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Background: Transplanted mesenchymal stem cells (MSC) can differentiate into cardiac cells that have the poten-
tial to contribute to heart repair following ischemic injury. Overexpression of GATA-4 can significantly increase
differentiation of MSC into cardiomyocytes (CM). However, the specific impact of GATA-4 overexpression on
the electrophysiological properties of MSC-derived CM has not been well documented.

Methods: Adult rat bone marrow MSC were retrovirally transduced with GATA-4 (MSC®A™-4) and GFP (MSCN'!))
and subsequently co-cultured with neonatal rat ventricular cardiomyocytes (CM). Electrophysiological proper-

Ié‘j\y-&?;ds' ties and mRNA levels of ion channels were assessed in MSC using patch-clamp technology and real-time PCR.

Mesenchymal stem cell Results: MSCEATA4 exhibited higher levels of the TTX-sensitive Na* current (In,rx), L-type calcium current
Ton channel (Icay), transient outward K™ current (I, ), delayed rectifier K™ current (IKpg) and inwardly rectifying K™ current
Transdifferentiation (Ix1) channel activities reflective of electrophysiological characteristics of CM. Real-time PCR analyses showed
Patch clamp that MSCSATA exhibited upregulated mRNA levels of Kv1.2, Kv2.1, SCN2a1, CCHL2a, KV1.4 and Kir1.1 channels

Electrophysiological property versus MSCNU!L Interestingly, MSCAT™ treated with IGF-1 neutralizing antibodies resulted in a significant de-
crease in Kirl1.1, Kv2.1, KV1.4, CCHL2a and SCN2a1 channel mRNA expression. Similarly, MSC®ATA-4 treated
with VEGF neutralizing antibodies also resulted in an attenuated expression of Kv2.1, Kv1.2, Kv1.4, Kir1.1,
CCHL2a and SCN2a1 channel mRNAs.

Conclusions: GATA-4 overexpression increases Iy, IKpg, Ix1, Inatrx @nd Icay currents in MSC. Cytokine (VGEF and
IGF-1) release from GATA-4 overexpressing MSC can partially account for the upregulated ion channel mRNA ex-
pression.

General significance: Our results highlight the ability of GATA4 to boost the cardiac electrophysiological potential
of MSC.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Transplantation of bone marrow mesenchymal stem cells (MSC) has
been shown to play an increasingly prevalent therapeutic role in the
treatment of many heart diseases, such as myocardial infarction and
cardiac hypertrophy [1,2]. MSC transplantation has been shown to im-
prove the cardiac function of injured hearts [3,4] through the regenera-
tion of cardiomyocytes (CM) [5,6] as well as paracrine effects that
promote angiogenesis, decrease cardiac fibrosis, and prevent host car-
diomyocyte apoptosis [7]. It has been reported that genetic engineering
of MSC represents a useful strategy for boosting the therapeutic potency
of MSC [8,9].

Abbreviations: CM, cardiomyocytes; MSC, mesenchymal stem cells; MscNull MSC
transduced only with EGFP; MSCSAT™A4 MSC transduced with GATA-4 and EGFP; Ixy, in-
ward rectifier K+ current; IKpg, delayed rectifier K+ current; I, transient outward K™ cur-
rent; Inatrx, TTX-sensitive Na™ current; Ic,y, L-type calcium current; CCHL2a, L-type
calcium channel a-2 subunit; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Kir,
inward rectifier potassium channel; Kv, voltage-gated potassium channel
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GATA-4 is a member of the GATA family of zinc finger transcription
factors and an early marker of the cardiomyocyte lineage [10,11]. GATA-
4 has multiple important roles in promoting cell survival, cell differenti-
ation, angiogenesis and cardioprotection [11-14]. GATA-4 is also a crit-
ical factor for differentiation of pluripotent (P19) stem cells into beating
CM [15]. We have previously reported that overexpression of GATA-4 in
MSC (MSCCATA4) significantly increases MSC survival in ischemic myo-
cardium and that treatment of animals with myocardial infarction with
MSCCATA- can significantly improve their cardiac function as assessed
by echocardiography [13]. Recently, we also demonstrated that overex-
pression of GATA-4 significantly promotes the differentiation of MSC
into CM, by assessing for CM specific markers using quantitative real-
time polymerase chain reaction (real-time PCR) and Western blot anal-
yses [16].

