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ABSTRACT

The epicardium promotes neovascularization and cardiomyocyte regeneration by
generating vascular smooth muscle cells (SMCs) and producing regenerative factors
after adult heart infarction. It is therefore a potential cell resource for repair of the
injured heart. However, the epicardium also participates in fibrosis and scarring of the
injured heart, complicating its use in regenerative medicine. Here, we report
co-expression of TBX18 and WT1 in the majority of epicardial cells during mouse
embryonic epicardial development. Furthermore, we describe a convenient chemically
defined, immunogen-free, small ~molecule-based method for generating
TBX18"/WT1" epicardial-like cell populations with 80% homogeneity from human
pluripotent stem cells via modulation of the WNT and retinoic acid signaling
pathways. These epicardial-like cells exhibited characteristic epicardial cell
morphology following passaging and differentiation into functional SMCs or cardiac
fibroblast-like cells. Our findings add to existing understanding of human epicardial
development and provide an efficient and stable method for generating both human

epicardial-like cells and SMCs.
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INTRODUCTION

Epicardial cells are required for embryonic heart formation. The proepicardium, a
transient embryonic structure composed of epicardial progenitor cells, develops at the
inflow of the heart tube and localizes posterior to the sinus venosus (SV) and atria [1].
Although the precise origin of the proepicardium is unclear, several genetic
lineage-tracing analyses have suggested that the proepicardium and myocardium
develop from a common cardiogenic precursor pool [2]. At the looping stage of heart
development, proepicardial cells migrate onto the heart tube, and cover the heart
surface, thereby forming the epicardium [3]. A subset of epicardial cells undergo
epithelial-to-mesenchymal transition (EMT) and invade the subepicardium and
myocardial layer as epicardium-derived cells (EPDCs) to generate cardiac fibroblasts
(CFs), SMCs and coronary endothelial cells that contribute to coronary vessel
formation [4-7]. Additionally, embryonic epicardial cells promote cardiomyocyte
proliferation and maturation by producing paracrine factors, including retinoic acid

(RA), fibroblast growth factor (FGF)-9, and insulin-like growth factor-2 [8-10].

In the adult mammalian heart, the proliferative ability of cardiomyoctyes is not
retained and the vast majority of epicardial cells have lost expression of the
embryonic epicardial marker genes TBX18 and WT1. Myocardial infarction (MI) and
thymosin B4 injection can reactivate expression of these two genes in adult
epicardium and subepicardium, leading to neovascularization in infarcted ventricular
tissue [11-14]. Furthermore, transplantation of adult human EPDCs into a mouse
infarction model has been shown to improve heart function and vascularization

[15,16]. Thus, epicardial cells and EPDCs, particularly TBX18- and WT1-expressing
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epicardial cells, are potential cell sources for repair of injured heart tissue using

cell-based transplantation.

Recently, two groups reported WT1" epicardial cell differentiation methods that
used the cytokines basic FGF (bFGF), bone morphogeneic protein (BMP) 4, activin A,
vascular endothelial growth factor, and WNT3A, in an animal product-containing
medium [17,18]. Our differentiation method is based on an understanding of signals
involved in epicardial development. Early studies in chicken embryo showed
expression of retinaldehyde dehydrogenase 2 (RALDH2), the rate-limiting enzyme
for RA synthesis, in the posterior part of the lateral mesoderm, which includes
proepicardial precursors, the atria and SV progenitors [19,20]. At this developmental
stage, WNT-8c and the competitive WNT inhibitor, Crescent, are distributed at
opposite ends of the embryo. The posterior part of the heart field, which develops into
the atria, is located within the Crescent-expressing region, while proepicardial
precursors are located within the anterior edge of the WNT-expressing zone [21].
Therefore, we hypothesized that RA is required for both atrium and proepicardium
development, with WNT signals inducing the fate separation of atrial myocytes and
epicardial cells. In this study, we showed that WNT activated WT1 expression in
human pluripotent stem cell (hPSC)-derived cardiac progenitor cells (CPCs), and RA
promoted TBX18 expression in the WT1" cell population. Manipulating the WNT and
RA signaling pathways with small molecular compounds in a chemically defined,
albumin-free medium led to approximately 80% of hPSCs differentiating into
TBX18"/WT1" epicardial-like cells. These cells possessed epicardial cell
characteristics, exhibited a cobblestone-like morphology following passaging, and

differentiated into functional SMCs or CF-like cells when induced with transforming
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growth factor B1 (TGFB1) and basic FGF (bFGF). This method could potentially be
used to efficiently and stably generate minimally pathogenic epicardial cells and
coronary SMCs for clinical cardiovascular tissue engineering and heart regeneration

in the future.

MATERIALS AND METHODS

Animals and tissue sections

Institute for Cancer Research mice were obtained from the Center for Animal Research, Institute
of Biophysics, Chinese Academy of Sciences. All experiments with mice were performed
according to protocols approved by the Institute of Biophysics. Pregnant females were sacrificed
and embryonic hearts (E10.5, E12.5 and E14.5) were harvested. Isolated hearts were embedded in
Jung Tissue Freezing Medium (No. 020108926; Leica, Nussloch, Germany), sectioned at 8 um

and mounted on microscope slides (No. FRC-05; Matsunami, Osaka, Japan).

hPSC culture and passage

H7, H9 human embryonic stem cells (hRESCs; WiCell Research Institute, Madison), and xeno-free
and virus-free (XVF) human induced pluripotent stem cells (hiPSCs; human foreskin
fibroblast-derived XVF1 and XVF2, generated within our laboratory), were maintained in E8
medium [22] containing 2 ng/mL TGFB1 (No. 100-21; PeproTech, Rocky Hill, NJ) and 100 ng/mL
bFGF (No. 100-18B; PeproTech). hPSCs were passaged onto vitronectin-coated plates at a 1:6

ratio every 6 days using collagenase 1V (No. 17104-019; Gibco, Grand Island, NY) digestion.

