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Abstract

Aims

Resident cardiac progenitor cells show homing properties when injected into the injured but

not to the healthy myocardium. The molecular background behind this difference in behav-

ior needs to be studied to elucidate how adult progenitor cells can restore cardiac function

of the damaged myocardium. Since the brain derived neurotrophic factor (BDNF) moder-

ates cardioprotection in injured hearts, we focused on delineating its regulatory role in the

damaged myocardium.

Methods and Results

Comparative gene expression profiling of freshly isolated undifferentiated Sca-1 progenitor

cells derived either from heart failure transgenic αMHC-CyclinT1/Gαq overexpressing mice

or wildtype littermates revealed transcriptional variations. Bdnf expression was up regulated

5-fold during heart failure which was verified by qRT-PCR and confirmed at protein level.

The migratory capacity of Sca-1 cells from transgenic hearts was improved by 15% in the

presence of 25ng/ml BDNF. Furthermore, BDNF-mediated effects on Sca-1 cells were stud-

ied via pulsed Stable Isotope Labeling of Amino acids in Cell Culture (pSILAC) proteomics

approach. After BDNF treatment significant differences between newly synthesized pro-

teins in Sca-1 cells from control and transgenic hearts were observed for CDK1, SRRT,

HDGF, and MAP2K3 which are known to regulate cell cycle, survival and differentiation.

Moreover BDNF repressed the proliferation of Sca-1 cells from transgenic hearts.
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Conclusion

Comparative profiling of resident Sca-1 cells revealed elevated BDNF levels in the failing

heart. Exogenous BDNF (i) stimulated migration, which might improve the homing ability of

Sca-1 cells derived from the failing heart and (ii) repressed the cell cycle progression sug-

gesting its potency to ameliorate heart failure.

Introduction
Despite various attempts to develop therapeutics for cardiac disorders, the prevalence of heart
failure was not considerably reduced. Moreover, the number of patients with heart failure is
still growing due to demographic changes and higher survival rate after acute myocardial in-
farction. Although enormous progress has been made in the field of cardiovascular research,
heart transplantation remains the solitary cure for end-stage heart failure till today. However,
lack of donor hearts, tissue rejection and the high costs of treatment are major limitations in
meeting the increasing demand of patients and foster the search for new treatment options.
Over the last decade cell-based therapies emerged as potential alternatives in this regard. Accu-
mulating evidence shows that a subset of undifferentiated progenitor cell populations resides
in the adult heart, which is capable of promoting regeneration of the damaged myocardium
[1–3] and thus offers new options towards endogenous cardiac repair mechanisms.

Pioneering work by the group of M. Schneider has described cardiac primitive cells that ex-
pressed stem cell antigen-1 (Sca-1) on their surface comprising 14–17% of the non-myocyte
adult cardiac cell population [4]. Although the human homologue of Sca-1 is still unknown, a
previously reported study has shown that human hematopoietic stem cells transduced with
mouse Sca-1 showed similar myeloid colony forming ability as their mouse counterparts sug-
gesting the existence of functional orthologues of Sca-1 in humans [5]. Sca-1 was reported to
promote cardiac stem cell proliferation and survival facilitating early engraftment and late car-
diovascular differentiation [6]. In our previous study, the molecular identity of undifferentiated
Sca-1 cells was reported in more detail [7]. Adult cardiac progenitor cells remain quiescent
under physiological conditions unless challenged by myocardial insult. Although efforts have
been made to characterize adult progenitor cells, the molecular alterations that occur during
heart failure and then in turn alter the functional properties of adult progenitor cells are
largely unknown.

Microarray-based global transcriptome analysis can provide deeper insight into the regula-
tory mechanisms of diseases [8]. Most recently, the molecular relationship among various pro-
genitor cells (ckit+, Sca-1+, side population) derived from adult myocardium has been
characterized with the aid of microarrays [9]. However, little is known about the transcription-
al variations in adult resident Sca-1 cells derived from failing hearts in comparison to cells
from healthy organs. Hence, the identification of regulatory factors that influence the progres-
sion of diseases would be a first step towards the exploration of their therapeutic potential
under pathophysiological conditions.

In the present study, we investigated the molecular differences in adult Sca-1 cells under
heart failure condition compared to normal cells to gain better insight into their cardiogenic
potential in a pathological milieu. In Sca-1cells derived from failing heart, the expression of
BDNF was significantly enhanced when compared to cells from healthy hearts. Although neu-
roprotective function of BDNF in promoting growth, survival and regeneration of nervous sys-
tem has been extensively reported [10,11], it is evident that BDNF is also essential for
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cardiovascular development [12,13]. BDNF is known to play a protective role in heart by in-
ducing angiogenesis and upregulation of prosurvival factors[14] and also promote neovascu-
larization of ischemic tissue by recruitment of endothelial cells[15]. However the underlying
mechanism of BDNF action in cardiac dysfunction is not clear. Since BDNF-treatment might
constitute a therapeutic option for treatment of end stage heart failure, we tested the impact of
BDNF on cardiac homeostasis by a pulsed SILAC approach to quantitatively monitor proteins
synthesized after treatment [16,17]. Hence, our results show that BDNF-mediated effect is not
only limited to neural or endothelial cells but may also have an impact on cardiac progenitor
cells and might contribute to cardiac repair.

