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Background: Mast cells (MCs) dynamically participate in wound healing after myocardial infarction (MI) by re-
leasing cytokines. Indeed, MC-deficient mice undergo rapid left ventricular dilation post-MI. Mesenchymal
stem cells (MSCs) are recruited to the injured region following an MI and have potential for cardiac repair. In
the current study, we evaluate the effect of MCs on MSC proliferation and myogenic differentiation.
Methods and results:MCs were cultured frommouse bone marrow andMC granulate (MCG) was extracted from
MCs via freeze-thaw cycles followed by filtration.α-SMA (smoothmuscle actin) expression was examined as an
indicator of myogenic differentiation. MSC/MC co-culture resulted in decreasedMSC differentiation indicated by
α-SMA suppression in MSCs. MCG also suppressed α-SMA expression and increased MSC migration and prolif-
eration in a dose-dependentmanner. Removal ofMCG rescuedα-SMAexpression andMSC differentiation. Plate-
let derived growth factor (PDGF) receptor blockade using AG1296 also rescued MSC differentiation even after
MCG treatment. Real-time PCR andWestern blot showed that MCG exerted its effects on MSCs via downregula-
tion of miR-145 and miR-143, downregulation of myocardin, upregulation of Klf4, and increased Erk and Elk1
phosphorylation.
Conclusions: MCs promote MSC proliferation and migration by suppressing their myogenic differentiation. MCs
accomplish this via activation of the PDGF pathway, downregulation of miR-145/143, and modulation of the
myocardin-Klf4 axis. These data suggest a potential role for MSC/MC interaction in the infarcted heart where
MCs may inhibit MSCs from differentiation and promote their proliferation whereby increased cardiac MSC ac-
cumulation promotes eventual cardiac regeneration after MCs cease activity.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Myocardial infarction (MI) is associated with an inflammatory re-
sponse that is a keystone of post-MI healing and scar formation. Inflam-
mation clears the wound of necrotic myocardium and extra cellular
matrix remnants and triggers reparative pathways essential for cardiac
remodeling [1,2]. This early inflammatory reaction plays an important
role in cardiac repair and reduction of mortality followingMI. However,
chronic inflammation culminates in scar formation and dilative remod-
eling of the ventricle [3]. Profound changes in ventricular modulation
result in decreased cardiac function and are associatedwith the progres-
sion of heart failure. Several molecules and cells play important roles in
tissue repair. Our previous data suggest a role for mast cells (MCs) in
myocardial repair after MI [4].

MCs are tissue-resident cells that form an important part of the in-
nate and adaptive immune system [5]. MCs are derived from
multipotent hematopoietic progenitor cells in the bone marrow (BM)
ical Discovery Tower, 3rd Floor,
nada.
and achieve their final phenotype under themicroenvironmental influ-
ence of their destination tissue [6]. MC accumulation in animal models
ofMI, hypertension, volume overload, and in human heartswith dilated
cardiomyopathy are well documented [7,8]. Frangogiannis et al. dem-
onstrated that the number of MCs increases in canine hearts post-MI,
especially in collagen-deposited areas [9]. Similarly, increased MC den-
sity was shown in subepicardial layers of the rat heart following an MI
[10]. MCs are capable of producing and secreting a wide variety of
pre-formed and newly synthesized immunomodulatory, angiogenic,
and profibrotic factors [11]. Following an MI, resident cardiac MCs rap-
idly degranulate, releasing a large amount of mediators which trigger
the inflammatory response [12]. This release of cytokines contributes
to the recruitment of regenerative cells to the injured area [13,14].

Mesenchymal stem cells (MSC) are multipotent stromal cells which
can be isolated from various organs, including BM, adipose tissue, lung,
peripheral blood, brain, and skeletalmuscle [15]. Following anMI,MSCs
are recruited to the heart [16,17] and play a critical role in wound
healing by influencing the immune response [18], regulation of extra-
cellular matrix remodeling [19–21], paracrine support of injured cells
[22], and proliferation and differentiation of resident progenitor cells
[23]. Moreover, MSCs have the capability to differentiate into myogenic
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cells and fibroblasts, which comprise the main cellular content of the
heart [24–27]. Fibroblasts also phenotypically switch to contractile
myofibroblasts post-MI, and these cells exert tensile force on the sur-
rounding extra cellularmatrix to prevent scar expansion and ventricular
dilation [28].