Transplantation of MS can effectively improve cardiac func-
tion in the setting of myocardial infarction as well as directly promote
their differentiation into CM; however, the impact of GATA-4 overex-
pression on the electrophysiological properties of MSC remains unclear.
Since the transient outward K™ current (I, ), inwardly rectifying K™ cur-
rent (Igq), TTX-sensitive Na™ current (Iy,rrx) and L-type calcium
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current (Ic,1) are highly expressed in CM and contribute to the elec-
trophysiological actions of CM [17-21], we hypothesized that GATA-
4 overexpression would upregulate these functional ion channels
(Itor Ik, Inatx and Icay ) within MSCEATA-4 to promote their differen-
tiation to CM. The present study was designed to investigate the ef-
fects of GATA-4 on the electrophysiological properties of MSC as
well as uncover potential regulatory mechanisms.

2. Material and methods

All protocols conform to the Guidelines for the Care and Use of Labora-
tory Animals prepared by the National Academy of Sciences and pub-
lished by the National Institutes of Health (NIH Publication No. 85-23,
revised 1996). All animal procedures were in full compliance with the
guidelines approved by the University of Soochow Animal Care and
Use Committee.

2.1. MSC culture

MSC were obtained from femurs and tibias of Sprague-Dawley rats,
as previously described [22]. Cells were cultured in Iscove's Modified
Dulbecco's Medium (IMDM) supplemented with 10% FBS, 100 U/ml
penicillin and 100 pg/ml streptomycin at 37 °C in humid air with 5%
CO,. After being seeded for two days, MSC adhered to the bottom of cul-
ture plates, while hematopoietic cells remained suspended in the medi-
um. The culture medium was changed every three days and the non-
adherent hematopoietic cells were completely washed out after four
changes of media.

2.2. MSC retroviral transduction with GATA-4 and GFP plasmids

MSC from the second passage were used to overexpress recombi-
nant GATA-4. A retrovirus expressing full-length GATA-4 cDNA was
constructed using the pMSCV retroviral expression system (Clontech,
America). GP2-293 cells (Clontech, America) were co-transfected with
either pMSCV-GATA-4-IRES-EGFP and pVSVG or pMSCV-IRES-EGFP
and pVSVG for generation of MSCS™4 and MSCN"!, respectively.
After 48 h, supernatants were filtered and incubated with MSC in the
presence of 10 pg/ml polybrene (Sigma) for 12 h. Stable clones for
MSCEATA-4 and MSCN"! were obtained by puromycin selection (Sigma;
3 pg/ml for 5 days) and verified for construct integration by quantita-
tive real-time PCR and Western blot analyses.

2.3. Quantitative real-time PCR

Total RNA was isolated from MSC using TRIzol (Invitrogen) as per
the manufacturer's instructions and further treated with DNase I
(Invitrogen). Quantitative real-time PCR to detect ion channels was
carried out on an iQ5 real-time system using an iQ SYBR Super-mix
(Bio-Rad, Hercules, CA, USA) as described previously [23]. Briefly,
complementary DNA was synthesized using SuperScript™ III First-
Strand Synthesis for real-time PCR (Invitrogen). The cDNAs were
subsequently amplified using Taq DNA polymerase in the presence

Table 1
Primers used in the analysis of GATA-4 and ion channel genes.

of specific primers for each ion channel (Table 1) under the following
conditions: the mixture was annealed at 50-60 °C (1 min), extended
at 72 °C (2 min), and denatured at 95 °C (45 s) for 35 to 40 cycles.
This was followed by a final extension at 72 °C (10 min) to ensure
complete product extension. Target mRNA expression relative to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
calculated based on the threshold cycle (Cr) as r = 272 (46,
where ACr = Cp target Cr capbH and A(ACT) = ACr experimental —
ACT control-

24. Immunoblotting

Cells were washed in phosphate-buffered saline (PBS) and homoge-
nized in a lysis buffer. Nuclear proteins were extracted using a NE-PER®
Nuclear and Cytoplasmic Extraction Reagent (Thermo Scientific Co.) ac-
cording to the supplier's instructions. Protein concentrations were
quantified using a Bio-Rad DC-Protein Assay Reagent (Bio-Rad). Dena-
tured proteins (25 ng) were separated by SDS-PAGE using 12% gels,
transferred to nitrocellulose membrane (Bio-Rad), and immunoblotted
overnight at 4 °C with primary antibodies to GATA-4 (Abcam). Mem-
branes were then incubated for 1 h with a HRP-conjugated secondary
antibody at room temperature, washed and developed with the ECL
plus kit (GE Healthcare, USA). Blots were analyzed by densitometry
with NIH image software (AlphaEase FC, Version 6.0.0).