Methods

Ethics statement
All animal experiments were performed in compliance with the Guide for the Care and Use of
Laboratory Animals published by the U.S.NIH (NIH Publication no. 85–23, revised 1985) and
the protocols were approved by the local animal care committee (Landesamt für Land-
wirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern; LALLF MV).

According to the Declaration of Helsinki, HUVECs were isolated from the umbilical cords
of patients from whom a written informed consent was received and the protocols were ap-
proved by the Ethics Committee of the University of Greifswald, Germany.

Experimental animals
Six-week old wildtype (Wt) and double-transgenic αMHC-CyclinT1/Gαq overexpressing
(Cyc) Friend leukemia virus strain B (FVB) mice, kindly provided by M. Schneider and G.W.
Dorn, Baylor College of Medicine, Houston, Texas, of either sex were used for this study. In the
transgenic mouse model, the heart specific activation of Cdk9 via Cyclin T1 overexpression in-
duces hypertrophy by phosphorylation of the RNA polymerase II. Gαq overexpression as an
additional hypertrophic stimulus further enhances transcription elongation. Thus the double
transgenic mice show a global increase in RNA synthesis leading to myocyte enlargement and
further development of fibrosis as well as apoptosis resulting in heart failure.

Isolation and cell culture
Adult Sca-1 positive progenitor cells (Sca-1 cells) were isolated from age-matched wildtype
(Wt cells) and double-transgenic mice (Cyc cells) as described previously [7]. Briefly, mice
were anesthesized in a glass cylinder saturated with inhalant anesthetic isoflurane (4%) and
sacrificed via cervical dislocation. Sca-1 cells were isolated from the extracted heart via magnet-
ic cell sorting. Freshly isolated cells or minimally cultured for 4–5 days in DMEM/F12 media
(Life Technologies) in 3:1 ratio supplemented with 20% fetal bovine serum (FBS) (Life Tech-
nologies), 100units/ml penicillin and 0.1mg/ml streptomycin (Sigma-Aldrich, St. Louis, MO,
USA) were used for the study. Cells cultivated for few days, to attain cell adhesion and avoid
cell culture-triggered alterations, were considered as undifferentiated cells. Cells isolated from
hearts of 2–3 mice were pooled and experiments were performed using three such independent
pools (n = 3).

Human umbilical venous endothelial cells (HUVECs) were obtained from collagenase type
II (Biochrom, Berlin, Germany) digested umbilical veins and cultivated as described previously
[18]. Briefly, umbilical veins were washed thoroughly with sterile phosphate buffered saline
(PBS, PAA Laboratories GmbH, Cölbe, Germany) to remove the blood clots and then perfused
with 1% collagenase solution. HUVECs were recovered by centrifugation and cultured in
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MCDB131 media (Pan Biotech, Aidenbach, Germany). For cell migration assays, HUVECs
maintained at passage 3 and freshly isolated negatively labeled Sca-1 cells were used as
controls.

RNA isolation and transcriptome profiling
Total RNA was extracted from freshly isolated Cyc andWt cells of two independent experi-
ments as described previously [7]. Briefly, RNA was extracted using Trizol reagent (Peqlab, Er-
langen, Germany) followed by transcriptional profiling with GeneChip Mouse 430 2.0 arrays
(Affymetrix, Santa Clara, CA, USA). Then linear amplification was carried out and raw data
files were analyzed in Resolver 7.2 (Ceiba Solutions, Seattle, WA, USA). To improve analysis of
small sample size experiments, the Rosetta Resolver error model was used for detection of dif-
ferentially expressed genes [19]. A p-value of<0.05 based on the ratio measurement and its as-
sociated error in addition to fold change cut of 2 (Cyc vs. Wt) was considered as significant.
Expression data were submitted to GEO.

qRT-PCR
Microarray data were validated by quantitative reverse-transcription polymerase chain reac-
tion (qRT-PCR) using 3 independent biological samples of freshly isolated Sca-1 cells. In addi-
tion to selected genes (Bdnf, Ccl19, Ccl9, Crlf1, Cxcl13, Ptn, Sfrp2, Spp1, Wisp2), ß-actin
(Actb) was used as endogenous control. PCR amplification was performed using a 7900 HT Se-
quence Detection System (Applied Biosystems, CA, USA). Thermal cycling was as follows: 2
minutes at 50°C; 10 minutes at 95°C, followed by 15 seconds at 95°C; and 1 minute at 60°C for
45 cycles. Real-time PCR data were quantified using the SDS2.3 software package (Applied Bio-
systems) followed by relative quantification using the comparative Ct method (ΔΔCt method)
[20] (S1 Table).

Cell Migration Assay
Migration efficiency was determined by using a modified-Boyden chamber containing a nitro-
cellulose membrane of 8μm pore size (Chemotaxis Assay, Millipore, Schwalbach, Germany).
Freshly isolated Sca-1 cells were seeded into the upper chamber at a density of 4x104 cells per
well. Subsequently, HUVEC and freshly isolated Sca-1 negative cells were seeded in parallel.
Cells were then exposed to different concentrations (0, 10, 25 or 50ng/ml) of BDNF (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), which was used as chemoattractant in the lower
chamber. Serum-free medium served as negative control and complete medium as background
reference. To determine fluorescence at the maximal migration rate, equal numbers of cells
were directly seeded to wells of the lower chamber while only medium was added to the
upper chamber.