Our group has demonstrated that MC-deficient (Kit W/Kit W-V) mice
undergo rapid left ventricular (LV) dilation compared with wild type
mice at 14 days post-MI [4]. In addition,we also showed that accumula-
tion of myofibroblasts decreases in MC-deficient mice compared with
wild-type [4]. In this study, we investigated the effects of MCs on MSC
proliferation, migration and myogenic differentiation. We provide evi-
dence that MSCs can oscillate between a proliferative and amore differ-
entiated state.Mechanistically, activation of the platelet derived growth
factor (PDGF) pathway promoted proliferation and suppressed myo-
genic differentiation in MSCs. PDGF exerted its proliferative and de-
differentiative effects on MSCs through down regulation of miR-143/
145. These results provide mechanistic insights into the proliferative
and de-differentiative effects of MCs on regenerative MSCs.
2. Material and methods

2.1. Cell isolation and culture

MSCs were obtained by flushing the marrow cavity of the tibias and
femurs of 6- to 8-week-old male C57BL/6 mice. The cells were cultured
in Iscove's Modified Dulbecco's Medium (IMDM) supplemented with
10% fetal bovine serum (FBS). C57BL/6micewere obtained fromCharles
River Laboratories (Wilmington, MA) and all experimental procedures
performed on animals were approved by the Animal Care Committee
of the University Health Network.

MCs were obtained by flushing themarrow cavities of the tibias and
femurs of 6- to 8-week-old male C57BL/6 mice. Cells were cultured in
Opti-MEM Reduced Serum Medium (Life Technologies) supplemented
with 5% FBS and 6% WEHI-3 conditioned media, which contains the
IL-3 necessary for differentiation and survival of MCs. The number of
MCswasmaintained at 0.5–2million cells/mLduring onemonth culture
time.
2.2. MC granulate (MCG) preparation

MCG was prepared by 5 freeze-thaw cycles of 1 million MCs/mL,
followed by filtration through a 0.22 μm filter. MCG was used to treat
MSCs at different concentrations (10%, 25%, and 50%) in various exper-
iments. MCG was boiled for 5 min and was used as a control.
2.3. MicroRNA mimic treatment of MSCs

MSCswere transfectedwithmiR-145 andmiR-143mimics (Qiagen)
using HiPerFect transfection reagent (Qiagen). Transfection was per-
formed following the manufacturer's instructions. 24 h after transfec-
tion, cells were treated with 50% MCG for 2 days. Total protein was
collected and assessed by Western blot.
2.4. MTT Proliferation assay

MTT (Sigma Aldrich) was prepared as a 5 mg/mL stock in
phosphate-buffered saline (PBS). MSCswere seeded into 96-well plates
at a density of 10,000 cells/well. Cellswere treatedwith various concen-
trations of MCG for 5 days. MTT were added to each well at a final con-
centration of 1 mg/mL. Cells were incubated with MTT for 4 h at 37 °C.
Purple crystal was dissolved in dimethyl sulfoxide. Absorbance was
measured using an automatic plate reader at 560 nm with a reference
wavelength of 690 nm.
2.5. Cell migration assay

The effect ofMCGonMSCmigrationwas studied using amonolayer-
wounding cell migration assay. MSCs grown to confluence in 6 well
plates were starved overnight and subjected to a linear gap generated
by scratching the bottom of the wells using a sterile 1 mL pipette tip.
After scratching, plates were washed with PBS and then treated with
20 μMAG1296 (EMDMillipore) in 2% IMDM for 30min before receiving
50% MCG, or were incubated directly with 50% MCG for 24 h. Results
were expressed as the mean number of cells migrating from the
wound edge into the cell-free wound space.

2.6. Flow cytometry

MC and MSC characterization was performed using flow cytometry.
For MCs, c-Kit and FcεRI-α (alpha chain of the high-affinity receptor for
the Fc region of immunoglobulin E) co-expression was examined. For
MSCs, expression of the established MSC markers CD29 and CD44, as
well as the leukocyte marker CD45 and the lymphocyte markers
MHC-I and MHC-II were examined. 1 × 106 freshly cultured suspended
cells were washed twice in PBS before incubation with 1:100 dilution
primary antibody [c-Kit (BD Pharmingen), FcεRI-α, CD45, CD44, CD29,
MHC-I, MHC-II (e-Bioscience)] for 1 h. After washing twice with PBS,
the samples were incubated with 1:400 dilution of appropriate second-
ary antibody (Invitrogen) for 1 h. The samples were then washed twice
with PBS before flow cytometry analysis (BD Bioscience LSRII). 2 μg/mL
propidium iodine (PI) was added prior to the flow cytometry analysis
and the percentage of dead cells taking up PI was also measured. Un-
stained controls were used to detect auto-fluorescence or background
staining innate to the cells of interest. The results were analyzed using
the BD FACSDIVA or FCS Express 4 (De Novo) software.