2.5. Cardiomyocyte isolation and co-culture with MSC

Ventricular CM were isolated from neonatal (1-3 days old)
Sprague-Dawley rat ventricles, using a neonatal CM isolation kit
(Worthington Biochemical Co.) in accordance with the supplier's in-
structions. CM were identified by immunostaining cells with anti-o-
sarcomeric actinin antibody (clone EA-53; Sigma).

MSCEATA-4 and neonatal ventricular CM were co-cultured at a ratio of
1:10 in a dual-set system in which CM and MSC shared the same medi-
um but were separated by a semi-permeable membrane (Corning). In
this dual-set culture system, CM were seeded in the upper layer and
MSC were seeded in the lower layer. For controls, MSCN"!" were co-
cultured with CM. After two weeks of co-culture, MSC were immuno-
stained for cardiac troponin T using specific antibodies (cTnT, Santa
Cruz Biotech). All studies were performed in triplicate using samples
from independent culture preparations. The percentage of cTnT staining
cells was determined from an analysis of over 1000 DAPI-positive cells.
The electrophysiological properties of ion channels in MSCSA™ and
MSCNU! after being co-cultured with CM were assessed by patch-
clamp technology and real-time PCR.

2.6. Electrophysiology

MSCEATA4 and MSCN"! were examined by whole-cell patch-clamp
techniques [22], after 2 weeks of co-culturing conditions. To record
ion channel currents, detached MSC were suspended in a culture medi-
um, transferred to a cell chamber for 15-20 min, allowed to attach to the
bottom of the cell chamber, and subsequently superfused with normal

Gene target GenBank accession no

Forward primer sequence (5'-3’) (sense)

Reverse primer sequence (5'-3’) (antisense) PCR product (bp)

GATA-4 AB075549.1 CTGTCATCTCACTATGGGCA
GAPDH NM_017008 GTGCTGAGTATGTCGTGGAG
CCHL2a M86621 CTCTGAGATGTTAGAAACCCIT
Kv2.1a NM_013186 GCTGCAGAGCCTAGACGAGT
Kvl.2a NM_012970 GAGATGTTTCGGGAGGATGA
Kv4.2 NM_031730 CATGGCCCTGGTGTTCTACT
rScn2al NM_012647 GCCCAAATACGAAGACAA
Kv1.4a NM_012971 AGTCAGTTGCCCATACCT
Kirl.1 NM_017023 CAGACAACGTCGAACAAG

CCAAGTCCGAGCAGGAATTT 256
GTCTTCTGAGTGGCAGTGAT 301
CTTCTCCTCCATCCGTGA 272
TGCTTTTGAACTTGGTGTCG 452
CTCTGTCCCCAGGGTGATAA 450
GCAAGAAGCCCAGTTCTGAC 437
AAATAATAATGGCGGAGG 450
TCCTCGGGACCACCTTTA 495
AACCTGAATCCGTAACCT 485
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Tyrode's solution containing (in mM): 136 NaCl, 5.4 KCl, 1.0 MgCl,, 1.8
CaCl,, 0.33 NaH,PO4, 10 glucose, and 10 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (Hepes); pH adjusted to 7.4 with
NaOH at a constant rate of 1.2 ml/min. Borosilicate glass electrodes
(1.6 mm OD) were pulled with a Brown-Flaming puller (Model P-97,
Sutter Instrument Co.) and had tip resistances of 3-5 MQ when filled
with pipette solution containing (in mM): 20 KCl, 110 K-aspartate, 1.0
MgCl,, 10 Hepes, 0.05 EGTA, 0.1 GTP, 5.0 Na,-phosphocreatine, and
5.0 Mg,-ATP; pH adjusted to 7.2 with KOH. The tip potentials were cal-
ibrated before the pipette touched the cell. After a gigaohm-seal was ob-
tained by negative suction, the cell membrane was ruptured by gentle
suction to establish whole-cell configuration. Membrane currents
were low-pass filtered at 2 kHz. The experiments were conducted at
room temperature (21-22 °C). Data was acquired with an Axopatch
200B amplifier (Axon, America).