Following 2 hours of incubation at 37°C and 5% CO2, the non-migrated cells were removed
from the upper side of the membrane. The cells attached to the lower side of the membrane
were retrieved using detachment buffer. Collectively the detached cells and those cells that mi-
grated to the lower chamber were fluorescently labelled with CyQuant dye and measured at
485/530nm. The migrated cells were quantified using the following three variables.

Cell migrationð%Þ

¼ Mean fluorescence of test � Mean fluorescence of negative control
Mean fluorescence of maximum migration

� 100
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Immunofluorescence
Freshly isolated Sca-1 cells were attached to microscopic slides using a cytocentrifuge (Shandon
Cytospin 4, Thermo Scientific, Bremen, Germany) at 100g for 8 minutes and afterwards washed
with 1x phosphate buffered saline (PBS) to remove non-adherent cells. For cultured cells, Sca-1
cells were allowed to grow on glass coverslips until they reached 70% confluence and subsequent-
ly washed with PBS. The adherent cells were then fixed with 4% paraformaldehyde for 10 min-
utes. After washing with PBS, cells were permeabilized using 4% fetal bovine serum (FBS) and
0.2% Triton in PBS for 30 minutes at room temperature. The cells were then incubated with the
primary antibody against TrkB (1:100, Abcam, Cambridge, UK) in 4% FBS and 0.2% Triton in
PBS overnight at 4°C. The untreated control was processed in parallel. Cells were washed thor-
oughly before incubation with the corresponding secondary antibody (goat anti-rabbit Alexa
Fluor 488, 1:200 dilution, Life Technologies GmbH, Darmstadt, Germany) for 1 hour at room
temperature. Nuclear staining was achieved using DAPI stain (1:100000, Roth, Karlsruhe, Ger-
many). The slides with freshly isolated cells were then visualized using a microscope at 40x mag-
nification while cultured Sca-1 cells were examined at 20x magnification.

Pulsed SILAC (pSILAC) labeling
In order to perform pulsed SILAC experiments Sca-1 cells had to be cultured up to 70% conflu-
ence for 8 days in DMEM/F12 (3:1) medium (Pierce, Thermo Scientific, Bonn, Germany) sup-
plemented with light amino acids 12C6-L-lysine (120mg/L) and 12C6-L-arginine (90mg/L)
(Sigma-Aldrich, St. Louis, MO, USA), 20% FBS (Biochrom, Berlin, Germany), 3.5mM gluta-
mine, 1 mM sodium pyruvate, 20 mM glucose, 100 units/ml penicillin, and 0.1mg/ml strepto-
mycin (all from Sigma-Aldrich). Afterwards, cells were shifted to medium containing heavy
amino acids 13C6-L-lysine and

13C6-arginine (Euriso-Top, Saarbruecken, Germany) with or
without 25ng/ml BDNF for 24 hours at 37°C. To explore the molecular effects of BDNF, phos-
phorylation and thereby activation of the TrkB receptor was blocked using the protein kinase
inhibitor K252a (Sigma-Aldrich) [21]. For inhibitor treatment, cells were pre-incubated in
heavy medium containing 400nM K252a for 2 hours and subsequently washed twice with 1x
PBS. Afterwards medium containing heavy amino acids with or without 25ng/ml BDNF was
added. After 24 hours of incubation, cells were detached by trypsination and lysed using lysis
buffer composed of 8M Urea and 2M Thiourea (Sigma-Aldrich). Three-independent experi-
ments were performed and subjected to quantification by mass spectrometry.

Sample preparation and mass spectrometric quantification
Cell pellets resuspended in lysis buffer were subjected to 5 cycles of freezing in liquid nitrogen
and subsequent rapid thawing at 30°C followed by sonication on ice for 3 seconds with 3-cycles
each at 70% energy using a Sonoplus (Bandelin, Berlin, Germany). The homogenates were cen-
trifuged at 16,060g for 1 hour at 4°C to spin down insoluble cell debris. The supernatant was
collected and protein content was determined using a Bradford Assay kit (Pierce).

For MS analysis, 4μg of each protein sample was digested in-solution followed by reduction
with 2.5mM dithiothreitol for 1 hour at 60°C and a subsequent alkylation with 10mM iodoace-
tamide for 30 minutes in the dark at 37°C. Proteins were digested adding trypsin at a ratio of
1:25 (Promega, Mannheim, Germany) and incubation at 37°C for 16 hours. The reaction was
stopped with a final concentration of 1% acetic acid. The resultant peptides were desalted and
purified using C-18 reverse phase columns with a binding capacity of 2μg (ZipTip μ-C18, Milli-
pore). MS analysis was performed on a Nano-Acquity UPLC system (Waters Corporation, Mil-
ford, MA, USA) connected to a LTQ-Orbitrap-Velos equipped with a nano-ESI source.
Extracted peptides were separated using a Nano-Acquity BEH130C18 column (10cm x 100μm,
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1.7μm, Waters Corporation) using a 92 minutes non-linear gradient ranging from 1–99% ace-
tonitrile (ACN) in 0.1% acetic acid.