2.7. Immunocytochemistry

MSCs were seeded onto the coverslips and allowed to adhere over-
night. After treatment, the cells were fixed with 2% paraformaldehyde
for 10 min at room temperature (RT). The slides were incubated with
α-SMA (smooth muscle actin) antibody (Sigma) at RT for 2 h. Incuba-
tion with secondary antibody was performed at RT for 1 h in the dark.
Alexa Fluor phalloidin (F-actin; Life Technologies) was used to stain
the cytoskeletal structure, and the nuclei were identified with DAPI
(4′,6-diamidino-2-phenylindole) (Sigma). Florescent microscopy was
done using a Nikon eclipse Ti-S inverted microscope system.

2.8. Real-time PCR

Phenol-chloroform extraction was performed using Trizol reagent
(Sigma) to isolate total RNA from cells following experimental treat-
ment. miR-143 and miR-145 primer sets and probes were obtained
from Applied Biosystems. Real-time PCR was carried out using Taqman
Universal PCR Master Mix from Applied Biosystems using a Realplex2

system (Eppendorf).

2.9. Western blotting

Total protein of MSCs subjected to various experimental conditions
was extracted and concentrations measured using DC BioRad reagents.
Equal amounts of protein were subjected to 8–12% SDS-PAGE before
transferring onto a PVDFmembrane. Membraneswere probedwith pri-
mary antibodies for 1 h at RT or 4 °C overnight at optimized concentra-
tions [1:1000 α-SMA, 1:2000 GAPDH, 1:500 myocardin, 1:1000 Klf4
(Abcam), 1:1000 p-Erk (Cell Signaling) and1:500 p-Elk1 (Santa Cruz)]
after being blockedwith 10%milk in 2% TBS-T (Tris-buffered saline con-
taining 20% Tween-20) or 10% bovine serum albumin in 2%TBS-T for 1 h.
Appropriate secondary antibodies (1:5000) were exposed to mem-
branes for 1 h at RT. All washing steps were completed using TBS
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containing 2% Tween-20. Amersham ECL Western Blotting Detection
Reagents were used for chemiluminescence. ImageJ software (NIH)
was employed to analyse the data.
2.10. Myocardial infarction model

Animals received humane care according to the “Guide for the Care
and Use of Laboratory Animals” (NIH, revised 2011), and all experimen-
tal procedures were approved by the Animal Care Committee of the
University Health Network. 8–10week-old C57BL/6mice underwent li-
gation of the left anterior descending coronary artery as described pre-
viously [29]. MC cell transplantation (3 × 105 cells total) was performed
immediately following ligation via three injections across the area
subtended by the ligated artery. 50 mg/kg 5-bromo-2′-deoxyuridine
(BrdU, Sigma)was injected intraperitoneally 3 times: 1 dayprior to liga-
tion, the day of ligation, and 1 day post-ligation.
2.11. Immunohistochemistry

Infarcted hearts were excised on either day 3 or day 7 post-MI, cut
into transverse rings, cryo-embedded using Tissue-Tek OCT compound
(Sakura FineTek, Torrance, CA), and processed into 5 μm sections. Sec-
tions were air-dried, rehydrated, and probed with 1:100 anti-BrdU
(Abcam) and anti-CD29 (Abcam) primary antibodies for 4 h following
incubation with appropriate blocking sera for 1 h. Following this,
1:250 secondary antibody (Invitrogen) was applied for 2 h. Slides
were then treated with 1:1000 DAPI for 5 min, then coverslipped
using Dako Fluorescent Mounting Media (Agilent Technologies, Santa
Clara, CA). Slides were visualized using a VS-120 S5 slide scanning mi-
croscope apparatus and VS-ASW software (Olympus, Tokyo, Japan). Im-
ages were obtained using a XM-10 camera (Olympus) and processed
using cellSens (Olympus) and ImageJ (NIH) software. Single marker
quantification was performed using cellSens software (Olympus).
BrdU/CD29 co-labeled cells were counted in 8–12 120,000 μm2 fields/
sample, aggregated for eachmouse (n= 3) and expressed as a percent-
age of total BrdU signal-positive cells.
2.12. Statistical analysis