hPSC differentiation

Two days before differentiation, hPSCs were resuspended as single cells in EDTA, then plated as a
monolayer on vitronectin-coated 24-well plates at a density of 2.5 x 10° cells/well. When the cells
reached full confluence, differentiation procedures were initiated. Chemically defined S12

differentiation medium was developed within our laboratory (unpublished results). At day (D) 0,
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culture medium was changed from E8 to S12 medium (without insulin) supplemented with 6 uM
CHIR99021 (CHIR; No. 4423; Tocris, Bristol, UK) to induce mesoderm formation. CHIR was
withdrawn after 24 h to avoid excessive WNT activation. On D3, medium was changed to S12
(without insulin) and supplemented with 5 uM IWR1 (No. 10161; Sigma, St. Louis, MO). During
D5-8, cells were cultured with 1 pM RA (No. R2625; Sigma) to induce atrial progenitor cell
formation. After D8, cardiac progenitor cells were cultured in S12 to promote cardiomyocyte
differentiation. For epicardial differentiation, media were supplemented with an additional 5 uM

CHIR for D5-8. On D8, the cells were passaged once at a ratio of 2:5.

Monolayer passage and differentiation of SMCs and CFs

For generation of epithelial-like cells (EPLCs), D14 cultures were trypsinized and plated onto
vitronectin-coated plates at a density of 2 x 10* cells/cm?. After an initial 24 h recovery period, the
S12 medium was changed every 2 days until analysis. As indicated in Fig 4A and 6A,
supplementation of TGFB1 (5 ng/mL) and bFGF (10 ng/mL) in the culture medium was used for
SMC and fibroblast differentiation. For maturation of SMCs, cells were exposed to 5 ng/mL
TGFp1 for 6 days. To generate CFs, further culturing of bFGF-induced cells with bFGF in 10%

fetal calf serum (Gibco)-containing S12 medium was performed for 6 days.

Quantitative real-time PCR

Total RNA was extracted with TRIzol® reagent (No. 15596; Life Technologies, Carlsbad, CA) and
1 ug RNA was reverse-transcribed into cDNA in a 20-pL volume of PrimeScript RT reagent with
gDNA Eraser (No. RR047A; Takara, Shiga, Japan). A QuantiFast SYBR® Green PCR Kit (No.
204057; Qiagen, Hilden, Germany) was used for gPCR in a Rotor-Gene Q 2plex Real-Time PCR
Machine (No. 9001620; Qiagen). Relative gene expression was calculated by normalizing values
to the housekeeping gene TATA-binding protein (TBP). Primer sequences are listed in

Supplementary Table S1.

Flow cytometry

Differentiated cells were fixed with 4% paraformaldehyde (PFA) and permeabilized with 0.4%

v
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Triton™ X-100 (No. T8787; Sigma). After blocking in 5% donkey or goat serum, cells were
stained with primary antibodies against ISL1 (diluted 1:1000; sc23590; Santa Cruz, Dallas, TX),
cTnT (0.5 pg/mL; MAB1874; R&D, Minneapolis, MN), WT1 (diluted 1:1000; ab89901, Abcam,
Cambridge, UK), CNNL1 (diluted 1:10000; C2687,Sigma), TAGLN (diluted 1:1000; ab14106,
Abcam), POSTN (diluted 1:1000; ab14041, Abcam) or KDR-PE (10 pl/10° cells; FAB357P,
R&D). Alexa Fluor® 488 donkey anti-goat IgG (705-545-147; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA), Alexa Fluor 488 goat anti-rabbit 1gG (111-545-003; Jackson),
Alexa Fluor 488 goat anti-mouse 1gG (115-545-003; Jackson), and PE goat anti-rabbit 1gG
(GR200G-09C; Sungene Biotech, Tianjin, China) were used as secondary antibodies. Goat 1gG
(sc3887; Santa Cruz), Rabbit IgG (ab199376; Abcam), mouse IgG1-PE (IC002P; R&D) and
mouse 1gG1l (M5284; Sigma) were used as isotype controls. Samples were assessed using a
FACSCalibur (Becton Dickinson, Franklin Lakes, NJ) and data were analyzed using FlowJo

(Treestar).

Immunofluorescence and microscopy

Slides containing cells or heart sections were fixed in 4% PFA for 15 min, then permeabilized with
0.4% Triton X-100 for 15 min. Slides were then blocked with 5% goat or donkey serum in
phosphate-buffered saline for 1 h, and then incubated with primary antibodies against WT1
(diluted 1:1000; ab89901, Abcam), TBX18 (diluted 1:100; sc17869, Santa Cruz), cTnT (0.5
pg/mL; MAB1874, R&D), ZO1 (diluted 1:100; 339100, Life Science ), CNNL1 (diluted 1:10000;
C2687, Sigma), TAGLN (diluted 1:1000; ab14106, Abcam), POSTN (diluted 1:1000; ab14041,
Abcam) , or COL-1 (diluted 1:200; ab90395, Abcam) overnight at 4 °C. Slides were then
incubated with the relevant secondary antibody: Alexa Fluor 594 goat anti-rabbit 1gG
(111-585-003; Jackson), Alexa Fluor 488 goat anti-mouse IgG (115-545-003; Jackson), Alexa
Fluor 488 donkey anti-goat 1gG (705-545-147; Jackson), Alexa Fluor 594 donkey anti-rabbit 19G
(711-585-152; Jackson), or Alexa Fluor 488-goat anti-rabbit IgG (111-545-003; Jackson) for 1 h at
room temperature. Nuclei were counterstained by incubation with DAPI (0.5 pg/mL; D3571, Life
Technologies) for 1-3 min. Immunofluorescence images were visualized and captured using an

Olympus DP71 camera (Tokyo, Japan). Proportional analysis of TBX18"/WT1" cells was

/
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performed using an ImageXpress® Micro Widefield High-content Screening System (Molecular
Devices, Sunnyvale, CA). Bright field images were visualized and captured using a Zeiss AX10

microscope.