2.7. Adult rat ventricular cardiomyocyte isolation

Healthy adult Sprague-Dawley rats (18 months old) of both sexes
were provided by the Experimental Animal Center of Soochow Univer-
sity (Suzhou, China) for isolation studies. Briefly, rats were anesthetized
with pentobarbital sodium intraperitoneally (i.p., 30 mg/kg). Hearts
were rapidly removed, weighed and cannulated via the aorta for retro-
grade perfusion using enzymatic solutions as previously described [23].
Following perfusion, the ventricular myocardium was dissected off and
transferred into a KB solution containing (in mmol/L): 50 L-glutamic
acid, 40 KCI, 20 KH,POy4, 20 Taurine, 3 MgCl,, 70 KOH, 0.5 EGTA, 10
HEPES, 10 glucose; pH 7.4 adjusted with KOH. Isolated single ventricular
CM were obtained and maintained in KB solution and used within 8 h.
Only relaxed, striated, and rod-shaped cells were used for experimental
studies, which were conducted at room temperature (21-22 °C).

2.8. Analysis of bFGF, VEGF and IGF-1 levels in MSC culture media

Media from MSC (MSC®A™-4 and MSCN"!) co-cultured with CM
were switched to serum-free culture media for 24 h. The media were
then collected and subjected to centrifugation at 10,000 g at 4 °C for
5 min. Supernatants were stored at —20 °C. The concentrations of
basic fibroblast growth factor (bFGF), vascular endothelial growth factor
(VEGF) and insulin-like growth factor-1 (IGF-1) were measured in su-
pernatants using ELISA kits (R&D Systems) and according to the
manufacturer's instructions. For neutralizing antibody studies, IGF-1
and VEGF neutralizing antibodies (Cell Signal, America) were added
for 12 h to the media of MSCSAT™4 co-cultured with CM to a final con-
centration of 4000 ng/ml.

2.9. Statistical analyses

Non-linear curve-fitting software (Origin 7.5) was used to perform
curve-fitting procedures. The results are expressed as mean values +
standard error of the mean (SEM). Significance was tested using paired
and unpaired Student's t-tests. One-way ANOVA was applied when sev-
eral groups were compared. A p value < 0.05 was considered statistically
significant.

3. Results
3.1. Characterization of rat MSC

We show that isolated primary rat MSC display an elongated and
spindle shape closely resembling fibroblasts after 10 days in culture
(Fig. 1A), suggesting that MSC could be successfully isolated, purified
and expanded from non-adherent cells in vitro.

3.2. Characterization of GATA-4 overexpression in MSC

Retroviral-mediated strategies were utilized to express a GATA-4/
GFP bicistronic construct in MSC. Real-time PCR and Western blot anal-
yses demonstrated the successful transduction and expression of a ret-
roviral vector encoding the GATA-4/GFP bicistronic construct. We show
that both MSCEAT™4 (expressing GATA-4/GFP bicistronic construct) and
MSCNU! (expressing GFP bicistronic construct alone) were GFP
immunopositive (Fig. 1B). Quantitative real-time PCR analyses indicat-
ed that GATA-4 mRNA levels were significantly increased by 267-fold
in MSCEA™4 when compared with MSCN"!! (Fig. 1C). We further show
that MSC®AT™ 4 also exhibited higher levels of GATA-4 protein when
compared with MSCN (Fig. 1D).

3.3. Characteristics of isolated neonatal rat and adult rat cardiomyocytes

Isolated neonatal rat CM began to beat spontaneously after 24 h in
culture. We show that over 95% of CM were immunopositive for o-
sarcomeric actinin and display clear sarcomeric organization (Fig. 1E).
After co-culturing MSC with CM for 2 weeks, we show that some
GATA-4 transduced MSC consistently stain positive for the cardiomyo-
cyte contractile marker, troponin T (cTnT) (Fig. 1F). The percentage of
cTnT positive cells was significantly higher in MSCSATA4 when com-
pared to MSCN!! (28.5% + 2.1% versus 10.1% + 1.1%, p < 0.05), suggest-
ing that GATA-4 expression promotes the differentiation of MSC into
CM under co-culturing conditions with CM. We also show that isolated
adult rat CM display rod-shaped morphologies (Fig. 1G).