Processing of MS data
Proteins were identified and quantified using Rosetta Elucidator version 3.3 (Ceiba Solutions).
Grouping of labeled pairs was achieved using a PPM error tolerance of 10 ppm, a retention
time tolerance of 0.5 minutes and a mass shift of 6.020 Da for both arginine and lysine. The
peak lists generated were processed using SEQUEST/ Sorcerer server (Sorcerer version 3.5,
Sage-N Research, Milpitas, CA, USA) and searched against a Swiss-Prot mouse database re-
lease version 2012/06 with a peptide mass tolerance of 10 ppm and fragment ion tolerance of 1
Da. Oxidation of methionine and SILAC labeling of arginine and lysine were considered as var-
iable modifications while carbamidomethylation of cysteine was regarded as fixed modifica-
tion. Labeled pairs of proteins designated as good by Elucidator (at least one isotope group in
the labeled pair was annotated by a peptide sequence) and identified with a Peptide teller score
of at least 0.9 were considered for further analysis. For relative quantification the H/L-ratios,
which indicate new protein synthesis against the background of protein present before treat-
ment, were used. Log2 transformed H/L ratios were first median normalized and then ratios
between treatment groups and control were calculated. To determine the significance of differ-
ences in protein synthesis rates, the statistical t-test implemented in Gene Data Analyst was ap-
plied. Only proteins identified with a significance of p< 0.05 and a log2 ratio of at least ±0.3
against their respective controls were considered to be differentially expressed between both
conditions.

Cell proliferation assay
Proliferation rate of Sca-1 cells was determined using a Cell Proliferation ELISA, BrdU (colori-
metric) Kit (Roche Applied Science, Penzberg, Germany) following the manufacturer’s instruc-
tions. Briefly, cells were seeded onto 96-well plates at a density of 10,000 cells/ 100μl/ well in
Sca-1 medium and allowed to grow for up to 4 days. The cells were treated with different con-
centrations of BDNF and incubated for 24 hours. Afterwards, the cells were incubated for 18
hours at 37°C in the presence of 5-Bromo-2’-deoxy-uridine (BrdU, 1:100) which is incorporat-
ed during DNA synthesis in replicating cells instead of thymidine and subsequently the cells
were fixed by adding FixDenat. The cells were then incubated with anti-BrdU-POD antibody
(1:100) for 90 minutes at room temperature followed by washing and addition of substrate.
The reaction product was quantified by measuring the absorbance at 490 nm.

Western Blot analysis
Protein samples of 30 μg each were separated on NuPAGE 4–12% Bis-Tris gels (Life Technolo-
gies) according to the manufacturer’s instructions. Following separation, proteins were transferred
onto PVDFmembranes (Immobilion-P, Millipore) using a Mini Trans-Blot Cell (Bio-Rad Labo-
ratories, Hercules, CA), at a constant voltage of 100 V for 45 minutes. The membranes were
blocked with 5%milk in Tris buffered saline (20mM Tris-HCl, 137mMNaCl pH-7.6) containing
0.1% Tween 20 and then incubated with the respective primary antibody overnight at 4°C. The
following primary antibodies were used: anti-BDNF, anti-TrkB and anti-phospho TrkB (Abcam);
anti-Akt, anti-phospho Akt, anti-p38 MAPK, anti-phospho p38MAPK and anti-ß-actin (Cell sig-
naling, Boston, MA, USA) all raised in rabbit, 1:1000 dilution. Membranes were washed thor-
oughly before incubation with the secondary antibody conjugated to horseradish peroxidase
enzyme at a 1: 10000 dilution for 1 hour. Immunoreactive bands were visualized by chemilumi-
nescence using SuperSignal West Femto maximum sensitivity substrate (Thermo Scientific).
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Image Quant was applied to quantify the signals of three independent experiments. The relative
band intensities were calculated and normalized to a specific experimental control.

Functional assessment
Gene ontology (GO)-based functional categorization was carried out as described earlier [7].
Briefly, enrichment of differentially regulated genes/proteins was performed using Ingenuity
Pathway Analysis (Ingenuity Systems, version 8.6, Redwood City, CA, USA). The significance
of the results was evaluated using right-tailed Fisher’s exact test. Downstream effect analysis
was performed to determine the top biological functions. The direction of change was pre-
dicted based on z-score algorithm [22] with z� 1.5 indicating activation and z� −1.5 inhibi-
tion of biological function.

Statistics
Statistical analyses were performed using one-way ANOVA with multiple comparison test
(Newman-Keuls test) or Student’s t-test (paired or unpaired) for pairwise comparisons.
Changes in protein abundance were considered to be significantly different at p< 0.05. Results
are expressed as mean ± SD for at least three independent biological experiments.

Results

Transcriptional differences in adult Sca-1 cells from heart failure and
normal mice hearts
Double-transgenic αMHC-CyclinT1/Gαq overexpressing mice (Cyc) served as a heart failure
model that developed a disease phenotype at the age of 4–6 weeks [23]. This genetically modi-
fied mouse model was developed using α-MHC promoter limiting effect of transgenesis to car-
diomyocytes while not affecting other heart cell populations (S2 Table). To investigate the
changes in response to heart failure at the molecular level, a comparative gene expression anal-
ysis of freshly isolated Cyc cells against Wt controls was performed. A total of 197 genes were
differentially expressed (p< 0.05) with at least a 2-fold difference between Cyc and Wt cells in-
dicating the initiation of a diverse transcriptional program in the pathological milieu. Of these
genes, 82% (161/197) were expressed at higher level and only 18% (36/197) displayed lower ex-
pression in Cyc than in Wt cells. Also, hypertrophy markers such as natriuretic peptide A
(Nppa), chemokine (C-C motif) ligand 5 (Ccl5), connective tissue growth factor (Ctgf), ankyrin
repeat domain 1 (Ankrd1) and latent transforming growth factor beta binding protein 2
(Ltbp2) were found to be expressed at higher level in cells from transgenic hearts, while expres-
sion of fatty acid binding protein 3 (Fabp3) and myoglobin (Mb) was lower than in cells from
Wt hearts as shown in Fig. 1A.

