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Progenitor Cells Identified by PDGFR-Alpha Expression
in the Developing and Diseased Human Heart
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Platelet-derived growth factors (PDGFs) and their tyrosine kinase receptors play instrumental roles in embryonic
organogenesis and diseases of adult organs. In particular, platelet-derived growth factor receptor-alpha
(PDGFRa) is expressed by multipotent cardiovascular progenitors in mouse and human embryonic stem cell
systems. Although cardiac PDGFRa expression has been studied in multiple species, little is known about its
expression in the human heart. Using immunofluorescence, we analyzed PDGFRa expression in both human
fetal and diseased adult hearts, finding strong expression in the interstitial cells of the epicardium, myocardium,
and endocardium, as well as the coronary smooth muscle. Only rare endothelial cells and cardiomyocytes
expressed PDGFRa. This pattern was consistent for both the fetal and adult diseased hearts, although more
PDGFRa+ cardiomyocytes were noted in the latter. In vitro differentiation assays were then performed on the
PDGFRa+ cell fraction isolated from the cardiomyocyte-depleted human fetal hearts. Protocols previously
reported to direct differentiation to a cardiomyocyte (5-azacytidine), smooth muscle (PDGF-BB), or endothelial
cell fates (vascular endothelial growth factor [VEGF]) were used. Although no significant cardiomyocyte dif-
ferentiation was observed, PDGFRo + cells generated significant numbers of smooth muscle cells (smooth
muscle-a-actin+ and smooth muscle myosin+) and endothelial cells (CD31+). These data suggest that a sub-
fraction of the cardiac PDGFRa+ populations are progenitors contributing predominantly to the vascular and
mesenchymal compartments of the human heart. It may be possible to control the fate of these progenitors to
promote vascularization or limit fibrosis in the injured heart.

Introduction creased understanding of human PDGFRa cardiac progeni-

tors is important in this context. In the present study, we

PLATELET-DERIVED GROWTH factors (PDGFs) affect wide
and varied cellular responses, including proliferation, dif-
ferentiation, migration, and survival [1]. The biological effects of
PDGFs are exerted by activation of two tyrosine kinases platelet-
derived growth factor receptor (PDGFR)x and B. In particular,
PDGFRu is instrumental during embryonic organogenesis and
development by directing the differentiation, migration, and
function of specialized mesenchymal cells [2,3]. Although ex-
pression of PDGFRa has been studied in the hearts of multiple
species [4-6], relatively little is known about its expression in the
human heart.

Recent evidence suggests that PDGFRa-expressing cells in
both the murine heart [7,8] and in human embryonic stem
cell systems [9,10] are important cardiovascular progenitors
capable of multilineage differentiation. Currently, enormous
global efforts are being made to generate stem cell therapies
for cardiac diseases (reviewed in [11,12]). Therefore, in-

sought to analyze PDGFRa expression in both the human fetal
and diseased adult hearts and to investigate the multipotency
of the fetal cardiac PDGFRa+ population. We found that
cardiac PDGFRa+ cells appeared to maintain the vascular
and mesenchymal compartments of the human heart. Limited
expression of PDGFRa in cardiomyocytes, coupled with lim-
ited ability of PDGFRa+ cells to upregulate cardiac proteins
or transcription factors after in vitro differentiation, suggests a
lesser role in regulating the cardiomyocyte compartment.

Materials and Methods

Immunofluorescence analysis of fetal
and adult hearts

Fetal hearts of gestational age 93-105 days were obtained
via the University of Washington Congenital Defects

ICenter for Cardiovascular Biology, ’Institute for Stem Cell and Regenerative Medicine, and 3Departm«ent of Pathology, University of

Washington, Seattle, Washington.

4Transplantation Biology, Clinical Research Division, Fred Hutchinson Cancer Research Center, Seattle, Washington.
Departments of "Medicine/Cardiology and ®Bioengineering, University of Washington, Seattle, Washington.
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Laboratory under a program supported by the National In-
stitutes of Health. The tissues were procured according to the
conditions approved by the Institutional Review Board of the
University of Washington. Adult heart tissue was obtained
from the subjects who were undergoing cardiac transplan-
tation or placement of left ventricular-assist device for end-
stage heart disease. The hearts used in this study were
affected by ischemic cardiomyopathy. The University of
Washington Institutional Review Board approved the study
protocols, and written informed consent was obtained from
all participants.