3.4. Electrophysiological properties of MSC

To determine the electrophysiological properties of MSCSA™4 and
MSCNU! we exploited patch-clamp technology to detect functional cur-
rents (INa- ICa.L' Ik, Ltor IKDR) found in CM.

3.5. I, in MSC

We show that MSCATA display properties of I, currents, which are
elicited by voltage steps between —60 mV and + 70 mV in 10 mV incre-
ments from a holding potential of —80 mV (Fig. 2). These effects could
be significantly inhibited by 5 mM 4-aminopyridine (4-AP) (p < 0.05)
and reversed after washout (Fig. 2A) (p < 0.05). Specifically, I, was re-
corded in 50% (8/16) of MSC®A™4 unlike 25% (4/16) of MSCN'!", Repre-
sentative tracings recorded from MSCN"!" cells with the same voltage
protocol are shown for comparison (Fig. 2B). The average current density
of I, (9.34 + 2.72 pA/pF) in MSCSA™ was significantly higher than that
of I, in MSCN! (321 & 1.51 pA/pF) at 70 mV (Fig. 2A, B) (p < 0.05). It
should be noted; however, that the average current densities in MSC
were different from adult rat CM (36.06 4 4.36 pA/pF) at 70 mV
(Fig. 2C, D) (p < 0.05). Moreover, the average membrane capacitance
in MSCEATA4 (50.21 + 8.13 pF) was also significantly higher than
MSCNU! (33,18 + 7.14 pF) (Fig. 2D) (p < 0.05), but much lower than
adult rat CM (116.43 + 9.71 pF) at 70 mV (Fig. 2D) (p < 0.05).

3.6. Ix; in MSC

We show that MSC®ATA display properties of I, currents, which
are activated by voltage steps between — 120 mVand 0 mV in 10 mV in-
crements from a holding potential of —40 mV (Fig. 3). These properties
are significantly inhibited by 500 uM BaCl, (p < 0.05) and reversed after
washout (Fig. 3A) (p < 0.05). We show that MSC“ATA- display a cur-
rent-voltage relationship (I-V curve), which is highlighted by the ab-
sence and presence of 500 uM BaCl, and that can be reversed after
washout (Fig. 3A). Ba?*-sensitive Ig; currents exhibit an I-V curve
typical of inward rectifying currents. Representative tracings from
MSCN" and adult rat CM recorded with the same voltage protocol are
shown for comparison (Fig. 3B, C). Ix; currents could be recorded in
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Fig. 1. Characterization of cultured MSC, neonatal and adult rat CM as well as MSC expressing GATA-4 (MSCATA4) and empty vector (MSCN""). (A) Cultured primary MSC
(10 days) reached confluence with a consistent and homogeneous morphology (magnification = 150x). (B) MSCEATA*4 are GFP-positive. (C) Quantitative real-time PCR anal-
yses of GATA-4 expression. *p <0.05 vs MSCN"" group, n = 6. (D) Western blot analysis of GATA-4 protein and corresponding semi-quantitative analysis of data. *p <0.05vs
MSCNY! n = 6. (E) Primary cultured neonatal rat CM (5 days) were stained with anti-a-sarcomeric actinin (a-SA) antibody. CM were positive for a-SA (red) and demonstrate
a clear sarcomeric organization. (F) Representative MSC®ATA*# co-cultured with CM, which is stained positive for cardiac troponin T. Nuclei were counterstained with DAPL (G)

Morphology of adult rat CM (magnification = 100x).
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Fig. 2. Functional analysis of transient outward K* current (I,) in MSC®ATA4 MSCN!' and adult rat CM. (A) Representative traces of I, recorded in MSC®ATA with a voltage step protocol as
shown in the inset in the absence and presence of 5 mM 4-AP. The I-V curve was shown in the absence and presence of 5 mM 4-AP. n = 8. I;, was significantly suppressed by 4-AP
(*p < 0.05 at 0 to 70 mV vs MSCEAT™ group) and the effect was reversed after drug washout (“p > 0.05 vs MSCEAT™4 group). (B) Representative traces of I, recorded from MSCN“!
with the same voltage step protocol in the absence and presence of 5 mM 4-AP. The I-V curve is shown in the absence and presence of 5 mM 4-AP, n = 4. I, was significantly suppressed
by 4-AP (*p < 0.05 at 10 to 70 mV vs MSCN"!" group) and the effect was reversed after drug washout (*p > 0.05 vs MSCN"! group). (C) Representative traces of I, recorded in adult rat
ventricular CM with the same voltage step protocol used in MSC. (D) Comparison of membrane capacitance and I, current densities in MSCN! (n = 4), MSC?A™4 (n = 8) and adult
rat ventricular CM (n = 8) at 70 mV (*p < 0.05 vs MSCN". #p < 0.05 vs MSCCATA-4).