GO-based functional annotation of the differentially expressed genes using IPA software in-
dicated over-representation of pathways for Wnt signaling, cell adhesion, atherosclerosis, pro-
thrombin activation and inhibition of MMPs as shown in Fig. 1B. Enrichment of biological
processes predicted activation of cell migration, cardiovascular development, Ca+2 mobiliza-
tion, angiogenesis and inhibition of death, inflammation, and dilation of heart in the progeni-
tor cells from the heart failure model as shown in Fig. 1C, S3 Table. All the differentially
expressed genes in both groups of cells were categorized based on IPA analysis into sub-groups
such as cytokines, growth factors, enzymes, transcription regulators, and transporters and are
listed in S4 Table.
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Fig 1. Gene expression alterations in Sca-1 cells in response to heart failure. (A) Relative fold change in expression of genes associated with heart
failure in Cyc compared to Wt cells. (B) Top canonical pathways overrepresented by differentially expressed genes in Cyc vsWt cells.—log p-value displays
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Microarray results were validated using qRT-PCR for nine genes that were expressed at
higher level in Cyc compared to Wt cells (Bdnf, Ccl19, Ccl9, Crlf1, Cxcl13, Ptn, Sfrp2, Spp1,
and Wisp2). Expression levels of each selected transcript were normalized to the ß-actin con-
trol and fold change in expression of target genes in Cyc cells compared to Wt was calculated
using the ΔΔCt method. RT-PCR confirmed the microarray data (Fig. 1D) and the reliability of
the results.

Elevation of BDNF expression during heart failure
Although a 5-fold higher expression of the BDNF transcript was observed in Cyc cells, it was
important to verify if these differences were represented at the protein level. Immunoblot anal-
ysis demonstrated an increase in BDNF protein level in Cyc cells in comparison to Wt
(Fig. 2A). Moreover, BDNF is known to mediate its effect via the TrkB receptor, the mRNA of
which did not differ between Cyc and Wt cells (Fig. 2B). Immunofluorescence micrographs
(Fig. 2C-D) and immunoblots (Fig. 2E) confirmed expression of the BDNF receptor in both
groups of cells. However, no significant difference in the abundance of the TrkB receptor was
observed between Cyc and Wt cells.

BDNF improves migration of adult progenitor cells isolated from failing
hearts
About 25% of the differentially expressed genes identified by microarray analysis were associat-
ed with cell migration (S1 Fig.) indicated by IPA analysis. Higher expression of BDNF in Sca-1
cells derived from failing hearts, prompted us to determine the influence of exogenous BDNF
on the migration capacity of undifferentiated Sca-1 cells. BDNF acted as a chemoattractant for
Sca-1 cells in a concentration-dependent manner (10, 25 and 50ng/ml), with maximal effect at
25ng/ml (Fig. 3). The significantly higher migration rate (15%) of Cyc cells in comparison to
Wt in the presence of 25ng/ml BDNF might indicate an increased migration potential of pro-
genitor cells in the failing heart. HUVECs served as positive control and displayed the expected
positive effect of BDNF on migration [24] while freshly isolated Sca-1 negative cells that were
used as a negative control due to lack of TrkB receptor, did not display any effect of BDNF on
migration (S2 Fig.).

Quantitation of BDNF induced alterations in protein synthesis
In order to determine the effect of BDNF on protein synthesis and track the early developmen-
tal changes under heart failure condition, pulsed metabolic labeling of Sca-1 cells was carried
out as shown in Fig. 4A. To establish stable physiological conditions in the cells after the isola-
tion, cells were cultured in the presence of light amino acid variants for 8 days. TrkB receptor
that drives the action of BDNF was also detectable at this time point (S3 Fig.). Afterwards the
standard cell culture medium was replaced with medium containing heavy amino acids and
cells were simultaneously exposed to different treatments to explore their effect on protein syn-
thesis (pulsed SILAC approach). The different variants included a control, BDNF-treatment
(25ng/ml), inhibition of the TrkB receptor with the protein kinase inhibitor K252a and simul-
taneous addition of the inhibitor K252a and BDNF. For quantitation, the ratios of heavy

the significance of association dependent of the number of genes in the class calculated by Fisher’s exact test in IPA. Numbers of up-regulated/down-
regulated genes are indicated above each bar. (C) Biological functions predicted to be differentially affected based on the differentially expressed genes in
Cyc vs Wt cells based on activation z-score calculated in IPA. Black dots denote functional activation (z-score� 1.5) and grey dots functional inhibition (z-
score� −1.5). (D) Validation of microarray results by quantitative RT-PCR (n = 3; p<0.05; ANOVA).

doi:10.1371/journal.pone.0120360.g001

BDNF Improves the Cardiogenic Potential of Progenitor Cells

PLOS ONE | DOI:10.1371/journal.pone.0120360 March 23, 2015 9 / 20



labeled peptides (synthesized after the medium exchange) to their light labeled counterparts
(synthesized prior to the medium change and stable) that are distinguishable based on the pep-
tide mass difference of 6 Da, were used.