Data are presented as mean ± SEM. GraphPad Prism was used for
statistical analysis. Student's t-test was used for 2-group comparisons.
Comparisons among three or more groups were performed with one-
or two-way analysis of variance (ANOVA), with differences specified
by Tukey or Bonferroni post-hoc tests, respectively. A value of p b 0.05
was considered statistically significant.
3. Results

3.1. Identification of cultured MCs and MSCs

MCswere isolated frommouse BM and cultured for onemonth. The
round morphology of the cells did not change during this period (Sup-
plementary Fig. 1A). After one month of culture, the MCs contained
many toluidine blue-positive granules (Supplementary Fig. 1B). The
flow cytometry results confirmed that 98% of the cultured MCs were
positive for c-Kit and N93% of the cells were positive for FcεRI-α (Sup-
plementary Fig. 1C–D). When cells were double labeled, 93% of cells
were positive for both markers (Supplementary Fig. 1E–F).

Mouse MSCs at passage 3–4 were used in this study. Analysis of cell
surface markers of these cells using flow cytometry showed high CD29
and CD44, low MHC-Ia, and an absence of CD45 and MHC-II markers
(Supplementary Fig. 1G–K). This pattern confirms that the collected
bone marrow-derived cells were MSCs.
3.2. Both MCs and MCG can suppress MSC α-SMA protein expression

In culture conditions, MSCs are at first adherent less differentiated
spindle-shaped cells that acquire a myogenic phenotype and become
flattened throughout successive passages, staining positive for α-SMA
[30]. To investigate the effect of MCs on myogenic differentiation in
MSCs, cells were treated with MCG and expression of α-SMA was
assessed by Western blot. Expression of α-SMA was significantly de-
creased in MSCs following MCG treatment, and at passage 4 the MCG-
treated cells morphologically acquired the spindle-like shape pheno-
type (Fig. 1A, p b 0.001). No effect on α-SMA expression was observed
in fibroblasts or vascular smooth muscle cells (data not shown). How-
ever this suppressive effect was not permanent and withdrawal of
MCG from the dish rescued expression of α-SMA in MSCs after 24 h
(Fig. 1B). Immunofluorescence microscopy also confirmed suppressive
effect of MCG on expression of α-SMA in MSCs (Fig. 1D).

Correspondingly, co-culture of MCs and MSCs at a ratio of 1:1 also
resulted in decreased α-SMA expression in MSCs (Fig. 1C, p b 0.001).
Our results suggest that MCs exert a reversible suppressive effect on
MSC differentiation, which does not require direct cell-cell contact.

3.3. MCG attenuates TGF-β-induced α-SMA expression in MSCs

As mentioned, α-SMA expression in MSCs is a marker of myo-
genic differentiation, and can be induced using various cytokines
and growth factors, including transforming growth factor beta
(TGF-β) [31]. To examine MC effects on induced MSC differentiation,
we treated MSCs with 50% MCG in the presence of TGF-β) [5 ng/mL]
for 2 days. Western blotting revealed a marked increase in α-SMA
protein expression in TGF-β-treatedMSCs, and this effect was almost
completely attenuated by treatment with 50% MCG (Fig. 2A,
p b 0.001). Immunofluorescence microscopy confirmed the stimula-
tive effect of TGF-β on MSC α-SMA expression, as well as the ability
of 50% MCG treatment to attenuate TGF-β-induced α-SMA expres-
sion (Fig. 2B). These results confirm the de-differentiative effect of
MC on MSCs even when α-SMA is further induced by TGF-β and
not only a factor of the culture condition.

3.4. MCG promotes MSC migration and proliferation

Amonolayer-wounding cell migration assaywas employed to study
the impact of MCG on MSC migration. Serum-starved confluent MSCs
were subjected to MCG treatment for 24 h. Our results showed that
more MCG-treated MSCs migrated into the scratched region from the
wound edge versus untreated controls (Fig. 3A, p b 0.01). Thus,MCG sig-
nificantly promoted MSC migration.

The proliferative effect of MCG on MSCs was assessed using an MTT
assay (Fig. 3B).MSCswere treated either once (at day 0) or twice (at day
0 and 2.5) with various concentrations of MCG until 5 days post-first
treatment. MSC proliferation significantly increased in all MCG-treated
groups in a dose-dependent manner compared to controls (Fig. 3C,
p b 0.001). However, providing a second dose of fresh MCG after
2.5 days did not produce any further change in MSC proliferation
(Fig. 3C).