60% (18/30) of MSCSATA4 a5 compared to 20% (6/30) in MSCN"!!,  between —60 mV and 70 mV in 10 mV increments from a holding

Furthermore, the average current density of Ix; was increased potential of —80 mV and then back to —30 mV (Fig. 4). We observed

in MSCATA4 yersus MSCN!! (—15.53 4 4.09 pA/pF versus —6.61 &  [Kpg currents in 54.54% (6/11) of MSC¢ATA4 and 36.36% (4/11)

3.72 pA/pF) at —120 mV (p < 0.05), but significantly different from of MSCNU!l Fig. 4A displays representative IKpg traces from

adult rat CM (—30.06 + 5.88 pA/pF) at —120 mV (Fig. 3D) (p < 0.05). MSCEATA-4 and MSCNU!! which could be significantly inhibited by

5 mM tetraethylammonium (TEA) (Fig. 4B). We also show that

3.7. IKpg in MSC these effects could be reversed after drug washout (Fig. 4C). The av-

erage step current density of IKpg in MSCSATA*4 (13.1 & 2.3 pA/pF)

We show that MSCCATA* also display properties of outward  was significantly higher than MSCN"" (8.8 + 1.8 pA/pF) at 4+ 70 mV
delayed rectifier currents, IKpg, which are elicited by voltage steps (p < 0.05).
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Fig. 3. Functional analysis of Iy in MSCSA™4 MSCN"! and adult rat ventricular CM. (A) Representative traces of I recorded in MSCSA™4 in the absence and presence of 500 uM BaCl. The
current was elicited with 300 ms voltage steps from — 40 to between — 120 and 0 mV as shown in the inset. The -V curve was shown in the absence (M) and presence (O) of 500 uM BaCl,
as well as the current (A) obtained after washout. Ba>* significantly inhibited I, at — 120 to —80 mV. *p <0.05 vs BaCl, group. #p < 0.05 vs BaCl, group, n = 10. (B) Representative trac-
ings of I, recorded in MSCN""'in the absence and presence of 500 uM BaCl, with the same protocol. The I-V curve was shown in the absence (W) and presence (O) of 500 uM BaCl, as well
as the current (A) obtained after washout. Ba>* significantly inhibited Ix; at — 120 to —80 mV. *p <0.05 vs BaCl, group and #p < 0.05 vs BaCl, group, n = 6. (C) Representative traces of I
in adult rat ventricular CM with the same protocol used in MSC. (D) Analysis of I; current densities in MSCN"", MSCSATA and adult rat ventricular CM. *p < 0.05 vs MSCN"" and #p < 0.05 vs

MSCEATA4 n = 6,

3.8. Ing in MSC

We also found that 20% (5/25) of MSCEATA- displayed electrophysi-
ological properties of an inward current, sensitive to inhibition by the
Ina blocker tetrodotoxin (TTX; 100 nM) and resistant to inhibition by
the Ic,1 blocker nifedipine (10 uM). Fig. 5A illustrates representative

traces from MSCEA™4, Our data highlight that activation of the inward
current was followed by a gradual activation of the IKpg current. We
show that TTX could abolish the inward current (Fig. 5B) and the effect
could be reversed upon drug washout for 5 min (Fig. 5C), suggesting
that the inward current may be TTX-sensitive Iy,. We also show that
the density of Inatrx in MSCSATA4 is about —4.51 4+ 1.01 pA/pF at
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Fig. 4. Functional analysis of delayed rectifier K* current (IKpg) in MSC®ATA and MSCN!!!, (A) Representative traces of [Kpg recorded in MSCEA™A4 and MSCN""' with the voltage protocol
shown in the inset in panel A. (B) Representative traces of [Kpg recorded in MSCSA™# and MSCN"" in the presence of 5 mM TEA. (C) Representative traces of IKpg recorded in MSC®AT™ and
MSCNU! after drug washout. IKpg was reduced by 5 mM TEA and the effect was fully recovered upon washout.