Within 24 hours after replacement of light with heavy amino acids, the synthesis of a total
of 1650 proteins was observed with high confidence in all triplicate samples. For the majority
of these, treatment with either BDNF or K252a had no impact since the log2 ratio did not ex-
ceed a threshold of ±0.3 between both conditions and the untreated control (Fig. 4B). In order
to identify BDNF induced changes, relative abundance of newly synthesized proteins in BDNF
treated Cyc and Wt cells were compared to their respective controls. Inhibiting the

Fig 2. Expression of BDNF and receptor TrkB on progenitor cells. (A) Immunoblot data depicted higher expression of BDNF in freshly isolated Cyc cells
in comparison to Wt. Bar graph indicates relative protein abundance of BDNF normalized to ß-actin control quantified by densitometry (n = 3; mean ± SD;
*p<0.05; t-test). (B) mRNA intensity signals of TrkB receptor determined by microarray analysis (n = 2; mean ± SD). (C-D) Immunofluorescence micrographs
display the expression of TrkB receptor on Sca-1 cells. Nuclei were stained with DAPI. (Scale bar: 50μm, image magnification: 40x). (E) Protein abundance
of TrkB receptor on Sca-1 cells quantified against ß-actin control by densitometry (n = 3, mean ± SD). Representative immunoblot of both full length and
truncated forms of TrkB receptor onWt and Cyc cells is shown below.

doi:10.1371/journal.pone.0120360.g002
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phosphorylation of TrkB receptor by K252a treatment (S4A Fig.) should alleviate the effects of
BDNF and thus proof the specificity of the BDNF effect (S4B Fig.)[25]. In comparison to un-
treated controls BDNF treatment triggered significant difference (p<0.05) in the fraction of
newly synthesized proteins for 115 proteins in either the Wt or Cyc cells and for 58 of those
proteins the difference was larger than 1.23 fold (log2 ratio of at least ±0.3, Fig. 4B). The Venn
diagram displayed in Fig. 4C illustrates that BDNF basically targeted entirely different protein
populations in Cyc and Wt cells with only a minimal overlap. The two proteins regulated upon
BDNF treatment in Cyc and Wt cells-SRRT and PSME2 showed an inverse regulation pattern.

A more detailed analysis of regulated proteins was carried out using K-means clustering
based on positive correlation. BDNF-regulated proteins of cells from Cyc andWt hearts were
assigned to 2 clusters representing positive (Cluster 1) and negative (Cluster 2) effects of
BDNF, respectively. The log2 ratios of the different treatment conditions of the top regulated
proteins of each cluster are specified in Fig. 5, S5 Table. Furthermore, functional annotation of
these regulated proteins using IPA analysis revealed BDNF induced synthesis of cell survival
proteins such as API5, HMOX1 and SIR2 in Wt cells. In addition, proteins associated with cell
proliferation like LAMC1, SRRT, DNM1L were induced in these cells. Other proteins that neg-
atively regulated cell proliferation such as PLXNB2 and MGP were repressed in Wt cells as a
result of BDNF stimulation. However, in Cyc cells BDNF induced synthesis of cell survival pro-
teins such as HDGF, TIMP1 and TUBB3, while proteins associated with cell proliferation such
as CDK1, CDC16, SRRT and PHACTR4 were repressed suggesting a reduction of mitotic
events under pathological conditions.

BDNF-mediated effects on Sca-1 cell proliferation
Opposite effects of BDNF were observed by the pSILAC analysis for proteins associated with
cell cycle progression such as CDK1 and SRRT (Fig. 6A,B) in Sca-1 cells originating from con-
trol or transgenic hearts. While BDNF stimulated the synthesis of both proteins in Wt cells,

Fig 3. BDNF enhancesmigration of progenitor cells.Migration of Sca-1 cells (4 x 104) was evaluated using a modified Boyden chamber assay. Freshly
isolated cells were exposed to varying concentrations of BDNF (10, 25, 50ng/ml) and allowed to migrate for 2 hours (n = 3; mean ± SD; ANOVA;
***p< 0.0001, **p< 0.001, *p< 0.05 vs Control; §§p< 0.001, §p< 0.05 vs BDNF).

doi:10.1371/journal.pone.0120360.g003
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their synthesis was decreased in Cyc cells. Therefore, we further assessed the effect of BDNF on
the proliferative potential of Sca-1 cells using a BrdU-based assay in which proliferation rate
was determined by comparing BrdU incorporation in BDNF-stimulated versus untreated con-
trol cells. BDNF stimulated the proliferation of Wt cells up to 25ng/ml BDNF in a

Fig 4. pSILAC analysis of BDNF induced changes in protein synthesis. (A) Schematic representation of pulsed SILAC analysis. Sca-1 cells were
cultured for 8days in light medium (red) followed by exchange to medium with heavy lysine and arginine (blue) containing 25ng/ml BDNF or 400nM K252a or
a combination of both and allowed to grow for 24 hours. Cell lysates were digested and then subjected to mass spectrometric analysis. Newly synthesized
proteins were determined based on H/L ratios. (B) Comparison of BDNF induced changes in the protein synthesis of Cyc andWt cells (n = 3). Majority of
proteins showed moderate change in protein synthesis depicted as grey spots; those identified with statistical significance (p< 0.05) are highlighted in black
while only differentially regulated proteins in Cyc andWt cells (p< 0.05, log2 ratio� ±0.3) are highlighted in red and white spots respectively. (C) Venn
diagram illustrates the overlap of displays protein numbers with altered synthesis rate as a result of BDNF treatment (BDNF vs Co, p< 0.05) in both groups
of cells.