3.5. MC transplantation promotes MSC proliferation in early-phase MI

We assessed the effect of MC therapy at the point of MI onMSC pro-
liferation in the heart. BrdU signalwas significantly higher in the scar re-
gions ofMC-treated hearts versusmedium-treated control hearts at day
3 post-MI (Fig. 4, p b 0.001). No difference was noted in uninfarcted re-
mote regions. Furthermore, the vast majority of cells presenting BrdU
signal in both MC- and medium-treated hearts also expressed the
MSC marker CD29 (Fig. 4A). We then examined MC-treatment effects
on MSC numbers in early- (day 3) and late-phase (day 7) MI. We
found significantly more CD29+ cells in the scar regions of MC-treated



Fig. 1.MCs reversibly suppressα-SMAprotein expression inMSCs.Mesenchymal stem cells (MSCs)were treatedwith different concentrations ofmast cell granulate (MCG) or co-cultured
withmast cells (MCs) for 2 days. (A)Western blot evaluating the expression ofα-SMA protein inMSCs. All MCG-treated groups show a profound decrease inα-smooth muscle actin (α-
SMA) expression after 2 days (*p b 0.05, ***p b 0.001 vs control; n = 6/group). (B)Withdrawal of MCG rescued the expression ofα-SMA inMSCs after 2 days (^^p b 0.01; n = 3/group).
(C) Co-culture ofMCs withMSCs at a ratio of 1:1 decreasedα-SMA expression significantly after 2 days (***p b 0.001 vs control; n= 5/group). (D) Immunofluorescence confirmed lower
expression of α-SMA (red) in MSCs treated with MCG compared to controls.
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hearts at day 3 versus medium-treated controls (Fig. 5, p b 0.05). This
phenomenon was not present at day 7. No difference in CD29 expres-
sion in the remote region was observed. These findings indicate that
MC therapy resulted in increased MSC proliferation in the infarcted
heart, and that this effect was transient.
3.6. MCG treatment downregulates the miR-145/143-myocardin pathway
in MSCs

Since miR-145 and miR-143 play critical roles in the regulation of
myogenic genes including α-SMA [32,33], we assessed miR-143 and
miR-145 levels using real-time qPCR in MCG-treatedMSCs.miR-145 ex-
pressionwas significantly decreased inMCG-treatedMSCs compared to
non-MCG treated controls at all time points (Fig. 6A, p b 0.001).miR-143
expressionwas also significantly reduced versus controls at 24 and 48 h,
but not 6 h (Fig. 6B, p b 0.01).

Myocardin is a potent transcriptional co-activator which, in tandem
with serum response factor (SRF), upregulates expression of miR-145
and miR-143 [33]. We thus investigated myocardin and SRF protein
levels in MCG-treated MSCs using Western blot. No significant differ-
ence in SRF levels (data not shown) was observed, but MCG-treated
MSCs all showed significant decreases in myocardin compared to un-
treated controls (Fig. 6C, p b 0.001). Myocardin expression returned to
normal levels two days after withdrawal of MCG from treated MSCs
(Fig. 6C). These findings led us to investigate changes in Kruppel-like
factor 4 (Klf4) expression, as Klf4 is a transcription factor that is in-
volved in repression ofmyocardin expression and inhibits smoothmus-
cle differentiation genes [34]. As expected, Klf4 levels significantly
increased in MSCs treated with 25% and 50% MCG versus control



Fig. 2.MCs deterred the stimulative effect of TGF-β on α-SMA expression in MSCs. Mesenchymal stem cells (MSCs) were treated with 50% mast cell granulate (MCG) in the presence or
absence of transforming growth factorβ (TGF-β) [5 ng/mL] for 2 days. (A) Expression ofα-smoothmuscle actin (α-SMA)was significantly decreased in theMCG group,while cells treated
with TGF-β alone showed significantly elevated expression compared to the control (***p b 0.001; n = 3–4/group). In the TGF-β + MCG group, α-SMA expression was significantly
reduced compared to the TGF-β group (###p b 0.001), while the level was still significantly higher than the control (*p b 0.05). (B) Immunofluorescence confirmed the stimulative
effect of TGF-β on α-SMA expression in MSCs. MCG blocked the inductive effect of TGF-β on expression of α-SMA inMSCs (α-SMA is red, phalloidin is green and nuclei are blue [DAPI]).
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(Fig. 6D, p b 0.01 and p b 0.05, respectively). Klf4 expression also de-
creased significantly in MSCs after withdrawal of MCG (Fig. 6D,
p b 0.05).