For histological studies, the fetal and adult hearts were
fixed in 4% paraformaldehyde before processing and em-
bedding in paraffin. Then, 5-um sections were cut and
stained with the primary antibody overnight, followed by 1h
of secondary antibody incubation. For immunofluorescence,
Alexa fluorphore-conjugated secondary antibodies were
employed; the Hoechst (Sigma) counterstain was used to
visualize the nuclei. The following primary antibodies were
used: rabbit polyclonal anti-PDGFRo (Abcam; prediluted,
1:10), mouse monoclonal anti-human CD31 (Dako; 1:15),
mouse monoclonal anti-cardiac troponin T (Developmental
Studies Hybridoma Bank; 1:1000), mouse monoclonal anti-
smooth muscle a-actin (Dako; 1:800), mouse monoclonal
anti-c-Kit (Abcam; 1:100), mouse monoclonal anti-WT-1
(Novocastra; 1:50), goat anti-Nkx2-5 (R&D; 1:400), rabbit
monoclonal anti-CD146 (Epitomics; 1:20), biotinylated don-
key anti-rabbit IgG (Fab fragment; Jackson Immuno Re-
search). Alexa 488- or 594-conjugated goat anti-mouse or
horse anti-goat (Invitrogen; 1:100). For PDGFRa, signal am-
plification with HRP goat anti-rabbit and Alexa-488 tyr-
amide (Invitrogen) was used as per the manufacturer’s
instructions.

Cell isolation and culture

PDGFRa+ cells were isolated from the fetal hearts (n1=7)
as per previously published methods with minor modifica-
tions [7]. Briefly, mononuclear cells were isolated from the
dissected hearts by mincing the tissue before digestion in
Liberase Blendzyme (Roche; 1:50) in PBS at 37°C for 30 min
with triturating mechanically at 10-min intervals and re-
moving the myocyte debris with a 40-um filter. The resulting
cells were then subjected to incubation with APC-conjugated
mouse monoclonal anti-PDGFRa antibody (R&D; 1:10) and
EasySep Human APC-Positive Selection magnetic bead
separation (Stem Cell Technologies) according to the manu-
facturer’s instructions. Isolated cells were plated on a tissue
culture plastic and cultured in a basal medium (80%
knockout Dulbecco’s minimum essential medium [DMEM;
Invitrogen], 10% fetal bovine serum [FBS; HyClone], 1 mM
L-glutamine [Gibco], 0.1 mM B-mercaptoethanol, 1% nones-
sential amino acid stock [Gibco], penicillin G 100U/mL
[Cellgro], and streptomycin 100 mg/mL [Cellgro]) at 37°C
and 5% CO2.

Flow cytometry

The atria and ventricles of the human fetal hearts (n=5)
were minced and digested as described in the cell isolation
methods above. Cells were stained with anti-PDGFRa anti-
body-APC (R&D; 1:10), anti-c-Kit-PE (BD Biosciences; 1:10),
and anti-CD90-FITC (Abcam; 1:10) for >30min. Control
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staining was performed simultaneously using isotype-mat-
ched, irrelevant antibodies directly conjugated to FITC, PE,
or APC. The fluorescence intensity of the cells was analyzed
by flow cytometry (BD FACS Canto I; BD Biosciences).

Differentiation assays

PDGFRa+ cells were plated onto 10-cm tissue culture
dishes (for quantification assays) or two-well chamber slides
(Nunc), with or without gelatin coating and grown to 70%
confluency before the basal medium was removed and spe-
cific differentiation medium added as follows [7].

Cardiomyocyte differentiation—adult stem cell protocol |
[13]. Cultured cells were exposed to 10 uM 5-azacytidine
(Tocris) and 10 pg/L basic fibroblast growth factor (R&D) in
DMEM high-glucose (DMEM-HG; Invitrogen) containing
10% FBS, for 48h. They were then cultured without 5-
azacydidine for 14 days.

Cardiomyocyte differentiation—pluripotent stem cell protocol
[9,10]. We also tested the ability of PDGFRa+ cells to dif-
ferentiate into cardiomyocytes using conditions that promote
cardiogenesis in hESCs. We plated 0.5x10° P2 PDGFRo+
fetal cells into each well of a low-attachment six-well tissue
culture dish in a basal medium and cultured at 37°C and 5%
CO, for 24h to allow embryoid body-like formation. The
medium was then replaced with the StemPro-34 medium
(Invitrogen) with 10ng/mL penicillin/streptomycin, 2 mM
L-glutamine, 1mM ascorbic acid, 4x 107* M mono-
thioglycerol (MTG; Sigma). To this medium, 10ng/mL
human-BMP4, 5ng/mL human-basic Fibroblast growth fac-
tor (bFGF), and 6 ng/mL human-Activin A were added, and
cells were cultured at 37°C and 5%CO;, 5% O,, and 90% N,
for 3 days. The medium was then changed to the basal
StemPro-34 medium, supplemented with 150ng/mL human-
DKK1 and 10ng/mL human vascular endothelial growth
factor (VEGF; R&D Systems) and cultured at 37°C and 5%
CO2 for 4 days. The medium was then changed to backbone
and cultured at 37°C and 5% CO2 for further 16 days, with the
medium changed every 4 days.

Smooth muscle cell differentiation [14]. Cells were cultured
in the presence of 50 ng/mL PDGF-BB (Abcam) with 2% FCS
in DMEM-HG.