doi:10.1371/journal.pone.0120360.g004

BDNF Improves the Cardiogenic Potential of Progenitor Cells

PLOS ONE | DOI:10.1371/journal.pone.0120360 March 23, 2015 12 / 20



concentration-dependent manner while such an effect was not seen with Cyc cells (Fig. 6C).
The proliferative capacity of Cyc andWt untreated control cells did not differ significantly (1.1
fold; p< 0.1, Student’s t-test). In addition, immunoblots revealed that BDNF induced activa-
tion of p38MAPK signaling in Cyc cells while a reverse effect was observed in Wt cells
(Fig. 6D). Since the p38MAPK signal is reported to activate cell differentiation processes by in-
hibiting cell proliferation [26], our results might provide an indication of BDNF treatment in-
duced reduction in cell cycle progression in Cyc cells probably leading to initiation of
cell differentiation.

Furthermore BDNF treatment slightly improved phosphorylation of Akt (Fig. 6E) in Cyc
cells but decreased the same in Wt cells. Under BDNF-stimulation Akt-phosphorylation was
significantly stronger in Cyc cells compared to Wt, suggesting an improved pro-survival effect
of BDNF under pathological conditions. However, no significant difference was observed in

Fig 5. K-means clustering of newly synthesized proteins. K-means clustering of differentially regulated proteins under different treatment conditions
compared to their respective controls. (A) represents BDNF induced up-regulation in protein synthesis, while (B) represents down regulation. Top regulated
proteins in response to BDNF treatment are specified in each cluster (S5 Table).

doi:10.1371/journal.pone.0120360.g005
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Fig 6. BDNF-mediated alterations on Sca-1 cells. (A, B) Relative changes in protein synthesis of CDK1 and SRRT denoted as log2 H/L ratio for Wt and
Cyc cells under BDNF treated and untreated conditions (n = 3; mean ± SD; * p< 0.05; t-test). (C) Impact of BDNF on cell proliferation of Sca-1cells as
assessed by BrdU incorporation after 24 hours treatment. Change in proliferation rate in BDNF treated cells was determined in comparison to the untreated
condition in respective cells (n = 3; mean ± SD; * p< 0.05, ** p< 0.01 against Wt Co, § p< 0.05, §§ p<0.01 against Cyc Co; t-test, paired). (D, E)
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the absence of BDNF stimulation. Hence, immunoblot results further supported the findings
of pSILAC analysis.

Discussion
The adult mammalian heart harbors a subpopulation of cardiac progenitor cells that are capa-
ble of restoring myocardial function after injury. Homing of stem cells to a heart lesion is one
of the pre-requisites for inducing repair processes via stem cell transplantation. Oh et al. have
previously reported that resident Sca-1 cells home to the damaged myocardium and differenti-
ate in part into functional cardiomyocytes when injected into diseased animals but showed no
effect in healthy animals [4]. Therefore, a better understanding of molecular events during dis-
ease is quite essential for designing effective treatment options. To our knowledge the present
study is the first to analyze the molecular characteristics of adult resident Sca-1 positive pro-
genitor cells derived from the failing heart.

To delineate the heart failure mediated molecular changes, we first performed a microarray-
based transcriptome profiling of freshly isolated undifferentiated Sca-1 cells derived from fail-
ing hearts in comparison to their healthy counterparts. In general transgenic Cyc cells as well
as healthy Wt cells shared a similar expression profile. A subset of 197genes showed differential
expression indicating initiation of a specific expression program in response to heart failure.
Thus, in Cyc cells we observed higher expression of genes encoding Nppa, Ccl5, Ctgf and
Ankrd1, which have been shown to be associated with heart failure in earlier studies [27–30].
Furthermore, functional allocation of differentially expressed genes revealed higher enrichment
of GO categories such as cell migration, angiogenesis, cardiovascular development, and Ca+2

mobilization suggesting the development of cardiogenic repair potential following injury. A
large proportion (23%) of the differentially expressed genes was associated with cell migration,
of which Bdnf, Ccl5, Postn, Ptn were among the top candidates [31–33]. Genes belonging to
ECM such as Col1a1, Ltbp2, Ctgf, Postn, Bgn, Mmp14 and Mmp23b were strongly expressed
in Cyc cells suggesting their potential to orchestrate in the cardiac healing process under patho-
logical conditions [34]. Moreover, pathway analysis depicted enrichment of genes of the Wnt/
ß-catenin signaling cascade (Sfrp2, Frzb, Dkk3, Fzd2, Cdh2), which represent important regu-
lators of stem cell renewal and differentiation [35]. Additionally Notch3, Irf7 and Celf4 tran-
scription factors were highly expressed in Cyc cells which are known to play a crucial role in
promoting protection against cardiac fibrosis in response to injury [36,37]. Overall, these re-
sults suggest that Sca-1 cells exhibit a tightly regulated mechanism that controls stem cell re-
newal and homeostasis probably leading to healing of the injured heart.