We also found that treatment with exogenous miR-145 and miR-
143 mimic rescued MCG-mediated downregulation of myocardin and
attenuated MCG-mediated upregulation of Klf4 (Supplementary Fig.
2). This indicates that alterations in miR-145/143 expression regulate
the myocardin-Klf4 axis.

3.7. MCG treatment promotes proliferation via phosphorylation of Erk and
Elk1 in MSCs

Western blotting was also used to examine the expression of
phosphorylated Erk and Elk1 (p-Erk and p-Elk1 expression
normalized by total Erk and Elk1 expression, respectively) in MSCs
treated with 50% MCG after 15, 30 and 60 min, and 2 days of stimu-
lation. Elk1 is a transcription factor which is activated through the
MEK/ERK pathway and acts as a myogenic repressor and prolifera-
tive factor. p-Erk (Fig. 6E, p b 0.001) and p-Elk1 (Fig. 6F, p b 0.05)
were significantly increased in MSCs at 15, 30, and 60 min fol-
lowing treatment with MCG, but after 2 days no significant differ-
ences were seen between treated and control groups. No
significant changes were noticed between different groups in
the level of total Erk and total Elk1 (data not shown). These
results suggest that MCG treatment suppresses miR-145 and
miR-143 concurrently with the induction of transcription factors
which promote a proliferative state and repress the differentiated
state in MSCs.



Fig. 3. MCs promote migration and proliferation in MSCs. (A) Cell migration assessed by the monolayer-wounding cell migration assay. In mesenchymal stem cells (MSCs) treated with
mast cell granulate (MCG), a greater number of cells migrated from the edge of the wound compared to the control group (**p b 0.01; n = 6/group). (B) Bright field microscopy pictures
showed a highernumber of cells in the 50%MCG-treatedgroups compared to the control. (C)AnMTT assaywasused to examine theproliferative effects of different concentrations ofMCG
onMSCs after 5 days. MCG induced significant proliferation of MSCs at all concentrations (***p b 0.001; n = 5/group). Repetition of treatment had no significant effect on proliferation of
MSCs.

Fig. 4.MC injection into the infarcted heart promotesMSCproliferation in vivo. (A) Cell proliferation in the scar and remote regions ofmast cell (MC)- andmedium-treated infarcted hearts
3 days after myocardial infarction was evaluated using BrdU signal (red) and mesenchymal stem cell (MSC)-marker CD29 (green) expression. (B) BrdU signal was significantly higher in
the scar region ofMC-treated animals versusmedium-treated controls and strongly co-localizedwith CD29, indicating thatMC-treatment promotesMSC proliferation in the injured heart
(*p b 0.05, ***p b 0.001; n = 3/group).
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Fig. 5.MC treatment promotesMSC proliferation during early-phaseMI. (A)Mesenchymal stem cell (MSC) population in the scar and remote regions of infarcted hearts was evaluated by
quantifying CD29 expression (green) inmast cell (MC)- andmedium-treated hearts during the early (day 3) and late-phase (day 7) ofmyocardial infarction (MI). Cell nuclei were stained
with DAPI and appear blue. (B) CD29-positive cell count was significantly elevated in the scar region of MC-treated hearts versusmedium-treated control hearts at day 3, but not at day 7
(*p b 0.05; n = 3/group).
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3.8. Platelet derived growth factor (PDGF) signaling modulates the de-
differentiation, proliferative and migratory effects of MCG on MSCs

PDGF has been extensively studied as a key factor secreted by im-
mune cells, including MCs [35]. We confirmed the presence of PDGF in
MCs and MCG, as well as PDGF receptor expression in MSCs (data not
shown). Thus, the PDGF pathway was a logical choice as a possible me-
diator of theMC-induced phenomenon observed.We assessed PDGF in-
volvement using the pan-PDGF-receptor antagonist AG1296. A
monolayer-wounding cell migration assay showed that 30 min pre-
treatment ofMSCswith AG1296prior toMCG incubation completely at-
tenuated the MCG-induced migratory effects on MSCs after 24 h
(Fig. 7A, p b 0.001). Likewise, an MTT assay showed that pre-
treatment with AG1296 attenuated the MCG-induced promotion of
MSC proliferation (Fig. 7B, p b 0.001). Moreover, AG1296 treatment res-
cuedmiR-145, but notmiR-143 (data not shown), levels inMCG-treated
MSCs after 24 h (Fig. 7C, p b 0.01). 30min treatment with AG1296 prior
to 50%MCG incubation for 48 h also rescuedα-SMA protein expression
in MCG-treated MSCs (Fig. 7D, p b 0.001). Based on these results, PDGF
plays a critical role in the regulation of MSC phenotype switching, forc-
ing cells to oscillate from a more differentiated state to a more prolifer-
ative/migratory state.
4. Discussion