Endothelial differentiation [7,15]. Cells were cultured in 1%
FBS in Iscove’s modified Dulbecco’s medium (Invitrogen)
containing 10 pg/mL bFGF and 10ng/mL VEGF (R&D
Systems). The medium was changed every 3—4 days, and the
cells were fixed with methanol after 14 days of differentia-
tion. Immunofluorescence was performed using the same
antibodies or the following: mouse monoclonal anti-o-actinin
(Sigma; 1:800), mouse monoclonal anti-smooth muscle my-
osin (Sigma; 1:800), and rabbit anti-von Willebrand Factor
(Dako; 1:500).

Reverse transcriptase—polymerase chain
reaction (RT-PCR)

Human fetal kidney and human fetal hearts were obtained
from the University of Washington Congenital Defects La-
boratory. Total RNA was isolated using the RNeasy Fibrous
Tissue kit (Qiagen). Equal amounts of RNA (500 ng) were
reverse transcribed using random primers and Superscript
I (Invitrogen). For PCR, 2 uL of the RT reactions were am-
plified for 35 cycles at 60°C annealing temperature using
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GoTaq (Promega). The primer pairs were as follows: f-Actin,
F-ATTGGCAATGAGCGGTTCCGC, R-CTCCTGCT TGCT
GATCCACATC; GAPDH, F- CATCCATGACAACT TTG
GTATC, R- CACCCTGTITGCTGTAGCCAA; PDGF-A, F-
CCCCTGCCCATTCGGAGGAAGAG, R-TTGGCCACCT TG
ACGCTGCGGTG; PDGF-B, F-GATCCGCTCCTTTGATGA
TC, R-GTCTCACACTTGCATGCCAG; PDGF-C, EF-TCTIG
GCAAGGCTTTTGTTT, R-TGCTTGGGACACATTGA CAT;
PDGFRo, F-ATCAATCAGCCCAGATGGAC, R-TTCACGGG
CAGAAAGGTACT; PDGFRp, F-AATGTCTCCAGCACCTT
CGT, R-AGCGGATGTGGTAAGGCATA. Agarose gel electro-
phoresis (1.2%) was carried out using 10 pL of the 50-uL PCR
reactions with ethidium bromide as a staining reagent.

PDGF-A ligand experiments

PDGFRa + cells were isolated and cultured as described in
cell isolation and culture methods above. 40,000 cells were
plated into 10 cm tissue culture dishes with or without the
addition of 110ng/mL recombinant human (rh)PDGF-A
(Prospec). Cells without rhPDGF-A were cultured in basal
medium (80% DMEM, 10% FBS, ImM L-glutamine, 0.1 mM
B-mercaptoethanol, 1% non-essential amino acids, penicillin
G 100 U/ml and streptomycin 100 mg/ml). Cells with
rhPDGF-A were cultured in 2% FBS in DMEM/F12 (In-
vitrogen) with 1mM L-glutamine (Gibco) and penicillin G
100 U/mL (Cellgro). The medium was changed every 3 days.
After 10 days, the cells were harvested, counted, and pre-
pared for quantification of smooth muscle and endothelial
cell marker expression (see below).

Quantification of differentiation
and statistical analysis

Differentiated cells were trypsinized, fixed in 2% para-
formaldehyde or methyl Carnoy’s solution, and then pelleted
in Histogel (American Mastertech) as per the manufacturer’s
instructions. Pellets were processed and embedded in par-
affin before cutting and primary antibody staining. Biotiny-
lated goat anti-mouse IgG and biotinylated goat anti-rabbit
IgG secondary antibodies (Jackson Labs; 1:500) were used,
followed by a thirty-minute incubation in the enzyme-based
ABC reagent (Vector Labs); the binding was visualized by
DAB (Sigma) and followed by hematoxylin nuclear counter-
stain. Cells with hematoxylin and DAB signal were scored as
positive and those with hematoxylin-only scored as negative.
At least 300 cells per condition were counted and results ex-
pressed as meanz+standard error of three independent exper-
iments. Statistical analysis was used using GraphPad Prism
4.0. Paired f-tests with the threshold for significance were set at
level P<0.05.

Microscopy and image preparation

Standard light micrographs were taken at room temper-
ature using a Nikon Eclipse 80i microscope. All immuno-
fluorescent images were collected by a Nikon Al Confocal
System attached to a Nikon Ti-E-inverted microscope plat-
form and using water-immersion Nikon 60x CFI Plan Apo
objective lens with 1.2 NA. Image were acquired at room
temperature using Nikon NIS Elements 3.1 software to
capture 12-bit raw files that were then rescaled to 16-bit
images for further processing. All images were collected as a
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single scan with the pinhole adjusted to 1 Airy unit at a
1024x1024 pixel density. For figure preparation, images
were exported into Photoshop CS3 (Adobe). If necessary,
brightness and contrast were adjusted for the entire image,
and the image was cropped.

