donkey anti-Goat IgG A21447 Invitrogen IF, FC 

Alexa Fluor 647 Donkey anti-Mouse IgG A31571 Invitrogen IF, FC 

Alexa Fluor 647 Goat anti-Mouse IgM(μ chain) A21238 Invitrogen IF 

Cytokines and Reagents Cat. # Company 
 

Activin A 338-AC R&D Systems 
 

BMP-4 5020-BP R&D Systems 
 

bFGF 13256029 Invitrogen 
 

EGF 236-EG R&D Systems 
 

Cardiotrophin-1 612-CD R&D Systems 
 

VEGF 164 493-MV R&D Systems 
 

Recombinant human VEGF 165 293-VE-050 R&D Systems  

Recombinant human PDGF-BB 220-BB-010 R&D Systems  

Leukaemia Inhibitory Factor (LIF) ESG1107 Millipore 
 

α-Latrotoxin LSP-130 Alomone labs

FLRT3 2795-FL R&D Systems 
 

 

FC : Flow Cytometry, IF : ImmunoFluorescence, WB : Western Blot 

 



Supplemental Experimental Procedures 

 

RNA isolation and qPCR  

Total RNA was prepared using QIAshredder and RNeasy Mini Kit (Qiagen, Inc.) according to 

the manufacturer's instructions. RNA (1 µg) was converted into cDNA using the ReverTra Ace® 

qPCR RT Master Mix (TOYOBO). qPCR was performed using FastStart Universal SYBR Green 

Master (Roche) with specific primers. Primer sequences are provided in Table S1. qPCR samples 

were run on an ABI PRISM-7500 sequence detection system (Applied Biosystems). Data are 

presented as relative quantification values. Gapdh was run simultaneously as a control and used 

for normalization.  

 

Antibody array  

1) Sample preparation: The protein was extracted by using protein extraction buffer 

(Fullmoon biosystems, Sunnyvale, CA) containing 1% protease inhibitor cocktail (Sigma, St. 

Louis, Mo) and 1% phosphotase inhibitor cocktail (Sigma, St. Louis, Mo) and lysis beads 

(Fullmoon biosystems, Sunnyvale, CA). After extraction, the protein solution was purified using 

gel matrix column that was included in antibody array assay kit (Fullmoon biosystems, 

Sunnyvale, CA). The column was vortex-mixed at 5 seconds and hydration-treated at 60 minutes 

on room temperature. After hydration, the column was centrifuged at 750 g for 2 minutes. After 

centrifuge, the column was placed into a collect tube and the 100 μl of protein sample was 

transferred into column. The column was centrifuged at 750 g for 2 minutes. The concentration 

of purified sample was measured with BCA protein assay kit (Pierce, Rockford, Ill) using 

NanoPhotometerTM (Implen, UK). Moreover, the purity of purified sample was confirmed on 

UV spectrum. 



2) Phospho Explorer Antibody Array: The 50 μg of protein sample was filled up 75 μl with 

labeling buffer and treated 3 μl of the 10 μg/μl biotin/DMF solution. The sample was incubated 

at room temperature for 90 min with mixing. After incubation, the sample was treated 35 μl of 

stop reagent and incubated at room temperature for 30 min with mixing. The antibody 

microarray slide (Fullmoon biosystems, Sunnyvale, CA) was treated 30 ml of blocking solution 

in a petri dish and incubated on shaker at 60 rpm for 30 min at room temperature and washed 

with distilled water. This step was replicated three times. After blocking, the slide was rinsed 

with Milli-Q grade water. The labeled sample was mixed in 6 ml of coupling solution. The 

blocked array slide was incubated with coupling mixture on shaker at 60 rpm for 2 hours at room 

temperature into coupling dish. After coupling, the slide was washed 6 times with 30 ml of 

washing solution into petri dish on shaker at 60 rpm for 5 minutes. Next, the slide rinsed with 

Milli-Q grade. The 30 μl of 0.5 mg/ml Cy3-streptavidin (GE Healthcare, Chalfont St. Giles, UK) 

was mixed in 30 ml of detection buffer. The coupled array slide was treated with detection 

mixture into petri dish on shaker at 60 rpm for 20 minutes at room temperature. After detecting, 

the slide was washed 6 times with 30 ml of washing solution into petri dish on shaker at 60 rpm 

for 5 minutes. Next, the slide rinsed with Milli-Q grade water. 

3) Data acquisition and analysis: The slide scanning was performed using GenePix 4100A 

scanner (Axon Instrument, USA). The slides were absolutely dried before the scanning and 

scanned within 24~48 hours. The slides were scanned at 10 μm resolution, optimal laser power 

and PMT. After got the scan image, they were grided and quantified with GenePix 7.0 Software 

(Axon Instrument, USA). The normalization data were analyzed using Genowiz 4.0TM 

(Ocimum Biosolutions, India). This normalization makes the average intensity of all samples 

numerically equivalent to the average intensity of the all genes. Moreover, the p-value (one-



sample t-test) was calculated using MeV 4.9.0 Software (TM4 Development Group, USA). After 

analyzing, the data about protein information was annotated using UniProt DB. The 

phosphorylation ratio was calculated using the following formula (phosphorylated and matching 

unphosphorylated values are denoted by phospho and unphospho in both the differentiation day 

3 and day 4). 

Phosphorylation ratio = (phospho of differentiation day 4/unphospho of day 4) / (phospho of 

differentiation day 3/ unphospho of day 3) 

Antibody array results are accessible at the GEO database (accession number, GSE92923). 

