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Abstract
Background/Aims: We previously showed that a hypoxic environment modulates the 
antiarrhythmic potential of mesenchymal stem cells. Methods: To investigate the mechanism 
by which secreted proteins contribute to the pathogenesis of antiarrhythmic potential in 
mesenchymal stem cells, we used two-dimensional electrophoresis combined with MALDI-
TOF-MS to perform a proteomic analysis to compare the paracrine media produced by 
normoxic and hypoxic cells. Results: The proteomic analysis revealed that 66 protein spots 
out of a total of 231 matched spots indicated differential expression between the normoxic 
and hypoxic conditioned media of mesenchymal stem cells. Interestingly, two tropomyosin 
isoforms were dramatically increased in the hypoxic conditioned medium of mesenchymal 
stem cells. An increase in tropomyosin was confirmed using Western blot to analyze the 
conditioned media between normoxic and hypoxic cells. In a network analysis based on gene 
ontology (GO) Molecular Function by GeneMANIA analysis, most of the identified proteins 
were found to be involved in the regulation of heart processes. Conclusion: Our results show 
that hypoxia up-regulates tropomyosin and other secreted proteins which suggests that 
tropomyosin may be involved in regulating proarrhythmic and antiarrhythmic functions.

S.-W. Song and K.-E. Kim contributed equally to this work.
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Introduction

Mesenchymal stem cells (MSCs) exhibit tissue healing capabilities and therefore are 
considered a promising tool with clinical implications in cell-based applications for cardiac 
therapeutics [1-7]. Moreover, recent studies have suggested that MSCs exert their therapeutic 
effects by secreting factors that affect the regulation of angiogenesis and immune responses 
and that protect tissues and reduce inflammation in presence of ischemic tissue injury [8, 
9]. The use of these paracrine factors, which are secreted into the conditioned medium (CM) 
by MSCs, has emerged as an alternative approach for MSC-based therapies to treat various 
diseases, including myocardial infarction (MI) [10-13]. Our previous study showed that the 
factors that are released from MSCs under hypoxic conditions ameliorate the induction of 
ventricular arrhythmias after MI by preventing apoptosis and thereby accelerating functional 
recovery [14]. However, little is known about how environmental conditions affect the 
potential roles of stem cells, and it is necessary to identify proteins that might serve as novel 
indicators of cellular recovery [15].

To obtain a more comprehensive understanding of the efficacy of secretome-based 
therapeutics, proteomic techniques and their applications have emerged as large-scale 
screening tools to both create a protein profile and identify protein functions [16, 17]. 
The most widely used method for identifying protein complexes is two-dimensional gel 
electrophoresis (2-DE), by which proteins are separated and then identified using mass 
spectrometry. Despite the limitations that are associated with 2-DE, such as the difficulty 
in analyzing proteins with extreme molecular weights or isoelectric points, 2-DE remains a 
powerful technique that can be used to separate post-translational modifications and specific 
protein isoforms [18]. Moreover, 2-DE has been used to compare the cellular protein profiles 
of MSCs that originate in a variety of tissues and to study senescence in prolonged MSC cell 
cultures [19-21]. Recently, MSC-CMs and exosomes have become the subject of proteomic 
profiling, which has been used to identify released factors that might have applications in 
regenerative medicine [18, 22].

In support of our previous finding [14], this study was performed to determine whether 
proteomes from MSC-CMs that were affected by hypoxia contain therapeutic factors that 
could contribute to improving arrhythmogenicity in rats with MI.

Materials and Methods

Rat mesenchymal stem cell cultures
Rat MSCs (rMSCs) were obtained from bone marrow (BM) as previously described [23]. All procedures 

were approved by the Institutional Animal Care and Use Committee of the Incheon Catholic University 
Medical School. Bone marrow was obtained from rat femurs and tibias into PBS (HyClone, Logan, UT, USA) 
containing 2% fetal bovine serum (FBS; HyClone). Mononuclear cells were isolated using density gradient 
centrifugation (Ficoll-Paque Plus; GE Healthcare, Sweden) for 30 min at 1,000 ×g. The cells were then 
suspended in fresh Dulbecco’s Modified Eagle’s Media (DMEM; HyClone) containing 20% FBS, plated at a 
density of 7 × 105 cells/well and incubated in a humidified atmosphere of 5% CO2 at 37°C.