Calcium assay

Cells were preloaded with the calcium-sensitive molecular probe Fluo-4 AM (2.5 uM; F14201,
Life Technologies) in Tyrode’s solution consisting of 140 mM NaCl, 4 mM KCI, 2 mM CacCl,, 1
mM MgCl,, 10 mM HEPES, and 10 mM glucose (pH 7.4) at 37 °C for 30 min. Cells were then
trypsinized and washed with Tyrode’s solution. Calcium was measured by recording changes in
mean fluorescent intensity before and after addition of carbachol (100 uM; 51-83-2, Sigma) using
a FACSCalibur instrument. Relative mean fluorescent intensity was normalized to the value

obtained at 0 min (before carbachol addition).

Calcium imaging

Primary human coronary artery SMCs (HCASMCs, ATCC) and EPL-SMCs were preloaded with
2.5 UM Fluo-4 AM in Tyrode’s solution at 37°C for 30 min. Cells were then washed three times
with Tyrode’s solution. Calcium imaging was performed using a Leica TCS SP5 confocal
microscope with 488-nm excitation. Images with 1024 x 1024 pixel resolution were continuously
acquired using a 40x objective and combined into a continuous sequence representing a
260-second period. All calcium transient recordings were performed using the same excitation and
acquisition settings. Each recording consisted of a 100-second baseline, and a 160-second
recording period following the addition of 15 uM phenylephrine (No. S2569; Selleck, Houston,
TX). Three independent experiments were performed for TGF1+bFGF+TGFf1-induced cultures
and no treated (NT) cultures. Fluorescence intensity (F) of EPL-SMCs exhibiting calcium
transients was measured and then normalized to the average intensity during the last 52 seconds
before agonist addition (baseline, Fy). The proportion of functional EPL-SMCs was determined by
counting cells exhibiting calcium transients and dividing by the total number of cells in the field
of view. Kinetic parameters of the Ca* signal (tmax: time to peak, ty,0n: time to half-peak, t;,0ff:

time from the peak to half recovery) were determined using Microsoft Excel software [23].
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Twelve EPL-SMCs were randomly selected from fields of three independent experiments for
assessment of change in fluorescent cell surface, as assessed by ImageJ software (National

Institutes of Health, Bethesda, MD).

RESULTS

Co-expression of TBX18 and WTL is a reliable marker for early embryonic

epicardial cells

The proepicardium/epicardium consists of heterogeneous cell populations that
differentially express several marker genes, including TBX18, WT1, Sema3D, SCX,
TCF21, and NFATCL, either alone or in various combinations [7,24,25]. Among these,
TBX18 and WT1 are two well-established epicardium marker genes used separately
in  lineage-tracing  studies to identify cells descended from the
proepicardium/epicardium [26-30]. However, whether these two genes label the same
epicardial cell population has not been confirmed. In addition to expression in the
epicardium, TBX18 is also expressed in the SV myocardium and neighboring
mesenchyme [31], and WT1 is expressed in the endocardium and cardiac endothelial
cells [29,32]. Therefore, expression of TBX18 or WTL1 alone is not a restrictive
criterion for the identification of hPSC-differentiated epicardial cells in vitro. To
address this question, we examined expression patterns of TBX18 and WT1 in mouse
E10.5-E14.5 embryonic hearts with double-immunofluorescence staining. Our results

indicate that the majority of epicardial cells at the outer myocardial layer were
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double-positive for TBX18 and WT1, with few WT1 single-positive cells in the
myocardial layer of the E14.5 heart (Fig. S1). This finding confirms that TBX18 and
WT1 label the vast majority of embryonic epicardial cells, supporting their
co-expression as a stringent criterion for the identification of hPSC-differentiated

epicardial cells in vitro.

WNT signaling switches cardiac progenitor cells from atrial myocytes to WT1"

non-cardiomyocyte cells

To test our hypothesis that RA and WNT signaling are required for proepicardial
differentiation, we activated WNT signaling during differentiation of hESCs into
atrial myocytes. hESCs were differentiated into atrial myocytes using a small
molecule-based cardiac differentiation method developed by Lian et al., with RA
addition at day (D) 5 [33,34]. Briefly, hESCs were treated with the WNT signaling
pathway agonist CHIR (6 pM) to induce mesodermal differentiation over the first 24
h. At D3, cells were exposed to the WNT signaling pathway antagonist IWR1 (5 puM)
for 48 h to generate CPCs [33]. Cells were then treated with 1 uM RA from D5-8 to
induce differentiation into atrial myocytes. hESCs were differentiated into epicardial
cells using the atrial myocyte differentiation protocol, except that cells were treated
with RA and CHIR from D5-8 (Fig. 1A). Quantitative reverse transcript polymerase
chain reaction (QRT-PCR) revealed a substantial increase in the expression of
mesodermal markers (T and MESP1) at D2. After 5 days of differentiation, expression
levels of ISL1 and NKX2.5, two markers of CPCs [35,36], were significantly
increased (Fig. 1B). Flow cytometry analysis of cardiac progenitor marker expression

indicated that 94.2% of cells were Isl-1 positive, and 62.3% of cells expressed KDR, a

10
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cardiovascular progenitor marker [37] (Fig. 1C). gRT-PCR results for
D14-differentiated cultures indicated that, in the presence of RA, expression levels of
both TBX18 and WT1 were significantly up-regulated following treatment with CHIR
at D5. Indeed, cultures treated with 1 uM RA and 5 uM CHIR (RA/CHIR) exhibited a
24-fold increase of TBX18 and an 88-fold increase of WT1 expression compared with
cultures treated with RA alone (Fig. 1D). Meanwhile, expression of the
cardiomyocyte marker cTnT was significantly reduced in RA/CHIR-treated cultures
(Fig. 1F). Flow cytometry analysis showed that 90.6% of cells were WT1-positive
and less than 3% of cells were cTnT-positive in RA/CHIR-treated cultures (Fig. 1E
and G). Double-immunofluorescence staining also showed that the majority of cells in
RA/CHIR-treated cultures were WT1*/cTnT non-cardiomyocytes, while the majority
of cells in RA-treated cultures were WT1 /cTnT" cardiomyocytes (Fig. 1H). As
previously reported [34,38], single-cell patch clamp analysis for action potentials
indicated that more than 90% of RA-differentiated cardiomyocytes produced
atrial-like action potentials (unpublished results). Taken together, these results
demonstrate that WNT signaling activates WT1 gene expression in CPCs, whereby

switching cell fate from atrial myocyte to WT1" non-cardiomyocyte.