 

Western blot 

Cells were harvested and lysed for 30 minutes in lysis buffer containing protease inhibitors 

(Roche, Basel, Switzerland). Total protein (40 µg) was immunoblotted with primary antibodies 

against phospho-CDK5 [Tyr15] (Santa Cruz Biotechnology, Dallas, TX, USA; goat polyclonal; 

molecular weight = 35 kDa), phospho-Src [Ser75] (Abcam, Cambridge, UK; rabbit polyclonal; 

molecular weight = 60 kDa), phospho-P38MAPK [Thr180/Tyr182] (Cell Signaling, Danvers, 

MA, USA; rabbit polyclonal; molecular weight = 43 kDa), total-CDK5 (BioLegend, San Diego, 

USA; mouse monoclonal; molecular weight = 35 kDa), total-Src (Cell Signaling, Danvers, MA, 

USA; rabbit monoclonal; molecular weight = 60 kDa), total-P38MAPK (Cell Signaling, Danvers, 

MA, USA; rabbit polyclonal; molecular weight = 43 kDa), and β-actin (Santa Cruz 

Biotechnology, Dallas, TX, USA; goat polyclonal; molecular weight = 43 kDa). Horseradish 

peroxidase (HRP)-conjugated anti-rabbit IgG (for phospho-Src, and phospho-P38MAPK, total-

Src, total-P38MAPK; Santa Cruz Biotechnology, Dallas, TX, USA), anti-goat IgG (for phospho-

CDK5 and β-actin; Santa Cruz Biotechnology, Dallas, TX, USA) and anti-mouse IgG (for total-



CDK5; Santa Cruz Biotechnology, Dallas, TX, USA) antibodies were used as secondary 

antibodies. Amersham ECL western blotting detection reagents (GE Healthcare Life Sciences, 

Chicago, IL, USA) were used for detection. Quantification of band intensity was analyzed using 

TINA software, version 2.0 (RayTest, Straubenhardt, Germany), and was normalized to the total-

form antibody. 

 

Endothelial and smooth muscle differentiation of Human PSC 

For endothelial and smooth muscle differentiation of human PSCs, we optimized using the 

previously described protocols. Human PSCs were directed towards the cardiac progenitor cells 

until day 5. After day 5 sorting, KDR+ or LPHN2+ cells were induced in EGM-2MV medium 

(Cat. #: CC-3124, LONZA) supplemented with 50 ng/ml VEGF and 5 μM SB431542 for 

endothelial, or 8 ng/ml PDGF-BB and 10 ng/ml bFGF for smooth muscle differentiation. 

 

Immunofluorescence staining 

Cells were fixed with 2% paraformaldehyde (PFA, Wako) for 10 minutes at room temperature. 

After being washed with PBS and blocked with PBS containing 0.05% Triton-X100 and 1% 

BSA, the cells were incubated with primary antibodies for 18 hrs at 4°C. After washing, 

corresponding secondary antibodies were applied for 1 h at room temperature. The nuclei were 

counterstained with 4’, 6-diamidino-2-phenylindole (DAPI) and mounted using the fluorescent 

mounting medium (DAKO). Fluorescent images were acquired with an LSM710 confocal 

microscope (Zeiss) and a confocal microscope Leica TCS SP8 (Leica Microsystems, Wetzlar, 

Germany). Information of the primary and secondary antibodies for immunofluorescence is 

provided in Table S2. 



Flow cytometric analysis and cell sorting 

EBs were harvested and treated with Accutase (eBioscience) for 5 min at 37°C to dissociate 

cells. Cells were then washed with PBS, stained with specific antibodies (Table S2) for lineage 

markers. The fixation and permeabilization buffer kit (R&D system) was used as recommended 

in the manufacturer's instructions for intracellular staining of OCT3/4, NANOG, cTNT, α-SA, 

NKX2.5, GFAP, and AFP. Analysis of stained cells and sorting were performed by flow 

cytometry using fluorescence-activated cell sorting (FACS) Canto II TM or Aria II TM (BD 

Biosciences) and obtained data were analyzed by FlowJo (Tree Star, Ashland, OR, USA). 

 

Lentiviral transduction 

For Lphn2 knockdown in iPSCs, five shRNA constructs targeting different regions of the 

Lphn2 gene were used (Sigma-Aldrich, SHCLNV, MISSION® shRNA Lentiviral Transduction 

Particles, TRCN0000238691, TRCN0000238692, TRCN0000238693, TRCN0000238694, 

TRCN0000238695). Non-Target shRNA Control Transduction Particles (Sigma-Aldrich, 

SHC216V) was used as the shRNA negative control. Transduction was performed according to 

manufacturer’s instructions. At 48 hrs after transduction, protein-iPSCs were selected in growth 

medium containing puromycin (5 µg/ml, Sigma-Aldrich). Transduced iPSCs were analyzed for 

Lphn2 knockdown efficiency using qPCR.  

 

Lphn2-KO ESCs 

Lphn2-KO ESCs (Lphn2tm1a (EUCOMM) Hmgu, EUCOMM) were purchased from EUCOMM. 

Lphn2-KO ESCs were cultured in knockout DMEM (Gibco) including 10% fetal bovine serum, 



0.1 mM β-mercaptoethanol (Sigma-Aldrich, filter sterilized), 2 mM L-glutamine, 50 IU/mL 

penicillin, 50 mg/mL streptomycin (Gibco), and LIF (2000 U/mL) on MEF as feeder-layer cells.  
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