Preparation of normoxic and hypoxic conditioned medium
Normoxic conditioned medium (NCM) and hypoxic conditioned medium (HCM) were obtained as 

previously reported [14]. rMSCs (1 × 106 cells) at 80% confluence were pre-washed twice with serum-
free medium (SFM) and then incubated with new SFM under normoxic and hypoxic conditions for 12 h. To 
induce hypoxic conditions, the rMSCs were incubated at 37°C in 5% CO2, 5% H2 and 0.5% O2 in a chamber 
with an anaerobic atmosphere system (Technomart, Korea). The CM was collected after 12 h of incubation 
from cells grown under both normoxic and hypoxic conditions, and the cell debris was then removed via 
centrifugation for 30 min at 1,000 ×g at 4°C.
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Preparation of protein samples for 2-DE
For 2-DE analysis, the CM from the cells was centrifuged to remove cell debris and then concentrated 

using a Vivaspin Turbo 15 (Sartorius). Proteins were isolated from the phenol-ethanol supernatant layer 
that was left over after the DNA precipitation step, which was performed using TRIZOL Reagent (Life 
Technologies, Frederick, Maryland, USA). The proteins were then extracted from the concentrated medium 
using ethanol precipitation. The precipitated proteins were dissolved in rehydration buffer solution 
containing 7 M urea, 2 M thiourea, 4% CHAPS, 20 mM DTT, 1 mM PMSF, 2% IPG buffer (Bio-Rad, Hercules, 
CA, USA), and a trace of bromophenol blue. The protein was then stored at -80 oC until analysis. Protein 
content was determined using Bradford protein assays (Bio-Rad).

2-DE
Each 2-DE was performed in triplicate using protein samples (30 µg per gel) that were obtained from 

NCM and HCM. Immobilized pH gradient (IPG)-isoelectric focusing (IEF) of the protein samples was performed 
using pH 3-10, 18 cm IPG DryStrips (GE Healthcare, Buckinghamshire, UK) in a EttanTMIPGphorTM 3 (GE 
Healthcare) using the protocol recommended by the manufacturer. The IPG strips were passively rehydrated 
for 12 h in strip holders with 340 µL of DeStreak Rehydration Solution (GE Healthcare) that included 30 µg 
of protein for each sample. IEF was executed in advanced mode protocol, as follows: 1 h at 500 V, 3 h at 1,000 
V, and 6 h at 7,000 V, and it was then held at 7,000 V until it reached 115 KVh. The gel strips were then placed 
onto a 12% polyacrylamide gel for resolution along the second dimension, which was performed using an 
Etthan DALTsix apparatus. Fractionations were performed according to the manufacturer’s instructions. A 
total of six gels, including three gels containing separated proteins per group, were visualized using silver 
staining and submitted to image analysis and peptide mass fingerprinting (PMF) [24].

Image acquisition and data analysis
The gels were imaged using a UMAX PowerLook 1120 (Maxium Technologies, Akron, OH, USA), and 

modified ImageMaster 2-D software V4.95 (GE Healthcare) was used to compare the images. A reference gel 
was selected from the gels in the control group, and spots detected on other gels were matched to those in 
the reference gel. Relative optical densities and relative volumes were calculated to correct for differences 
in in-gel staining. The intensity volume of each spot was processed using background subtraction and total 
spot volume normalization, and the resulting spot volume percentage was used for comparisons.

Protein identification
To identify the proteins using PMF, the protein spots were excised, digested with trypsin (Promega, 

Madison, WI, USA), mixed with CHCA in 50% ACN/0.1% TFA, and subjected to MALDI-TOF analysis 
(Microflex LRF 20, Bruker Daltonics). Spectra were collected from 300 shots per spectrum over an m/z 
range of 600-3000 and calibrated using two-point internal calibration of trypsin auto-digested peaks (m/z 
842.5099, 2211.1046). A peak list was generated using Flex Analysis (version 3.0). The threshold that was 
used to select the peaks was determined as previously described [25]. Protein scores were calculated as -10 
* Log (p), where p was the probability that the observed match was a random event, and a score greater than 
61 was defined as significant (p < 0.05).