We investigated the mechanisms of MC-MSC interactions in vitro,
and confirmed that these interactions occur in vivo. We found that
MCs suppress MSC differentiation and promote MSC proliferation/mi-
gration in vitro. These effects were observed in vivo in infarcted mouse
hearts, as mice who received injected MCs into the heart at the time
of ligation had significantly increased cell proliferation and MSC
numbers.MCs exert their effects via a PDGF receptor-mediated pathway
involving miR-145/143 downregulation, myocardin downregulation,
and Klf4 upregulation, and their effects are transient.

The presence of myofibroblasts in the heart after a cardiac insult is
integral to wound healing [28,36]. Myofibroblasts originate from differ-
ent sources including cardiac-resident fibroblasts undergoing pheno-
typic switch [37,38], and recruited MSCs with differentiation potential
[16,17,24–27]. As cardiac MCs endogenously reside in the interstitial
space between myocytes in the vicinity of vascular structures [7,39]
and nerves [40], it is likely that MCs, with their wide range of bioactive
mediators [41–43], and their strategic location, play a role in mediating
MSC phenotype. At this point, there are no studies concerning this inter-
action. We found that MCs suppress MSC differentiation and stimulate
their migration and proliferation. Indeed, we noticed that MCG-
treatment dose-dependently suppressed the myogenic differentiation
marker α-SMA in MSCs without affecting the mesenchymal lineage
marker vimentin (data not shown). Interestingly, mast cell effects
were easily reversible, indicating that MCs regulate MSC oscillation be-
tween proliferative and differentiated phenotypes.

A similar phenotype-switching phenomenon has been noted in vas-
cular smoothmuscle cells, wheremiR-145/143 regulates vSMC prolifer-
ation and differentiation via the myocardin-Klf4 axis [32,33]. We found
thatMCG resulted in downregulation of bothmiR-145 and 143 inMSCs.
We thus explored establishedmodulators ofmiR-145/143. In particular,
myocardin is a co-activator that promotes vSMC differentiation [44].
Myocardin can be both upstream and downstream of miR-145/143
[32]. Its counterpart is Kruppel-like factor (Klf) 4, which depresses
myocardin expression in vSMCs to prevent cell differentiation, and is
in turn downregulated by miR-145 [32,34]. In accordance with MC
downregulation of the pro-myogenic miR-145/143, we also observed
that MCs downregulated myocardin and upregulated Klf4 protein ex-
pression in MSCs. The addition of exogenous miR-145/143 attenuated



Fig. 6.miR-145 and miR-143 and their associated transcription factors are downstreammediators responsible for phenotypic switching of MSCs. Mesenchymal stem cells (MSCs) were
treated with 50% mast cell granulate (MCG) for 6, 24, or 48 h and RNA was collected for real time-qPCR to evaluate the expression of miR-143 and miR-145. (A) miR-145 expression
was dramatically reduced at all-time points compared to control (***p b 0.001; n = 8/group). (B) miR-143 expression was significantly decreased at 24 and 48 h compared to control
(**p b 0.01; n = 8/group). MSCs were treated with varying concentration of MCG (10%, 25%, and 50%) for 2 days and total proteins were collected for Western blot. (C) Western
blotting showed a significant decrease in levels of myocardin in all MCG-treated MSCs groups. Upon MCG withdrawal, myocardin expression was rescued in MSCs after 2 days
(***p b 0.001; n = 3/group). (D) Kruppel-like factor 4 (Klf4) expression was significantly increased in MSCs treated with 25% and 50% MCG compared to control (*p b 0.05, **p b 0.01;
n = 3/group). Withdrawal of MCG resulted in significantly lower Klf4 expression compared to control (*p b 0.05; n = 3/group). MSCs were treated with 50% MCG for 15, 30, 60 min
or 2 days and total proteins were collected for Western blot. (E) p-Erk expression (normalized by total Erk [t-Erk] expression) was significantly increased in MSCs after 15, 30, and
60 min treatment with MCG but returned to baseline levels by day 2 (***p b 0.001; n = 3/group). (F) p-Elk1 expression (normalized by total Elk1 [t-Elk1] expression) was
significantly increased in MSCs after 15, 30, and 60 min treatment with MCG but declined to the baseline level by day 2 (*p b 0.05, **p b 0.01, ***p b 0.001; n = 3/group).
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these effects, suggesting that miR-145/143 modulation is upstream of
and modulates the myocardin-Klf4 axis. In the presence of growth
signals such as PDGF, the myogenic repressor and proliferative
factor Elk1 is activated through the MEK/Erk pathway and dis-
places myocardin from SRF to suppress differentiation and pro-
mote proliferation [45]. We showed rapid phosphorylation of Erk