Results
PDGFRo. expression in the human fetal heart

We examined the sections of human fetal hearts of gesta-
tional age 93-105 days by immunofluorescence. PDGFRa
expression was predominantly seen in interstitial cells of the
epicardium, endocardium, and myocardium of both the atria
and ventricles (Fig 1A, B), as well as in the smooth muscle
cells of medium and large coronary vessels (Fig. 1C). En-
docardial expression of PDGFRa was more heterogeneous
than in the epicardium (Fig. 1D). PDGFRa was largely dis-
tinct from CD31 expression (Fig 1A-D), indicating that en-
dothelial cells do not significantly express this receptor,
although occasional regions of possible coexpression (vs.
cellular juxtaposition) were identified in endocardial endo-
thelial cells (Fig 1A, D insets) and in the endothelium of
larger epicardial vessels (Fig. 1C inset). PDGFRa was not
seen in the endothelium of small vessels or capillaries.
PDGFRa frequently colocalized with smooth muscle a-actin
in the media of the coronary vessels (Fig 2A, B). Cardio-
myocytes throughout the atria and ventricles (identified by
cTInT staining) did not express PDGFRu, except in rare oc-
casions (Fig 2C, D, E). Taken together, these findings suggest
that PDGFRo.+ cells may be important for the development
and homeostasis of the coronary smooth muscle and the
heart’s interstitium, but this receptor is absent from cardio-
myocytes and endothelium in human fetal hearts of 93-105-
day gestational age.

PDGFRo. expression in the diseased
adult human heart

We next examined human adult hearts with ischemic
cardiomyopathy by immunofluorescence. This revealed
PDGFRa expression predominantly in the smooth muscle
cells of the coronary media and intima, as well as interstitial
cells throughout the ventricles (Fig 3A-C, E). This represents
a similar pattern to that seen in fetal human hearts). PDGFRa
coexpression with smooth muscle a-actin was again seen in
the media of the coronary vessels (Fig. 3A). PDGFRa coex-
pression with cardiac troponin-T-expressing cardiomyocytes
was seen more often in the diseased adult heart, as compared
to the fetal heart. However, this was still rare and was pre-
dominantly seen at the epicardial surface (Fig. 3D). Inter-
estingly, PDGFRo expression was observed in cells within
the epicardial fat (Fig. 3D). However, these may be adipose
fibroblasts rather than adipocytes. These findings suggest
that PDGFRa+ cells are important for maintaining homeo-
stasis of the cardiac mesenchymal and vascular compart-
ments of the diseased adult heart.

Coexpression of PDGF receptors and ligands
in human fetal and diseased adult hearts

Although immunofluorescence analysis demonstrates ro-
bust expression of PDGFRa, demonstrating coexpression of
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PDGFRa

known ligands for this receptor would strengthen evidence for
a functional role. Therefore, we performed RT-PCR on RNA
samples from human fetal atria, fetal ventricles, and adult
diseased ventricles. Fetal kidney tissue was used as a positive
control, and high expression of PDGFRa and both of its li-
gands, PDGF-A and PDGEF-C, was found as previously re-
ported [16]. In the hearts, we found the highest expression of
the PDGFRa transcript in fetal ventricles, with expression in
fetal atria higher than in adult diseased ventricles (Fig. 4).
Robust expression of the PDGF-A transcript was seen in all
samples, although only weak expression of PDGF-C was de-
tected. We also detected the transcript of PDGFR-B and its
ligand PDGE-B in all samples. Expression for PDGFR-$ was
higher than the comparative levels for PDGFRo. These data
show that both PDGF ligands and receptors are expressed in
fetal and diseased adult hearts.
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FIG. 1. Endothelial PDGFRa
expression is rare in the hu-
man fetal heart. (A-D)
PDGFRa-expressing cells are
located predominantly in the
interstitium of the epicardium
(double-headed ~arrows), myo-
cardium, endocardium, and
coronary vascular media. In-
sets show a magnified view of
boxed regions where a rare
PDGFRoa+ /CD31+ endothe-
lium is seen. (A) Low-power
image of left ventricular cross-
section. (B) High-power im-
age of the left ventricular epi-
cardium. Note that CD31+
capillary endothelium does
not coexpress PDGFRa. (C)
High-power image of epicardial
vessels. (D) High-power image
of ventricular endocardium.
PDGFRa, platelet-derived
growth factor receptor-alpha.