Immunoblot analysis
Immunoblot analyses were performed as previously described [25]. Briefly, the membranes were 

rinsed three times with TBS-T buffer and then incubated for 1 h with 1:500~1000 dilutions of primary 
antibodies against HIF-1α, TPM, or β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) in TBS-T 
buffer containing 1% skim milk. After three more washes, the membranes were incubated for 1 h with 
horseradish peroxidase-conjugated anti-goat IgG or anti-rabbit IgG secondary antibodies (1:2000, Santa 
Cruz Biotechnology) in TBS-T buffer containing 5% skim milk. Development was performed using enhanced 
chemiluminescence (ECL Western Blotting Detection Kit, GE Healthcare). The band intensities were 
quantified using ImageJ software (NIH).

Transient knockdown of Hif1a
To knockdown (KD) Hif1a, target-specific commercial AccuTarget siRNAs (BIONEER, Daejeon, 

Korea) (siRNA no. 1654508: sense (5’-3’), CAGUUACGAUUGUGAAGUU (dTdT); antisense (5’-3’), 
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AACUUCACAAUCGUAACU G (dTdT)) were designed to KD Hif1a gene expression and negative control was 
used. The rMSCs (1 × 106 cells per dish in a 10 mm dish) were transiently transfected with the siRNA (100 nM 
per dish) and agent (45 μl per dish) using the TransIT-X2 Dynamic Delivery System (Mirus Bio LLC, Madison, 
WI, USA), and gene expression levels were then examined in cells that were cultured for an additional 24 h. 
The level of each gene transcript was normalized to the level of the Gapdh transcript.

Network analysis
To predict genetic interactions between Ca2+-regulatory markers and the interacting partner proteins 

that were identified in this study we used a predictive web interface, GeneMANIA (http://www.genemania.
org). This interface generates a list of genes that have functional similarity based on data obtained from 
currently available genomics and proteomics databases. The GeneMANIA algorithm contains two import 
components: a linear regression-based algorithm that is used to calculate a single, composite functional 
association network from multiple networks that were derived from different proteomic or genomic data 
sources and a component that predicts gene functions [26].

Real-time RT-PCR
The level of each gene transcript was quantitatively determined using a StepOnePlus Real-Time PCR 

System (Applied Biosystems, Foster City, CA, USA). Total RNA was isolated from MSCs using TRIZOL reagent 
(Invitrogen), and reverse-transcription was performed using a Maxime RT Premix kit (iNtRON Biotechnology, 
Seongnam, Korea). A SYBR Green Dye system (SYBR Premix Ex Taq (Tli RNase Plus) with a ROX reference 
dye (TAKARA Bio INC. Foster City, CA, USA) was used to perform real-time RT-PCR. The level of each gene 
transcript (Hif1a, Tpm1, and Tpm2) was normalized to Gapdh transcript levels, and relative changes in gene 
expression were quantified using the ∆∆CT method [27]. Oligonucleotide primers were used to isolate Hif1a 
(forward primer (F), 5’-AGCAATTCTCCAAGCCCTCC-3’; reverse primer (R), 5’-TTCATCAGTGGTGGCAGTTG-3’), 
Tpm1 (F, 5’-GGGCTGAGTTTGCAGAGAGA-3’; R, 5’-AGCTCAGAGAGGTGGGACAT-3’), and Tpm2 (F, 
5’-GCCAAGGAAGAGAACGTGG A-3’; R, 5’-TGTAGTCTGGTCGGCAGGTA-3’).