Fig. 7. MCs promote phenotypic switching of MSCs through PDGF. The inhibitor AG1296 (20 μM for 30 min) was used to block platelet derived growth factor receptors (PDGFR) in
mesenchymal stem cells (MSCs) before adding 50% mast cell granulate (MCG). (A) A monolayer-wounding cell migration assay was used to assess the migration of MCG-treated MSCs
in the presence and absence of AG1296. Cell migration was significantly suppressed in the AG1296 group compared to the MCG group (^^^p b 0.001; n = 9/group). (B) An MTT assay
was employed to check whether AG1296 can suppress the proliferation in MSCs following MCG treatment. Proliferation of MSCs was significantly reduced in the AG1296 group
compared to the MCG group (^^^p b 0.001; n = 5/group). (C) Real time-PCR was used to look at miR-145 level in PDGFR-blocked MSCs after 24 h treatment with 50% MCG. AG1296
rescued the suppressive effects of MCG on miR-145 level in MCSs (^^^p b 0.001 vs. MCG group; n = 9/group). MCs treated with 50% MCG directly or after pre-treatment with
AG1296. (D) Total protein was collected after 2 days and expression of α-SMA protein in MSCs was examined using Western blotting. AG1296 rescued expression of α-SMA protein in
MSCs compared to the MCG group (^^^p b 0.001; n = 3–4/group).
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followed by phosphorylation of Elk1 upon treatment with MCG. All
this indicates that MCs exert their pro-proliferative and anti-
differentiation effects on MSCs via a downregulation of miR-145/
143, activation of Erk and Elk1, downregulation of myocardin,
and upregulation of Klf4.

PDGF has been extensively studied as a key factor secreted by im-
mune cells including MCs [46]. Based on our preliminary screening of
MC cytokine secretion, as well as the protein and receptor expression
profiles of MCs and MSCs, we identified PDGF and its pathway as a
possible mediator of MC modulation of MSCs. Indeed, we found
that blockade of the PDGF pathway using AG1296, a potent and se-
lective PDGF-receptor kinase inhibitor, attenuated MCG-treatment
induced MSC migration and α-SMA and miR-145 downregulation.
Based on these results, we suggest that PDGF from MCs plays an
important role in de-differentiation of MSCs, promoting their prolif-
eration and migration.

5. Conclusions

We demonstrated that MCs promote proliferation and migration of
MSCs by suppressing their myogenic differentiation through the PDGF
pathway via downregulation of miR-145/miR-143. These results dem-
onstrate that MCs likely contribute to the post-MI healing process not
only by influencing the local inflammatory response, but also by pro-
motingMSC proliferation and suppressingdifferentiation.While the lat-
ter point may seem contradictory to studies cited earlier in this
manuscript which find that myofibroblasts are vital to proper wound
healing, it must be noted that mast cell effects are acute and transient.
Our in vitro experiments showed that removal of MCG rescued MSC
myogenic differentiation. Furthermore, we observed that in vivo, MC-
treatment resulted in increased MSC proliferation and elevated CD29+

MSC numbers at day 3 post-MI, but not at day 7. We hypothesize that
the pro-proliferative actions of MCs are to enlarge the MSC pool prior
to differentiation, thereby ultimately facilitating elevatedmyofibroblast
numbers (Fig. 8). This is in accordance with our prior studies showing
that mast cell deficiency, as well as miR-145 upregulation, modulates
the cardiac myofibroblast populations in the late phase post-MI heart
[4,47]. We thus demonstrate a potential regenerative role for MCs fol-
lowing MI.
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Fig. 8.Mechanisms of mast cell-mediated effects on mesenchymal stem cell proliferation/differentiation. Upon myocardial infarction, mesenchymal stem cells (MSCs) are recruited from
the bone marrow to the heart. Mast cell activation of the platelet derived growth factor (PDGF) pathway in MSCs promotes cell proliferation via downregulation of miR-145/143 and
myocardin, as well as increased Elk-1 phosphorylation and Kruppel-like factor 4 (Klf4) expression. Mast cell effects are transient, resulting in a larger MSC pool that can differentiate
into pro-wound healing myofibroblasts, ultimately resulting in decreased injury.
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