20pm

PDGFRo. coexpression with cardiac progenitor
markers in the fetal heart

To investigate a potential progenitor phenotype of
PDGFRo+ cells, we next asked if PDGFRa is coexpressed
with the markers of cardiac stem/progenitor cells [12]. c-Kit
is a tyrosine kinase receptor extensively studied in the hearts
of multiple species, including humans. It marks a purported
multipotent cardiac progenitor/stem cell that is currently un-
der investigation as cell therapy for ischemic cardiomyopathy
[17-19]. We found strong c-Kit expression in the ventricular
epicardium with a reciprocal relationship to PDGFRa+ cells in
the subepicardium (Fig. 5A). Patchy, weaker expression of
c-Kit was also seen throughout the fetal ventricular myocar-
dium, likely reflecting its known expression in immature car-
diomyocytes [20]. In contrast to findings in the ventricle, atrial
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PDGFRa

FIG. 2. PDGFRo expression
is common in smooth muscle,
but not in cardiomyocytes
within the human fetal heart.
(A) Low-power image of the
great cardiac vessel showing
PDGFRo. coexpression with
o-smooth muscle actin. (B)
High-power image of epicar-
dial vessels with PDGFRa ; PDGFRa
coexpression in the larger \
(likely arterial), but not smal-
ler (likely venous) vessel. In-
set shows a magnified view of
boxed region. (C) High-pow-
er image of the left ventricu-
lar  epicardium  showing
PDGFRo expression in sub-
epicardium and interstitial
cells, but not in most cardiac
cInT-expressing cardiomyo-
cytes. Inset shows a boxed
region with rare PDGFRa + /
cInT+ cardiomyocytes. (D)
Large intramyocardial vessels
with  PDGFRo  expression
in the media and adventitia.
(E) Higher-power view of
membrane-bound PDGFRa-
expressing cells. «SMA, alpha-
smooth muscle actin, PDGFRa,
platelet-derived growth factor
receptor-alpha, ¢InT, cardiac
Troponin-T.

PDGFRa

PDGFRa

PDGFRa

20pm

coexpression of PDGFRa and c-Kit was frequently seen in the =~ Supplementary Data are available online at www.liebert
epicardium, subepicardium, and myocardium (Fig. 5B). Flow pub.com/scd). Rare c-Kit/PDGFRa double-positive cells were
cytometry performed on the fetal atrial or ventricular non- seen in both atria and ventricles.

myocytes showed that PDGFRo-dim cells comprised within WT-1 is a zinc-finger transcription factor crucial for the
the CD90-expressing population (Supplementary Fig. S1A; normal development of several organs, including the heart,
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PDGFRa

PDGFRa

PDGFRa

PDGFRa 20 um PDGFRa

where it plays an important role in epithelial-to-mesenchy-
mal transformation of the epicardium [21,22]. WT-1 has been
reported to mark epicardium-derived multipotent cardiac
progenitors [23,24]. We found no coexpression of WT-1 and
PDGEFRo in the ventricles or atria of the fetal hearts examined

720 pm-

100.um

20 pum
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FIG. 3. PDGFRo expression
in the diseased human adult
heart. (A-D) Sections of the
adult heart from patients
with ischemic cardiomyopa-
thy who subsequently un-
derwent heart transplant or
implantation of left ventricu-
lar-assist device for end-stage
heart failure. (A) High-power
image of the coronary vessel
showing  coexpression of
PDGFRo and smooth muscle
a-actin (arrows). Note that the
artery has an eccentric
smooth muscle-rich intimal
proliferation, possibly related
to thrombus organization (B-
C) PDGFRa expression is
seen in left ventricular inter-
stitial cells and vessels, but
not in cardiomyocytes. (D)
PDGFRo. expression in the
epicardial fat layer (thin ar-
rows) and occasional sub-
epicardial ~ cardiomyocytes
(block arrows). (E) PDGFRa
expression in interstitial cells.
Inset displayed in higher
magnification.

(Fig. 5C). Nkx2-5 is a homeobox transcription factor required
for cardiac development that has been shown to mark mul-
tipotent cardiac progenitor cells [25,26]. We found no coex-
pression of PDGFRa and Nkx2-5 in the fetal hearts examined
(Fig. 5D). CD146 is a membrane glycoprotein expressed on
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PDGF-A
237 bp

PDGF-B
435 bp

PDGF-C
295 bp

PDGFR-x
891 bp

PDGFR-f
688 bp

GAPDH
498 bp

B-Actin
336 bp

FIG. 4. Coexpression of PDGF receptors and ligands in the
human fetal and diseased adult hearts. Reverse transcriptase—
polymerase chain reactions were performed. Results from
RNA samples of human fetal atria, ventricles, and adult
diseased ventricles (from two independent organs) shown.
Primers for PDGFRo, PDGFRp, and their ligands PDGF-A,
PDGF-B, and PDGF-C were used. Human fetal kidney tissue
was used as a positive control. Robust expression of the
PDGFRua. transcript in all samples was seen with highest ex-
pression in fetal ventricles. Expression in the fetal atria was
higher than in diseased adult ventricles. Robust expression of
transcripts for PDGF-A and weak expression of PDGEF-C
were seen in all samples. Strong expression of the PDGFR-B
transcript and weaker expression for its ligand PDGF-B were
seen in all samples. HFA, human fetal atria; HFV, human
fetal ventricle; HAV, human adult ventricle; HFK, human
fetal kidney; H,O, water, PDGF, platelet-derived growth
factor; PDGFR, platelet-derived growth factor receptor;
GAPDH, glycerol-3-phosphate dehydrogenase.

endothelial cells and may mark mesenchymal stromal cells
with increased pluripotency [27,28]. We found CD146 ex-
pression in the subendothelial population with some minor
coexpression of PDGFRu (Fig. 5E). The finding that PDGFRo
is coexpressed with the known cardiac progenitor cell mar-
ker c-Kit suggests a potential progenitor role for PDGFRa in
the human fetal heart.