WNT and RA act synergistically to promote epicardial cell fate specification

We next investigated the roles of RA in regulating WT1 and TBX18 expression. In the
presence of 5 UM CHIR, addition of RA to cultures had no significant effect on WT1
expression or differentiation of WT1" cells (Fig. 2A and B). Interestingly, addition of
RA to CHIR-treated cultures up-regulated TBX18 expression in a dose-dependent

manner, with a 5-fold increase observed with 1 uM RA (Fig. 2A). Using high-content

11
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imaging assays (no TBX18 antibodies tested were suitable for flow cytometry), we
found that 27.8% of cells were double-positive for TBX18 and WT1 in cultures
treated with CHIR and the RA inhibitor BMS493 vs. 83.5% in RA/CHIR-treated
cultures (Fig. 2C and D). These results indicate that CHIR activates WT1 expression,
while RA promotes TBX18 expression in the WT1" cell population, suggesting that
simultaneous activation of WNT and RA signaling pathways efficiently drives CPC
differentiation into TBX18"/WT1" cells, the major epicardial cell population of the
embryonic heart. We designated these D14 TBX18"/WT1" cells derived from

RA/CHIR treatment as proepicardium-like cells (pEPLCs).

Morphological and molecular characterization of hPSC-derived epicardial-like

cells

During embryonic heart development, the epicardium forms an epithelial-like sheet
expressing ZO1, a marker of epithelial tight junctions [39]. D14 pEPLCs cells
initially lack epithelial-like morphology; however, following passage at low density
(2.5 x 10* cells/cm?) (Fig. 3A), these cells formed an epithelial monolayer with
cobblestone morphology and expressed ZO1 along cell borders (Fig. 3B, D15+2).
However, expression of WT1 and ZO1 quickly declined after D15+4 (Fig. 3B),
indicating that these cells may undergo EMT spontaneously [40,41]. Consistent with
this hypothesis, expression levels of the mesenchymal markers VIM and ZEB1
increased in passaged pEPLCs after D15+2 (Fig. 3C). In contrast, cells treated with
CHIR alone and plated at the same density as passaged pEPLCs did not develop
typical epithelial morphology, and displayed impaired ZO1 expression (Fig. 3B).

gRT-PCR analysis of expression of the epicardium-produced cardiomyocyte

14
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regeneration factor FSTL1 [42] and the epicardium-specific genes BNC1, UPKI1B,
ANXA8, and GPMG6A [43] showed that passaged D15+2 pEPLCs exhibited higher
expression levels of epicardial genes than D14 pEPLCs and D14 cardiomyocytes (Fig.
3D). Collectively, these results indicate that RA/CHIR-induced TBX18*/WT1*
pEPLCs can recapitulate in vivo epicardium development and express
epicardial-specific markers following passage. We henceforth refer to these post-D15

passaged pEPLCs as EPLCs.

Epicardial-like cells are capable of generating functional SMCs

During cardiac development, epicardial cells have the potential to differentiate into
SMCs and CFs [4,5]. TGFB1 and bFGF regulate epicardial EMT and induce SMC
differentiation [17]. To further differentiate hESC-derived EPLCs into SMCs, D15
EPLCs were treated with TGFB1+bFGF for 8 days as previously reported [17] (Fig.
4A). gRT-PCR analysis indicated that TGFB1+bFGF treatment increased expression
of the SMC marker genes ACTA2, CNN1, TAGLN, and MYH11 by approximately
2.5-fold (Fig. 4B). Immunofluorescence staining further confirmed increased levels of
CNN1 and TAGLN protein expression in D15+8 TGFp1+bFGF-induced EPLCs
compared with in D15+8 untreated EPLCs (NT) (Fig. 4C). Flow cytometry also
showed that 89.4% of D15+8 TGFB1+bFGF-induced EPLCs were CNN1*/TAGLN",

while only 41.3% of D15+8 NT cells were CNN1"/TAGLN" (Fig. 4D).

To verify the identity of SMC-like cells, we used the calcium-sensitive dye
Fluo-4 AM and carbachol stimulation to functionally characterize EPLC-derived cells

by examining Ca?* flux, which regulates smooth muscle contraction [18]. In contrast

13
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with HelLa cells (used as a negative control), in which no significant response was
elicited following 30 seconds of exposure to carbachol, D15+8 NT cells showed a
weak response and TGFp1+bFGF-induced cultures showed a marked response (Fig.
5A). TGFB1 promotes maturation of SMCs in vitro [44]. As expected, additional
TGFB1 treatment for 6 days increased expression of MYH11, a marker of mature
contractile SMCs, by 2-fold in D15+8+6 TGFB1+bFGF+TGFB1-induced EPLCs (Fig.
4A and B). Ca** signaling analysis also showed that TGFB1+bFGF+TGFp1-induced
EPLCs exhibited a higher level of calcium activity than TGFB1+bFGF-induced
EPLCs (Fig. 5A), indicating that TGFB1 and bFGF promote differentiation of EPLCs
into SMCs, and additional TGFB1 treatment promotes maturation of
TGFB1+bFGF-induced SMCs. To visually and accurately test the calcium-handling
activity of EPLC-SMCs, we measured calcium transients following stimulation with
phenylephrine in D15+8+6 cultures. Human coronary artery SMCs (HCASMCs) were
used as a positive control (Fig. 5C, Video S1 and S2). More cells displayed calcium
transients in TGFB1+bFGF+TGFB1-induced cultures (>80%) than in NT cultures
(approximately 40%), indicating that TGFB1+bFGF+TGFf1 promotes EPLC
differentiation into functional SMCs (Fig. 5B). Next, we analyzed the amplitude and
dynamics of phenylephrine-induced calcium transients in NT cultures,
TGFB1+bFGF+TGFp1-induced cultures and HCASMCs using a method as described
previously [23]. We found no significant difference in peak amplitudes of relative
fluorescence intensity (F/Fo) between TGFB1+bFGF+TGFp1-induced cultures and
HCASMCs (Fig. 5D), but the kinetic parameter values [23] of Ca?* transients (tmax,
t1,0n and ty,0ff) in TGFB1+bFGF+TGFB1-induced cultures were higher than those in
HCASMCs (Fig. 5 E), suggesting that EPLC-SMCS had weaker calcium-handling