Besides showing higher BDNF mRNA amounts, the level of BDNF protein was also higher
in Cyc compared to Wt cells. Recently Okada et al. have reported encouraging results on resto-
ration of cardiac function post-myocardial infarction, after peripheral administration of BDNF
[14]. In addition to the paracrine effect of BDNF on major heart cell populations such as cardi-
omyocytes or fibroblasts, there might exist an autocrine effect. Here, we have shown that Sca-1
cells express the TrkB receptor, which prompted us to investigate the autocrine effect of exoge-
nously added BDNF on progenitor cells. Assessment of the migratory potential of Sca-1 cells
revealed no difference between Sca-1 cells of Cyc andWt hearts under control conditions,
which indicates that endogenous BDNF does not affect cell migration. However, exogenous ad-
dition of BDNF significantly improved the migration rate in a dose dependent manner in Cyc
cells, with a maximum effect at 25ng/ml. HUVECs showed a similar increase in migration

Representative immunoblots indicating the degree of phosphorylation of p38 MAPKα (D) and Akt (E). Quantification of phosphorylation was achieved by
normalization against band intensities of the unphosphorylated form (n = 3; mean ± SD; * p<0.05; ANOVA).

doi:10.1371/journal.pone.0120360.g006
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potential in the presence of BDNF. Hence our study suggests that the mobilization of adult
Sca-1 cells derived from damaged myocardium is facilitated in the presence of BDNF, which in
turn might improve their homing efficiency. However investigation on the paracrine effect of
BDNF is currently ongoing.

Although BDNF was shown to positively regulate pro-survival and pro-angiogenic effects
on neural stem cells [38], its biological activity is not solely limited to the brain. We aimed to
determine the regulatory effect of this neurotrophic factor on cardiac progenitor cells, which
are known to attenuate heart dysfunction [13]. Mass spectrometry-based proteomics offers the
opportunity to gain insight into cellular physiology [39]. Previous works have employed
SILAC strategies to determine the protein turnover using differential labeling with amino acid
variants [40]. Schwanhaeusser et al. have developed a pSILAC approach [16] that would allow
direct quantification of endogenous protein translation in response to external stimuli. Most of
the proteins involved in signal transduction and transcriptional regulation are present in low
abundance and are dramatically affected in response to perturbation. Such small changes in
total protein level are difficult to detect against a large background of preformed proteins.
Therefore, we have implemented a slightly modified pSILAC technique using heavy and light
variants of amino acids to increase the sensitivity of detecting changes in the protein profile
that results from a response to the BDNF stimulus. Such a pulsed labeling approach would
focus on tracing the newly synthesized proteins after the addition of BDNF, which might be
beneficial to determine the fate of the investigated precursor cells. The global protein synthesis
profile of Cyc or Wt cells was not altered by the addition of either BDNF or the TrkB inhibitor
K252a alone or in combination. Of 1650 proteins monitored only 58 proteins were differential-
ly regulated in Cyc and Wt cells upon BDNF stimulation. In addition, the effect of BDNF on
protein synthesis in Sca-1 cells fromWt and Cyc hearts largely differed, indicating a divergent
effect of BDNF in Sca-1 cells under physiological and pathological conditions.

In an attempt to explore BDNF-mediated regulation in Sca-1 cells, all differentially regulat-
ed proteins were grouped into clusters representing positive or negative BDNF-effects, respec-
tively. Functional annotation of each cluster indicated enrichment of categories such as cell
survival and cell cycle progression. Protein synthesis of HDGF, TIMP1 and TUBB3, well
known inhibitors of cell death, [41,42] was up regulated in Cyc stimulated cells while other sur-
vival proteins such as API5, HMOX1, SIR2 were up regulated in Wt cells [43,44]. Moreover,
Western blot analysis illustrated increased phosphorylation of Akt which is the major mediator
of survival signaling [45]. Hence, exogenous BDNF stimulation might be in part responsible
for survival of progenitor cells derived from failing hearts [11,46]. In addition to that, we ob-
served contrasting regulation patterns in both cell types, e.g., proteins that drive cell cycle pro-
gression such as CDK1and SRRT were down regulated in Cyc cells while they were shown to
be up regulated in Wt cells [25,47]. BDNF stimulated the proliferation of Wt cells while the
proliferation rate decreased in Cyc cells after 24 hours treatment that further supported the
findings of pSILAC analysis. Besides up regulation of MAP2K3 (S5 Fig.) indicated in pSILAC
data, an increased phosphorylation of p38MAPK, which is a downstream target of MAP2K3,
probably indicated the initiation of a differentiation program by suppressing mitotic events in
Cyc cells [26,48].

Conclusion
Here we have generated a comprehensive overview of global molecular changes in adult Sca-1
cells underlying heart failure conditions. Our comparative microarray-based study provided
insights into their endogenous behavior during heart failure and unraveled their potential char-
acteristics. The results indicate that the cardiogenic potential of Sca-1 cells is enhanced during
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heart failure condition. In addition, we explored the functional implications of BDNF expres-
sion, which was found to be elevated in failing hearts. We further provided supporting evidence
on the regulatory role of exogenous BDNF on migration, proliferation and survival of progeni-
tor cells, which might offer a therapeutic option for treatment of heart failure. However, it re-
mains to be investigated whether local delivery of BDNF will improve the functional role of
Sca-1 progenitor cells inside the damaged myocardium. Further in vivo experiments are neces-
sary to extend our knowledge on BDNF driven fate of adult Sca-1 cells in cardiac dysfunction.
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