Multilineage potential of fetal human PDGFRux+
cardiac progenitors in vitro

To further investigate possible progenitor cell functions of
PDGFRa-expressing cells, we conducted in vitro experiments
to propagate and differentiate PDGFRa.+ cells isolated from
human fetal hearts. We predicted that not all PDGFRa.+ cells
would function as progenitors. For example, in murine stud-
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ies, only a subfraction of the PDGFRa+ /Scal + /CD31- car-
diac cells possess a stem cell phenotype [7]. Further, of all the
noncardiomyocytes in the mouse heart, it is only those within
the PDGFRo+ /Scal+ /CD31- fraction that are capable of
propagation on tissue culture plastic. Since Scal is a murine
protein with no known human ortholog, in this study, we
used antibody-mediated magnetic bead cell sorting for
PDGEFRa expression alone before plastic adherence culture.
This is a similar strategy to that adopted in early murine
embryos where Scal is not expressed until mid-gestation.

PDGFRo.+ cells isolated from the fetal hearts were prop-
agated for 80 days without interruption (split approximately
every 4 days). Early- and late-passage cells cultured in a
basal medium (without agents to induce differentiation)
maintained a fibroblastic morphology with little change (Fig.
6A). In contrast, morphological changes were promptly ob-
served after the baseline medium was changed to specific
differentiation medium previously used to differentiate
murine cardiac mesenchymal stromal cells and human bone
marrow mesenchymal stromal cells (MSCs) [7,13,15]. One
week after cardiomyocyte differentiation was induced with
5-azacytidine and bFGF, cultured cells appeared larger and
had a more triangular shape (Fig. 6B). Similarly, 1 week after
smooth muscle differentiation was induced with PDGF-BB
[14], cultured cells appeared thickened with a more rectan-
gular shape (Fig. 6C). Interestingly, despite the insignificant
numbers of PDGFRa + endothelial cells in intact hearts, cord-
like structures (Fig. 6D) were seen 1 week after endothelial
cell differentiation induced by VEGF and bFGF [7,15]. Al-
though a typical cobblestone appearance was generally not
seen, there were abundant areas of cells with a flattened and
round morphology (Fig. 6E). Examination of cells after car-
diomyocyte differentiation resulted in no expression of car-
diac Troponin-T and Nkx2-5 in either differentiated cells or
controls cultured in the basal medium alone (data not
shown). Instead, the striated muscle marker a-actinin was
seen after culture in these conditions (data not shown),
suggesting skeletal myogenesis. As an alternative method of
cardiomyocyte differentiation, we adapted a protocol for
directed differentiation of human embryonic stem cells
formed in aggregates known as embryoid bodies [9,10].
Human fetal cardiac PDGFRo+ cells formed embryoid
body-like aggregates after 24 h of culture in low-attachment
plates (data not shown). However, unlike hES cells, after
sequential addition of bone morphogenic protein 4 (BMP4),
Activin A, bFGF, VEGF, and dickkopf-related protein-1
(Dkk1), no spontaneous beating was observed out to 28 days.

Next, we quantified PDGFRa+ cells for expression of
smooth muscle markers after exposure to specific differen-
tiation conditions. We found smooth muscle o-actin ex-
pressed in 56%*9% of differentiated cells compared to
20%*6% of nondifferentiated controls (P=0.007, Fig 6F, ]).
Smooth muscle myosin was expressed in 14%*3% of dif-
ferentiated cells compared to 3%+1% in controls (P=0.028,
Fig 6G, K). Finally, we examined for CD31 and von Will-
ebrand Factor Factor (VWF) expression in cultures of
PDGFRa+ cells exposed to endothelial-specific differentia-
tion conditions. CD31 was expressed in 13%+5% of differ-
entiated cells with 2%*1% in nondifferentiated controls
(P=0.007, Fig 6H, L). VWF was expressed in 12%+4% of
differentiated cells with 2%+1% in nondifferentiated con-
trols (P=0.033, Fig 61, M).
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PDGFRa