activity than primary HCASMCs. Contraction was assessed with ImageJ software by
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measuring the difference in cell surface area before and after phenylephrine treatment.
As shown in Fig. 5F and G, after application of phenylephrine, similar cell
contractions occurred in both TGFB1+bFGF+TGFp1-induced cultures (29.5%) and
HCASMCs (33.8%), while only a 9.1% reduction in cell surface area was observed in
NT cultures. Taken together, these findings demonstrate that EPLCs have the potential
to differentiate into functional SMCs, and that TGFp1+bFGF+TGFB1 promotes the

SMC fate determination of EPLCs.

Epicardial-like cells are capable of generating CF-like cells

To investigate their potential for differentiating into CF-like cells, hESC-derived
EPLCs were treated with bFGF for 14 days to induce fibroblast differentiation [17]
(Fig. 6A). gRT-PCR analysis indicated that bFGF treatment increased expression of
POSTN, a specific marker of embryonic CFs [45,46] (Fig. 6B). Furthermore,
culturing EPLCs with bFGF in serum (S)-containing medium (bFGF+S) for an
additional 6 days after D15+8 dramatically enhanced expression of POSTN, such that
levels were 17 times higher than those in human foreskin fibroblasts (HFFs).
Conversely, expression of FSP1, a fibroblast marker gene absent in CFs [47], was
much lower in bFGF+S-induced cells than in HFFs (Fig. 6B). Flow cytometry
indicated that 89.2% of bFGF+S-induced EPLCs were POSTN® (Fig. 6C).
Furthermore, bFGF+S-induced EPLCs not only expressed POSTN, but also secreted
COL-1, a matrix protein secreted by CFs in the heart [48] (Fig. 6D). Collectively,
these findings demonstrate that EPLCs possess the potential to differentiate into

CF-like cells.

15



S Stem Cells and Development _
epicardial-like cells from human pluripotent stem cells usi nfg small molecular compounds (doi: 10.1089/scd.2016.0208)

This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Efficient differentiation of TBX18+/WT1+

16

To demonstrate the reproducibility of this protocol, we differentiated pEPLCs
and EPLCs from another hESC line (H9) and two hiPSC lines (XVF1 and XVF2)
with the same approach. Double-immunofluorescence staining showed that both of
these lines generated a high percentage of TBX18"/WT1" cells (approximately 80%,
assessed by high-content imaging assay; Fig. S2A and B), and that these cells could
give rise to hPSC-EPLCs following passage (Fig. S2C). The hPSC-EPLCs could be
differentiated into CNN1*/TAGLN® SMCs or POSTN® CFs by treating with
TGFB1+bFGF or bFGF+S (Fig. S2D and E). Flow cytometric analysis further
revealed that the induction efficiency for production of SMCs (>80%) and CFs
(approximately 85%) from H9-EPLCs and hiPSC-EPLCs was similar to that for

H7-EPLCs using this protocol (Fig. S2F and G).

DISCUSSION

WT1 and TBX18 are two key genes that regulate epicardium development. In a
WT17" mouse model, the epicardium was missing over much of the heart, with no
EDPCs or vessels observed [49]. Tbx18 "~ mouse epicardium had a rough epithelial
appearance and impaired coronary vasculogenesis [50]. Indeed, coronary vasculature
formation is responsive to Thx18-dependent gene targets in the epicardium [50]. Our
results demonstrate that a major subpopulation of epicardial cells homogeneously
express both TBX18 and WT1. These findings indicate that TBX18"/WT1" is a more
authentic marker for epicardial cells than WT1" alone, and that expression of TBX18
in epicardial cells is necessary for their coronary vasculature fate, which supports

neovascularization of damaged heart tissue. Furthermore, TBX18"/WT1" epicardial
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cell-derived SMCs have great potential for drug testing, building vascular disease

models from patient hiPSCs, and possibly generation of artificial coronary vessels.

Results reported by lyer et al. indicated that RA treatment plays a major role in
generating epicardium, which consists of a heterogeneous mix of WT1" and TCF21*
cells [18]. In contrast, Witty et al. reported a method for generating high percentages
of WT1" cells without addition of exogenous RA [17]. In our system, highly
homogenous TBX18"/WT1" epicardial cells (approximately 80% of total cell
population) were induced by treatment with RA and WNT signaling agonists. Our
results suggest a collaborative relationship between WNT and RA signaling in
epicardial cell fate determination. The WNT signaling agonist switches the CPC from
RA-induced atrial myocyte to epicardium. In the presence of WNT signaling, RA
treatment of CPCs did not affect WT1 expression, but rather increased the proportion
of TBX18" cells within the WT1" cell population. This finding implies that WNT, not
RA, is the dominant factor for epicardial determination. Consistent with this
hypothesis, double-null Dkk1”/Dkk2™ mouse mutant models exhibited embryonic
heart tissue that preferentially formed epicardium rather than myocardium [51], while
RALDH2 " mice have visually normal proepicardium [52]. It is difficult to ascertain
the role of RA in epicardium determination by comparing our findings with those of
Witty et al., as they did not quantify the proportion of TBX18" cells. In lyer et al.’s
study, RA played a more important role than WNT in inducing WT1 expression. To
some extent, this result was inconsistent with findings in mutant models [51,52].
Considering that the concentration and time-course of RA treatment in lyer et al.’s
study was very high and prolonged, it is possible that there is more than one way to