—30 mV, which was found to be significantly lower than adult rat CM
(—9.31 4 0.91 pA/pF) (p < 0.05). Interestingly, we could not identify
properties of this current in MSCN!! (Fig, 5D).

3.9. Icar in MSC

Through the addition of the K* current blocker CsCl, and Na™ cur-
rent blocker TTX, we identified another inward current in 12% (3/25)
of MSCATA4 which was sensitive to inhibition by the I, blocker nifed-
ipine (10 uM; Fig. 6A). However, this current could not be identified in
MSCNU! (Fig. 6B), suggesting that nifedipine-sensitive Ic,; currents are
only present in a small population of MSC“A™4, The density of Ic, in
MSCEATA4 was about —3.31 + 0.81 pA/pF at 0 mV; however, this was
much lower than that observed in adult rat CM (—5.73 + 0.84 pA/pF)
at 0 mV (Fig. 6C) (p < 0.05).

3.10. Expression of bFGF, VEGF and IGF-1 in MSC

In order to determine the growth factors important to maintain
MSCCATA4 and elucidate the potential mechanisms regulating
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GATA-4 effects on ion channel levels in MSC, we measured levels of
bFGF, VEGF and IGF-1 in the culture media from MSC by ELISA. We
show that both VEGF and IGF-1 levels were significantly increased
in the culture media from MSCEATA4 (IGF-1 = 21.5 + 3.2 ng/ml
and VEGF = 24.8 + 1.8 ng/ml) versus MSCN""" (IGF-1 = 4.9 +
0.9 ng/ml and VEGF = 16.2 4+ 1.9 ng/ml) (Fig. 7A) (p < 0.05). How-
ever, we show that bFGF levels were not significantly altered
(MSCEAT™A4: 5125 4+ 62.4 ng/ml versus MSCNU!: 479.6 +
48.3 ng/ml, p > 0.05) between the two groups (Fig. 7B).

3.11. Messenger RNA expression of ion channels in MSC

Rat MSC express several ion channels that play important roles in
generating I, Iy, and Iy, currents as well as several other currents
[16]. Here, we investigated whether GATA-4 would influence the ex-
pression of mRNAs of selected ion channels found in CM. To this end,
we show that mRNA levels of Kv1.4 and Kv4.2 (likely responsible for
lto), Kv1.2 and Kv2.1 (likely responsible for Ixpgr), SCN2a1 (likely respon-
sible for Inarx), Kirl.1 (likely responsible for Ik ) and CCHL2a (likely re-
sponsible for I, 1) could be detected in MSC®AT™A# and MSCN!! using

701’1’]}: 300ms
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Fig. 5. Functional analysis of Iy, in MSCSA™*and MSCN!", (A) Representative traces of Iy, in MSC®A™ utilizing the voltage protocol as shown in the inset. (B) Representative traces were
recorded after the application of 100 nM TTX for 5 min. (C) Representative traces were recorded after drug washout for 5 min. TTX reversibly abolished the inward transient without af-
fecting the outward current, suggesting that the inward current is a TTX-sensitive Na* current (Iy,7rx). (D) Representative tracings of currents in MSCN"" utilizing the voltage protocol as

shown. Iyarx Were not present in MSCN!!
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Fig. 6. Functional analysis of Ic, in MSCEATA4 MSCN"!' and adult rat ventricular CM.
(A) Representative traces of Ic, in MSC®ATA* utilizing the voltage protocol as
shown in the inset. (B) Representative tracings of current in MSCN""" utilizing the
same voltage protocol. Ic,; was not present in MSCN!!. (C) Representative Ic, trac-
ings in adult rat ventricular CM utilizing the same voltage protocol as in MSC.

real-time PCR. The levels of specific mRNAs for these selected ion chan-

nels relative to the housekeeping gene GAPDH are summarized in Fig. 8.