PDGFRa

PDGFRa

PDGFRa

PDGFRa

We also investigated the effects of PDGF-A ligand addi-
tion to fetal cardiac PDGFRa+ cells in vitro. There was a
statistically insignificant trend for increased differentiation to
smooth muscle phenotypes after the addition of thPDGF-A
(Supplementary Fig. S1B).
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FIG. 5. PDGFRa coexpres-
sion with a c-Kit cardiac
stem/progenitor cell marker
in the human fetal heart. (A)
High-power image of the left
ventricle showing c-Kit ex-
pression in the epicardium
and myocardium, but not in
PDGFRo-expressing sub-
epicardium and interstitial
cells. (B) High-power image
of the atria showing many
c-Kit+ /PDGFRa+ cells (ar-
rows) in the epicardium, sub-
epicardium, and myocardium.
(C) High-power image of the
left ventricle showing WT-1
progenitors without expression
of PDGFRa. (D) High-power
image of the deep region of the
left ventricle showing Nkx2-5-
expressing progenitors without
PDGFRo expression. (E) Car-
diac vessel showing CD146-
expressing subendothelial cells
with some coexpression of
PDGFRo. Arrows show cells
with clear coexpression of
CD146 and PDGFRa. Note
abundant CD146—/PDGFRa +
cells in the interstitium.

Taken together, these findings suggest that PDGFRa+
cells isolated from the human fetal heart are multipotent and
may have an in vivo progenitor phenotype. The ability to
produce smooth muscle and endothelial cells, but not car-
diomyocytes, from the assays used suggests that PDGFRa



1940 CHONG ET AL.

No Differentiation

°

L1

=

t

g

£

a

25um

J SMaActin K SM-Myosin L CD31 M VWF
- p=0.007 p=0.028 p=0.007 - p=0.033
50

55 —. 150

%E %15 % 92712.5

(E g 3 10 3 § 75

Z2 2 2 2

=% — : £ B 60

& 25 e o 25
H ; 0 b

& & o e &
&é@”ﬁ Qasﬁ"\ .@f & ) @@* ) @&si“ 0@6‘ o
é° a‘§ & & & &

Q{s@ d& oF oF o ) & &
& * L *® ¢ N ¢ ®

FIG. 6. In vitro multipotency of PDGFRo + cells isolated from human fetal hearts. (A-D) Light micrographs of PDGFRo +
progenitors before and after exposure to in vitro differentiation assays. (A) PDGFRa+ progenitors have a fibroblastic
morphology 24h after isolation from human fetal hearts. (B) One week after culture in a cardiomyocyte differentiation
medium, the cells appear thickened and triangular. (C) One week after culture in a smooth muscle differentiation medium,
the cells adopt a rectangular or triangular shape. (D) One week after culture in an endothelial cell differentiation medium,
tubular networks appear within some areas of confluent cells. (E) Flattened and round-shaped cells similar apparent after
endothelial cell differentiation. (F-I) Confocal immunofluorescence of cells exposed to differentiation assays. (J-M) Quan-
tification of cells differentiated by specific differentiation assays (black bars) or under basal conditions (white bars). Graphs
show positive cells as the percentage of total cells counted (mean+S.E.M. of seven independent biological replicates). CM,
cardiomyocyte; SM, smooth muscle; EC, endothelial cell; vWF, von Willebrand factor.

progenitors may have a predisposition toward vascular and To our knowledge, this study is the first to detail PDGFRa
stromal phenotypes. expression in the human fetal heart. However, embryonic

cardiac PDGFRa expression has been studied in mice [4,5,7]
Discussion and avian species [30]. These reports support our findings of

robust epicardial PDGFRa expression. Further, in the murine
We have found that in human fetal and diseased adult studies, PDGFRa is expressed in fibroblasts and the coronary
hearts, PDGFRa is expressed in interstitial cells of the epi- vasculature (particularly smooth muscle) as we have found
cardium, myocardium, and endocardium and also in the in the human fetal heart.
coronary vascular smooth muscle cells. In contrast, minimal Consistent with the findings in mice, we found that
expression of PDGFRa was observed in endothelial cells PDGFRa is not coexpressed with WT-1 or Nkx2-5 (markers
and cardiomyocytes. Further, a subset of the PDGFRa.+ cells  that identify cardiac progenitors) [7]. In fetal mouse hearts,
coexpressed either c-Kit or CD146, known markers of pro- c¢-Kit expression has been linked to cardiomyocyte develop-
genitors in the fetal heart [20,29]. These data, together with ment and hyperplasia [31,32]. It is important to note that in
demonstrable in vitro multipotency of PDGFRa+ fetal car- any species, the relationship between various markers of
diac cells, suggest that a subfraction of PDGFRa+ cells are  cardiac stem/progenitor cells currently remains unclear.
progenitors that have the capacity to contribute to the vas-  Although a detailed timecourse of expression for multiple
cular and mesenchymal compartments of the human heart.  markers would shed light on this issue, such systematic
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studies are better suited to small-animal species rather than
human hearts.