induce epicardium differentiation, as occurred in vivo [30,31,53].
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Whether BMP signaling is involved in proepicardium development in vivo
remains unclear. In Witty et al.’s study, WT1" cells could be generated by activating
BMP or WNT signaling pathways in mesoderm. However, activation or inhibition of
the BMP signaling pathway did not change the cardiomyocyte fate of differentiating
cells in our system (unpublished results). This difference may be caused by the
generation of distinct mesoderm prior to epicardium induction. In Witty et al.’s
system, WNT signaling was not inhibited, which led to KDR*/PDGFRa" lateral plate
mesoderm generation. In contrast, WNT signaling was inhibited in our system to
generate ISL1" cardiac mesoderm. It can be speculated that selective combinations of
different factors, which may give rise to the different parts of mesoderm, appear
equally capable of generating epicardial-like cells. This speculation is consistent with
findings that there may be multiple origins of epicardial progenitors [30,53,54].
Moreover, Witty et al.’s data also suggested that BMP and WNT signaling pathways
act independently in epicardium determination. Whether WT1" cells generated by
each method in Witty et al.’s study were identical is currently unknown. More
in-depth study of signaling pathways activated by these various treatments will aid

greater understanding of epicardial origin and heterogeneity.

Epicardial cells have been demonstrated as a potential cell source for heart injury
therapy. TBX18 and WT1 regulate formation of both epicardium and coronary vessels
in mouse embryonic heart [49,50], and their re-activation in adult heart is involved in
the reprogramming of adult epicardial cells into embryonic epicardial cells,
facilitating heart regeneration after M1 [55-57]. Previous studies have shown that

transplantation of adult human EPDCs into mouse MI models improved heart
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function and vascularization [15,16]. These findings raise the hope of a potential
application for TBX18"/WT1" epicardial cells in cell-based therapies for MI.
Furthermore, a recent report showed that epicardial FSTL1 delivery was critical for
cardiomyocyte regeneration in adult mouse and swine MI models [42]. Thus, our
FSTL1-expressing TBX18"/WT1" epicardial cells may represent an alternative cell
resource or additional cell type that could be used in generation of cardiomyocyte
patches for cell-based repair of MI. Nevertheless, although cardiomyocytes are very
sparse in our differentiated cultures, arrhythmogenic foci would likely be generated
after transplantation therapy. Further, epicardial cell purification with an

epicardium-specific surface marker, such as CD44 [40], may improve availability.

This study developed a novel culture method combining small molecules and a
chemically defined medium for reliable and efficient generation of epicardial cells
from hPSCs. Methods developed by both Witty et al. and lyer et al. used cytokines,
including bFGF, BMP4, activin A, vascular endothelial growth factor, and WNT3A,
for epicardium differentiation in albumin-containing media [17,18]. We speculate that
using small molecular compounds instead of cytokines makes our differentiation
system more stable and economical. Furthermore, maintenance and differentiation of
stem cells were carried out in chemically defined, xeno-free, albumin-free media,
thereby reducing the risks of pathogenic and immunogenic contamination, which may
make these cells more suitable for future clinical application. Taken together, our
findings add to existing understanding of epicardial development and provides a

simplified method for differentiation of epicardial cells.
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TBX18 WT1 TBX18/WT1 TBX18/WT1/DAPI

E10.5

E12.5

E14.5

Fig. 1. WNT signaling determines the WT1" non-cardiomyocyte fate of cardiac progenitor cells

(CPCs). (A) Schematic of the protocol for epicardial differentiation of hPSCs using CHIR99021
(CHIR), IWR1 and retinoic acid (RA). (B) qRT-PCR analysis of expression of mesoderm (M)
markers (T and MESP1) and CPC markers (ISL1 and NKX2.5) in day (D) 2 and D5 cultures. (C)
Flow cytometric analysis of the proportions of ISL1" and KDR" cells in D5 cultures. Error bars
represent SEM; n = 3. (D) qRT-PCR analysis of expression of the epicardial markers TBX18 and
WT1 in D14 cultures subjected to the indicated treatments. RA, 1 uM; IWR1, 5 uM; CHIR, 0-12
UM; — DMSO was used as a vehicle control. (E) Flow cytometric analysis of the proportion of
WT1" cells in D14 cultures. Error bars represent SEM; n = 3; *p < 0.05, **p < 0.01 versus
RA-treated cultures. (F) gRT-PCR analysis of cTnT expression in D14 cultures treated with RA or
RAJ/CHIR. (G) Flow cytometric analysis of the proportion of cTnT * cells in D14 cultures treated
with RA or RA/CHIR. Error bars represent SEM; n = 3; **p < 0.01 versus RA-treated cultures. (H)
Immunofluorescence staining of cTnT and WT1 in D14 cultures treated with RA or RA/CHIR.
Scale bars, 100 pm.

gRT-PCR values shown are relative to the housekeeping gene TBP. Error bars represent SEM; n =

3; *p < 0.05, **p < 0.01 versus hESC or RA-treated cultures, analyzed by the Student’s t-test.
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Fig. 2. WNT and RA act synergistically to specify TBX18"/WT1" cell fate. (A) gRT-PCR analysis
of TBX18 and WT1 expression in D14 cultures following treatment with 5 uM CHIR and the
indicated concentrations of RA. BMS493, 5 uM. Gene expression was normalized to TBP. Error
bars represent SEM; n = 3; *p < 0.05, **p < 0.01 versus CHIR (5 uM)-treated cultures, analyzed
by the Student’s t-test. (B) Flow cytometry analysis of the proportion of WT1" cells in D14
cultures. Error bars represent SEM; n = 3. (C) High-content imaging assays of the proportion of
TBX18"/WT1" cells in D14 cultures treated with CHIR, RA/CHIR, or BMS493/CHIR. Error bars
represent SEM; n = 3; **p < 0.01 versus CHIR (5 uM)-treated cultures. (D) Immunofluorescence
staining of TBX18 and WT1 in D14 cultures treated with CHIR, RA/CHIR, or BMS493/CHIR.