Immunofluorescence analysis
To investigate the expression patterns of the target proteins in MSCs, the cells were grown on 

cell culture slides (SPL, Pocheon-si, Korea) and then fixed with 4% formaldehyde. They were then 
washed with PBS and subjected to permeabilization in 0.25% Triton X-100 (Sigma-Aldrich, St. Louis, 
MO, USA). The cell slides were washed with PBS three times, blocked with 1% BSA in PBS-T for 1 h, 
and then incubated with polyclonal anti-TPM antibody (1:100 dilution) or anti-NOS3 antibody (1:100) 
(Santa Cruz Biotechnology) overnight at 4°C. They were then washed three times with PBS. The cell 
slides were then incubated with FITC-conjugated goat secondary antibody (1:500 dilutions) against 
TPM or rhodamine-conjugated rabbit secondary antibody (1:500 dilutions) against NOS3. DAPI (Sigma-
Aldrich) was used to stain cell nuclei. The prepared slides were observed using a confocal laser scanning 
microscope LSM700 (Carl Zeiss, Oberkochen, Germany). Acquisition of the images was performed using 
Zen black or blue software (Carl Zeiss).

Co-immunoprecipitation (Co-IP)
To identify TPM-interacting partner proteins in MSCs and MSC-CMs under normoxia and hypoxia, Co-

IP was performed with slight modifications as outlined in previous protocol [24]. Input proteins containing 
500 µg of protein were incubated with 15 μl of anti-TPM antibody (Santa Cruz Biotechnology) at 4°C for 3 h 
on a rotary shaker, after which 20 μl of A/G PLUS agarose conjugate suspension (Santa Cruz Biotechnology) 
was added and allowed to mix at 4°C for 12 h on a rotary shaker. After centrifugation at 1000 ×g for 5 min 
at 4°C, the supernatant was collected and the beads washed three times with RIPA buffer (Sigma). Then, 2× 
Laemmli buffer was added and boiled for 5 min. For the negative control sample, control goat IgG (Santa 
Cruz Biotechnology) was used. After Co-IP, all samples were separated by 8-12% SDS-PAGE, after which 
samples were transferred to a PVDF for immunoblot analysis.

Statistical analysis
All experimental results were compared using One-way Analysis of Variance (ANOVA) in the Statistical 

Package of Social Science (SPSS, version 17) program. The data are expressed as the mean ± SEM. A protected 
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least-significant difference (LSD) test, which is a method for analyzing multiple comparisons that consist 
of single-step procedures in One-way ANOVA, was used to identify significant differences between means 
(p<0.05).

Results

Differential expression of the NCM and HCM proteins
To compare the protein expression profiles of normoxic and hypoxic rMSCs-CMs 

with that of SFM, BM-MSCs were prepared and characterized using MSC surface markers 
[23]. The conditioned medium was then collected, and cell residues were removed using 
centrifugation. Large volumes of conditioned medium were concentrated using centrifugal 
filtration units containing 3 kDa molecular weight cut-off membranes [14]. The NCM and 
HCM protein samples were separated using 2-DE and identified using MALDI-TOF-MS. From 
7 to 250 kDa and between pH 3-10, a total of 231 matched spots were differentially expressed 
between NCM and HCM obtained from MSCs (Fig. 1A). Sixty-six spots were identified 

Fig. 1. Representative silver-stained two-dimensional gel (2-DE) images. (A) Spots that showed differential 
expression are indicated with arrows in the 2-DE image, (B) The expression patterns of MSC-CM proteins in 
cells exposed to normoxic and hypoxic conditions.
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that showed statistically different intensities between the NCM and HCM samples. These 
differentially altered spots indicate dramatic changes in the responses of these markers to 
hypoxic conditions. Most of the spots were up-regulated in the HCM samples. Among the 
differentially expressed spots, 54 spots were dramatically up-regulated (≥5-fold), whereas 12 
spots were down-regulated (≤-2-fold) in the HCM sample (Fig. 1B). According to MALDI-TOF 
identification the proteins that were up-regulated in HCM included endoplasmin precursor, 
tropomyosin 1, tropomyosin 2, annexin A1, transgelin, and nucleoside diphosphate kinase B. 
In contrast, two proteins (secretogranin-3 and hemiferrin) were expressed at lower levels in 
HCM than in NCM (Table 1). Interestingly, among the modulated spots, spots 940, 978, and 
1018 were identified as tropomyosin isoforms (TPM1 and 2). Additionally, these proteins 
were highly expressed in both hypoxic MSCs and their conditioned media (Fig. 2). Our 
results provide the first evidence demonstrating the differential expression of tropomyosin 
isoforms in MSCs in response to hypoxia. These results suggest the possibility that the 
tropomyosin isoforms that are secreted by MSCs into the CM in response to hypoxia have the 
potential to assist recovery from the myocardial damage that is associated with infarction 
via a troponin-tropomyosin-like system [14, 28, 29]. These proteins were not described 
as secreted molecules in MSCs but could be induced to be released via the secretion of 
extracellular vesicles or exosomes. Accordingly, we next focused our interest on performing 
further protein validation studies of tropomyosin.