The study of human specimens precludes the use of ge-
netic techniques to fate map progenitors in situ. Nevertheless,
the pattern of PDGFRo. expression that we have found in
human fetal hearts suggests migration of PDGFRo+ pro-
genitors from the epicardium to form the interstitial and
vascular cells of the developing human heart. This is sup-
ported by evidence from murine models. First, the genetic
fate-mapping studies have shown that Scal+ /PDGFRo+
cardiac progenitor/stem cells are derived from epicardial
derivatives [7]. Secondly, recent evidence using conditional
epicardial deletion of PDGFRo has shown PDGFRa to be
crucial for executing epithelial-to-mesenchymal transforma-
tion of epicardial progenitors [5]. Interestingly, in these
studies, a loss of PDGFRa in the epicardium led to a deficit in
cardiac fibroblast formation, whereas vascular smooth
muscle was unaffected. A timecourse analysis of PDGFRo
expression would help provide further insights into varying
expression at different gestational ages. Due to limited ges-
tational ages available in human fetal specimens, these ex-
periments were not possible in this study.

In vitro experiments performed here show that PDGFRa +
progenitors isolated from the human fetal hearts can give rise
to differentiated cells with smooth muscle and vascular en-
dothelial cell phenotypes. This is consistent with the notion
that PDGFRa+ cells are capable of multipotent differentia-
tion, although our current data cannot rule out heterogeneity
among the PDGFRa+ cells as an alternate explanation. In
either case, the ability to generate endothelial and smooth
muscle cells suggests a plasticity that would not be expected
of mature/differentiated cells. Together with the PDGFRo
expression pattern from immunofluorescence analysis, our
findings suggest that a subset of PDGFRa.+ cells are bona fide
progenitors capable of adding to the various cell lineages in
the developing and diseased human hearts. It is interesting
that two different cardiomyocyte differentiation assays in-
volving treatment with 5-azacytidine in monolayers or
treatment of embryoid body-like aggregates with activin A
and BMP4 did not generate cardiomyocytes. Interestingly,
demethylation of DNA with 5-azacytidine yielded cells that
expressed o-actinin, but did not express cardiac Troponin-T
or Nkx2-5. This treatment, common in the adult cardiac pro-
genitor cell field, appears to yield skeletal muscle cells, but not
cardiac myocytes. Of note, bone marrow MSCs also differ-
entiate into skeletal muscle and not cardiac muscle when
treated with 5-azacytidine, suggesting that this is a common
property of mesenchymal progenitors [33].

It is significant that murine PDGFRa+/Scal + progenitors
are capable of a broad multilineage potency, including
differentiation into cardiomyocytes and other mesoder-
mal lineages [7]. The human hearts available for our study
were more mature than these mouse hearts, which may ac-
count for a more restricted potential. The current study used
bulk, cultured cells, and it was beyond the scope of this
study to perform an in-depth clonal analysis of human
PDGFRo+ cardiac progenitors. Such experiments may shed
light on whether these differences are species specific or re-
lated to the state of differentiation of the input cell popula-
tion studied.

The literature on PDGFRa expression in the adult human
heart is largely limited to the analysis of adult cardiac allo-

1941

graft biopsies [34-36]. Here PDGFRa expression has been
reported in smooth muscle, endothelial cells, interstitial cells,
and cardiomyocytes, although detailed confocal microscopy
is lacking. Interestingly, while PDGFRa expression is at very
low levels in a normal heart graft before transplantation,
expression significantly increases 1 week after transplanta-
tion before returning to baseline levels after 1 year [34]. This
has been attributed to the strong role of PDGF in reparative
processes (especially of vascular structures). PDGF-A, PDGEF-
B, and PDGF-C are known to activate PDGFRa. Studies
investigating the PDGF ligands show that the expression
pattern of PDGF after heart transplant is mainly confined to
the vasculature [34,36,37]. Our findings in the diseased adult
heart, where inflammatory signals are high, support these
previous studies, although we found that cardiomyocyte
expression of PDGFRa was rare. We also found PDGFRa
expression in the epicardial fat layer of diseased hearts. This
is interesting, since epicardial fat is known to be a paracrine
and endocrine organ with important interactions with the
underlying myocardium [38].

Characterization of the human cardiac progenitor popula-
tion in this study is important to the current cardiac repair and
regenerative efforts. The PDGFRa+ progenitor population
described appears to preferentially contribute to the vascular
and interstitial, rather than cardiomyocyte, compartments.
Nevertheless, noncardiomyocyte lineages are crucial for vas-
cular formation and cardiac matrix organization. Therefore,
an increasing knowledge of key contributing factors to these
processes is paramount. In conclusion, PDGFRa-expressing
cells are abundant in the human fetal and adult heart. We
propose that a subfraction of these cells may comprise a car-
diac progenitor population that warrants further investigation
with respect to therapies for cardiac repair.
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