Yellow in the inset panels indicates TBX18 and WT1 co-expression. Scale bars, 100 um.
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Fig. 3. Characteristics of epicardial-like cells (EPLCs). (A) Schematic of protocol for EPLC
generation. (B) Bright field and immunofluorescence staining micrographs of CHIR- and
RA/CHIR-treated cultures. RA/CHIR-treated cultures exhibited cobblestone-like morphology and
high expression of the epithelial marker ZO1 at D15+2 after passage. Scale bars, 100 um. (C)

gRT-PCR analysis of expression of the EMT markers VIM and ZEB1 at various time points. Error
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bars represent SEM; n = 3; **p < 0.01 versus D15+2 cells, analyzed by the Student’s t-test. (D)
qRT-PCR analysis of expression of the epicardial genes BNC1, UPK1B, ANXA8, and GPM6A

in D15+2 EPLCs, D14 pEPLCs, and cardiomyocytes. Gene expression was normalized to TBP.
Error bars represent, SEM; n = 3; **p < 0.01 versus relative controls, analyzed by the Student’s

t-test.
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Fig. 4. EPLCs have the potential to differentiate into smooth muscle cell (SMC)-like cells. (A)

Schematic of the protocol used for SMC induction. (B) qRT-PCR analysis of expression of the

SMC markers ACTA2, CNN1, TAGLN, and MYH11 in cells treated with the indicated factors.

Gene expression was normalized to TBP. Error bars represent SEM; n = 3; **p < 0.01 versus

untreated cultures, analyzed by the Student’s t-test. (C) Immunofluorescence staining of CNN1

and TAGLN in D15+8 NT and TGFB1+bFGF-induced EPLC cultures. Scale bars, 100 um. (D)

Flow cytometry analysis of the proportion of CNN1'/TAGLN® cells in D15+8 NT and

TGFB1+bFGF-induced EPLC cultures. Error bars represent SEM; n = 3; **p < 0.01.
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cytometry after carbachol addition. (B) Total proportion of functional EPLC-SMCs displaying
calcium transients after phenylephrine addition in D15+8+6 NT and
TGFB1+bFGF+TGFB1-induced cultures. Error bars represent SEM; n = 3/group; **p < 0.01
versus untreated cultures, analyzed by the Student’s t-test. (C) Calcium imaging examining the
functional response of EPLC-SMCs and HCASMCs to phenylephrine. Average fluorescence
intensity normalized to baseline (F/Fo) of five random cells exhibiting calcium transients was
measured. Peaks correspond to active calcium cycles in response to 15 uM phenylephrine added at
100 seconds, eliciting different responses. (D) Amplitude of calcium transients after phenylephrine
addition. Error bars represent SEM; n = 5 cells; **p < 0.01 versus HCASMCs, analyzed by the
Student’s t-test. NS, no significant difference. (E) Kinetic parameters of calcium transients after
phenylephrine addition. Error bars represent, SEM; n = 5 cells; **p < 0.01 versus HCASMCs,
analyzed by the Student’s t-test. (F) Fluo-4 AM-loaded EPLC-SMCs and HCASMCs displayed a
change in cell surface area following phenylephrine stimulation. Scale bars, 100 um. (G)
Percentage change in cell surface area. Error bars represent SEM; n = 12 cells; **p < 0.01 versus
D15+8+6 cells that did not exhibit calcium transients, analyzed by the Student’s t-test. NS, no

significant difference.
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Fig. 6. EPLCs have the potential to differentiate into cardiac fibroblast (CF)-like cells. (A)
Schematic of the protocol used for CF-like cell induction. (B) gRT-PCR analysis of expression of

the fibroblast markers POSTN and FSP1 in hESCs, human foreskin fibroblasts (HFFs) and
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EPL-derived cells. Gene expression was normalized to TBP. Error bars represent SEM; n = 3; **p
< 0.01 versus untreated cultures, analyzed by the Student’s t-test. (C) Flow cytometry analysis of
the proportion of POSTN" cells in untreated and bFGF+S-induced cultures. Error bars represent
SEM; n =3; **p < 0.01. (D) Immunofluorescence staining of POSTN and COL-1 in untreated and

bFGF+S-induced cultures. Scale bars, 100 pum.

_ Efficient differentiation of TBX18+/WT1+ ilal-| St I . >
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

39



r

This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

S Stem Cells and Development _
epicardial-like cells from human pluripotent stem cells using small molecular. compounds (doi: 10.1089/scd.2016.0208)

Efficient differentiation of TBX18+/WT1+

40

Supplemental Figure Legends

Fig. S1. TBX18 and WTL1 are co-expressed in the epicardium of the embryonic heart. The
majority of epicardial cells (E10.5-E14.5) immunostained as double-positive for TBX18 and WTL.
Yellow in the inset panels shows TBX18 and WT1 co-expression. Note the TBX18 non-specific
background staining of the myocardium. Arrows, epicardium; arrowheads, pericardium. Scale bars,

100 pm.