Expression of tropomyosin isoforms response to hypoxia
Under hypoxic conditions, Hif1a is a key transcriptional regulatory factor that regulates 

many genes at the transcriptional level. To determine the relationship between HIF-1α and 
TPM expression, we confirmed that Hif1a/HIF-1α and Tpm1,2/TPM were expressed in MSCs 

Table 1. List of identified proteins that showed differential expression between NMX and HPX MSC-CMs

Fig. 2. The TPM isoforms found 
to be differentially expressed in 
2-DE between NCM and HCM. (A) 
Two-dimensional images of the 
proteomes of MSC-CM and MSC 
under hypoxic conditions, (B) Spot 
images (3D view in the lower pa-
nel) of TPM isoforms between 
NCM and HCM.
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and MSCs-CM under normoxic and hypoxic conditions (Fig. 3A, B). The results showed that 
under hypoxic conditions, HIF-1α up-regulated TPM at the protein expression level but not 
the transcriptional level. In addition, MSCs in which Hif1a was knocked down were studied 
to evaluate the role of Hif1a/HIF-1α in regulating Tpm1,2/TPM (Fig. 3C). We found that the 
expression level of TPM was significantly up-regulated under hypoxic conditions and that 
TPM levels were significantly down-regulated when Hif1a was knocked down in both MSCs 
and MSC-CMs.

Distinct expression of proteins involved in heart processes according to network analysis
We next used in silico analysis to investigate the genetic interactions of proteins. The 

identified and candidate proteins were classified according to gene ontology entries in 
GeneMANIA. The GeneMANIA analysis predicted a potential interaction between all identified 
proteins and Ca2+-regulatory markers (Fig. 4A). Based on the result of this network analysis, 
the function-based interaction between Tpm2 with Nos3 is shown in Fig. 4B. The GeneMANIA 
analysis showed that TPM interacts with NOS3. Therefore, to verify the possibility of such 
an interaction, anti-TPM antibody was used to perform immunoblotting for NOS3 and TPM 
against MSC-CM proteins (Fig. 4C). The Interaction between TPM and NOS3 was then further 
validated in MSCs using dual-fluorescent staining (Fig. 4D). This result suggests that NOS3 
interacts with TPM expression, indicating that NOS3 plays an important role in regulating 
TPM expression in MSCs under hypoxic conditions and that this protein is likely to prevent 
an arrhythmogenicity effect.

Discussion

In the present study, we used 2-DE combined with MALDI-TOF to show that TPM 
isoforms were differentially expressed and that multiple proteins were released from 
hypoxia-treated MSCs. We then tested the hypothesis that TPM isoforms are secreted into 

Fig. 3. The effect of hypoxia on Hif1a and Tpm1/Tpm2 levels in MSCs was analyzed between NCM and 
HCM. (A) The mRNA levels of Hif1a and Tpm1/Tpm2 were normalized to the Gapdh control in MSC, (B) The 
expression levels of HIF-1α and TPM in the immunoblot analysis, (C) TPM expression levels after inhibition 
of Hif1a with siRNA. The statistical significance between the negative control siRNA (NC) and the Hif1a siR-
NA-induced knock-down (KD) groups was determined using a One-way ANOVA test, where * p < 0.05 and ** 
p < 0.001. The data represent the mean ± SD (n=3).
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CM using immunoprecipitation and western blot analyses. To investigate the interactions 
between proteins, we performed a network analysis using GeneMANIA and the network 
predicted a potential interaction between TPM and NOS3 that was based on the gene 
ontology (GO) Molecular Function. Finally, we confirmed the previously observed TPM and 
NOS3 expression levels in MSCs and MSC-CMs using co-immunoprecipitation assays and 
dual-fluorescent staining.

Fig. 4. The networks that were generated in the GeneMANIA analysis between NCM and HCM. (A) The 
GeneMANIA results for the molecular function-based relationship between TPM and Ca2+-regulatory pro-
teins, (B) predicted that nine of the targets belonged to heart processes in GeneMANIA, (C) The interaction 
between TPM and NOS3 in MSC-CMs was validated using co-immunoprecipitation, (D) The interactions 
between target proteins (TPM and NOS3) were validated by analyzing co-localization in MSCs exposed to 
normoxic and hypoxic conditions. The sections were observed at 400× magnification, and the scale bar 
represents 20 µm.
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Normally, the presence and function of actin in the nuclei of a wide variety of cell types 
have been extensively debated, while the presence of cardiac troponin and TPM in the nuclei 
of cardiac myocytes has recently been recognized in human and rats [29-31]. TPMs exist in 
both muscle and non-muscle isoforms. Non-muscle TPMs regulate the actin cytoskeleton 
independently of troponin and are involved in a variety of cellular events that regulate cell 
shape and motility [32]. In some reports, TPM isoforms have also been observed on the 
outside of cells, and cell culture experiments have demonstrated the presence of TPM on 
the surface of various cells that were derived from the colon, including primary cultures of 
colonic epithelial cells [33]. Our studies suggest that TPM1 and TPM2 are probably located 
in extracellular vesicles that are derived from multiple cell and tissue types [34-37]. These 
proteins are not generally known as secreted molecules of MSCs, but they could be released 
via the secretion of extracellular vesicles or exosomes in response to hypoxia.

Exposure to hypoxia results in alterations in the metabolic properties of cells, but hypoxic 
cells adapt to maintain their structure and vital functions. A recent study demonstrated 
that the activation of cardiac fibroblasts was inhibited in leptin-deficient MSCs exposed 
to hypoxia [34]. The authors found that co-cultured MSCs showed decreased fibroblast 
activation and that preconditioning the cells with hypoxia enhanced these effects. HIF-1α 
plays an important role in the adaptive response of cells to hypoxia [35]. Our previous study 
suggested that hypoxia preconditioned MSCs were regulated by the transcription factor HIF-
1α, which produced alterations in Ca2+ homeostasis [14]. In this study, we found that hypoxia 
stimulated the expression of TPM proteins. We also found that this change in expression 
occurred via an HIF-1α-dependent pathway by knocking down Hif1a expression in MSCs 
under normoxic or hypoxic conditions. However, the relationship between HIF-1α and TPM 
remains unclear. Further investigation will therefore be needed.

We found that TPM interacts with NOS3 based on gene ontology (GO) Molecular Functions 
in GeneMANIA network analysis. This result suggests that HCM facilitates the effects of MSCs 
by activating NOS3, which is known to protect against ischemic injury [37]. A recent study 
demonstrated that statins enhanced the therapeutic efficacy of MSC-transplantations in 
a swine model of acute MI by activating NOS3 [37]. They suggested that the success of a 
stem cell therapy could depend upon its “paracrine” effects and may be further enhanced 
by prolonging the survival and retention of the transplanted cells. Our study also provides 
evidence showing that HCM may improve survival in stem cells and contribute to cardiac 
functional recovery.

In summary, the present study is the first to demonstrate that extracellular TPM 
isoforms are preferentially expressed in MSCs under hypoxic conditions. Hypoxia stimulates 
the expression of TPM isoforms via a Hif1a-dependent mechanism. Our results suggest that 
the up-regulation of TPM and other secreted proteins may facilitate cardiac repairs after MI 
by enhancing the paracrine activities of MSC-CMs during hypoxia.
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