Fig. S2. Generation of epicardial-like cells from H9 and hiPSC lines. (A) Immunofluorescence
staining of TBX18 and WT1 in D14 H9- and hiPSC-derived proepicardial-like cells. Scale bars,
100 um. (B) High-content imaging assays of the proportion of TBX18"/WT1" cells in D14 H9-
and hiPSC-derived proepicardial-like cell populations. Error bars represent SEM; n = 3. (C)
Immunofluorescence staining for WT1 and ZO1 protein in D15+2 H9- and hiPSC-derived
epicardial-like populations. Scale bars, 100 um. (D) Immunofluorescence staining of CNN1 and
TAGLN in D15+8 TGFB1+bFGF-induced H9- and hiPSC-EPLC cultures. Scale bars, 100 pm. (E)
Immunofluorescence staining of POSTN in D15+8+6 bFGF+S-induced H9- and hiPSC-EPLC
cultures. Scale bars, 100 pm. (F) Flow cytometry analysis of the proportion of CNN1*/TAGLN"
SMCs in D15+8 TGFp1+bFGF-induced H9- and hiPSC-EPLC cultures. Error bars represent SEM;
n = 3. (G) Flow cytometry analysis of the proportion of POSTN® CFs in D15+8+6

bFGF+S-induced H9- and hiPSC-EPLC cultures. Error bars represent SEM; n = 3.

Video. S1. Representative video depicting Fluo 4-AM-generated fluorescence signal in
D15+8+6 EPLC-derived cultures before and after phenylephrine addition. 260-second

recording at 52x speed.

Video. S2. Representative video depicting Fluo 4-AM-generated fluorescence signal in

HCASMCs before and after phenylephrine addition. 260-second recording at 52x speed.
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Supplemental Information

Supplemental Figure Legend
Fig. S1. TBX18 and WTL1 are co-expressed in the epicardium of the embryonic heart. The
majority of epicardial cells (E10.5-E14.5) immunostained as double-positive for TBX18 and WTL.
Yellow in the inset panels shows TBX18 and WT1 co-expression. Note the TBX18 non-specific
background staining of the myocardium. Arrows, epicardium; arrowheads, pericardium. Scale bars,

100 pm.

Fig. S2. Generation of epicardial-like cells from H9 and hiPSC lines. (A) Immunofluorescence
staining of TBX18 and WT1 in D14 H9- and hiPSC-derived proepicardial-like cells. Scale bars,
100 um. (B) High-content imaging assays of the proportion of TBX18"/WT1" cells in D14 H9-
and hiPSC-derived proepicardial-like cell populations. Error bars represent SEM; n = 3. (C)
Immunofluorescence staining for WT1 and ZO1 protein in D15+2 H9- and hiPSC-derived
epicardial-like populations. Scale bars, 100 um. (D) Immunofluorescence staining of CNN1 and
TAGLN in D15+8 TGFB1+bFGF-induced H9- and hiPSC-EPLC cultures. Scale bars, 100 pm. (E)
Immunofluorescence staining of POSTN in D15+8+6 bFGF+S-induced H9- and hiPSC-EPLC
cultures. Scale bars, 100 pm. (F) Flow cytometry analysis of the proportion of CNN1*/TAGLN"
SMCs in D15+8 TGFp1+bFGF-induced H9- and hiPSC-EPLC cultures. Error bars represent SEM;
n = 3. (G) Flow cytometry analysis of the proportion of POSTN® CFs in D15+8+6

bFGF+S-induced H9- and hiPSC-EPLC cultures. Error bars represent SEM; n = 3.

Video. S1. Representative video depicting Fluo 4-AM-generated fluorescence signal in
D15+8+6 EPLC-derived cultures before and after phenylephrine addition. 260-second

recording at 52x speed.

Video. S2. Representative video depicting Fluo 4-AM-generated fluorescence signal in
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HCASMCs before and after phenylephrine addition. 260-second recording at 52x speed.
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Supplemental Information

Table S1. gRT-PCR Primers List
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Gene Forward Primer Reverse Primer

T CAGTGGCAGTCTCAGGTTAAGAAGGA | CGCTACTGCAGGTGTGAGCAA
MESP1 | CACCGTCCCCGCTCCTTC CGGCGTCAGTTGTCCCTTGT

ISL1 TTGTACGGGATCAAATGCGCCAAG AGGCCACACAGCGGAAACA
NKX2.5 | ACCTCAACAGCTCCCTGACTCT ATAATCGCCGCCACAAACTCTCC
TBX18 TTAACCTTGTCCGTCTGCCTGAGT GTAATGGGCTTTGGCCTTTGCACT
WT1 ATAGGCCAGGGCATGTGTATGTGT AGTTGCCTGGCAGAACTACATCCT
TBP TGAGTTGCTCATACCGTGCTGCTA CCCTCAAACCAACTTGTCAACAGC
VIM GAAGGCGAGGAGAGCAGGATT CAAGGTCATCGTGATGCTGAG
ZEB1 CATATTGAGCTGTTGCCGCTG TCTTGCCCTTCCTTTCCTGTGT
BNC1 TGGGTTGCCCATAACCTGTCATCT TACTTTGCATTTGTGGAGCTGCCG
UPK1B | AGTGACTCTGGATTTGGTGCTGGA AAGTCCGTACCATCTGACTTGGCA
ANXA8 | ACACGAATCCATCCCAACCGAGAT AACACAGTGTCCTTGGGTCAGGAA
GPM6A | TTCCCTATGCCTCTCTGATTGCCA ACATCCAGTGTGTCTCCAGCAGTT
CNN1 AAGGACGCACTGAGCAACGCTATT ACGCCACTGTCACATCCACATAGT
TAGLN | ATGGCCAACAAGGGTCCTTCCTAT ATCAGGGCCACACTGCACTATGAT
MYH11 | AGAAGCCAGGGAGAAGGAAACCAA TGGAGCTGACCAGGTCTTCCATTT
ATCA2 | CACTGTCAGGAATCCTGTGA CAAAGCCGGCCTTACAGA

POSTN | CCCGTGACTGTCTATAAGCCAA GTGTGTCTCCCTGAAGCAGT

cTnT TTCACCAAAGATCTGCTCCTCGCT TTATTACTGGTGTGGAGTGGGTGTGG
FSP1 GTCAGAACTAAAGGAGCTGC TGTTGCTGTCCAAGTTGCTC

FSTL1 TCTGTGCCAATGTGTTTTGTGG TGAGGTAGGTCTTGCCATTACTG
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