The mRNA expression of Kv1.4 channel represented as the ratios of
Kv1.4 to GAPDH was significantly increased in MSC“AT™4 compared
with MSCNY! (56.1 & 7.1% versus 29.1 + 5.1%, p < 0.05) (Fig. 8A). Ex-
pression of Kv1.2,Kv2.1,SCN2a1, CCHL2a and Kir1.1 mRNA was also sig-
nificantly upregulated in MSC®A™ than in MSCN" (Fig. 8) (p < 0.05).
However, no significant differences in the Kv4.2 channel mRNA could
be observed between both groups (Fig. 8B) (p > 0.05). These results
provide potential molecular regulators of the functional ionic currents
(i.e., Inatm Icat Tto, Iia and Ixpgr) which were increased in MSCEATA,

3.12. Effect of bFGF, VEGF and IGF-1 on ion channel subunits

We further show that MSCSAT™ 4 treated with neutralizing antibod-
ies to IGF-1 display a significant reduction in Kv2.1 channel mRNA
expression, compared with untreated MSCSA™4 (IGF-1 treated
MSCCATA4: 53 1 4 2.1% versus untreated MSCEAT™4: 68.5 4+ 5.2%,
p < 0.05) (Fig. 8A). A significant reduction in Kir1.1, Kv1.4, CCHL2a
and SCN2a1 channel mRNA expression was also observed in treated
MSCEATA4 (Kir1.1: 30.5 & 2.7%, Kv1.4: 40.1 + 3.4%, CCHL2a: 32.2 +
2.1% and SCN2a1: 42.1 + 3.1%), compared with untreated MSCSATA-4
(Kir1.1: 44.8 + 4.2%, Kvl.4: 56.1 + 5.1%, CCHL2a: 41.2 + 4.1%,
SCN2a1:54.4 + 5.2%) (Fig.8) (p < 0.05). However, no significant effects
of IGF-1 neutralizing antibodies were observed on the expression of
Kv1.2 and Kv4.2 mRNA expression in treated versus untreated
MSCCATA (Fig, 8A).

VEGF neutralizing antibodies had similar effects on mRNA expres-
sion levels of these ion channels in MSCSATA, Specifically, Kv2.1,
Kv1.2, Kv1.4, Kir1.1, CCHL2a and SCN2al channel mRNA expression
was significantly decreased in MSC“A™ treated with VEGF neutraliz-
ing antibodies (Kv2.1: 51.2 &+ 3.1%, Kv1.2: 42.1 &+ 3.1%, Kv1.4: 38.1 +

A
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Fig. 8. Real-time PCR analysis of mRNA levels of ion channel subunits associated with
functional ionic currents. Summary of amplification of cDNAs derived from MSC mRNAs
(n = 5; times of real-time PCR experiments from different cells as used in ion channel
study) relative to the housekeeping gene, GAPDH. (A) Ky1.2, Ky2.1, Ky1.4 and Ky4.2
mRNA expression levels in MSC. (B) Kir1.1, CCHL2a and SCN2a1 channel mRNA expres-
sion levels in MSC. *p < 0.05 vs MSCN!". #p < 0.05 vs MSCEATA4, Tp > 0,05 vs MSCN"! and
p > 0.05 vs MSCEATA4 n = 5. Abbreviations: CCHL2a, L-type calcium channel -2 sub-
unit; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Kir, inward rectifier potassi-
um channel; Kv, voltage-gated potassium channel.

3.1%, Kir1.1: 29.2 4+ 2.9%, CCHL2a: 30.1 + 2.3%, SCN2al: 40.2 +

3.1%), compared with untreated MSCATA# (Kv2.1: 68.5 + 5.2%,
Kv1.2: 53,5 + 6.1%, Kv1.4: 56.1 4+ 5.1%, Kirl.1: 44.8 + 4.2%,
CCHL2a: 41.2 + 4.1%,SCN2al: 54.4 + 5.2%) (Fig. 8) (p < 0.05). How-
ever, VEGF did not significantly alter the expression of Kv4.2 mRNA
in treated versus untreated MSC%ATA- (Fig. 8A).

4. Discussion

A major finding of our study is that GATA-4 increases functional
ionic currents (i.e., Ito, Ikpr, Ik1, INaTTx @nd Icay) in MSC, concomitant
with an upregulation in mRNA expression of molecular regulators of
these ion channels (i.e., Kv1.4, Kv1.2 and Kv2.1, Kir1.1, SCN2a1 and
CCHL2a, respectively), which are found in CM. The functional validity
of these ion channels was assessed with the use of inhibitors such as
BaCl, which inhibits Iy;, TEA which inhibits IKpg, TTX which blocks
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Fig. 7. ELISA analysis of VEGF, IGF-1, and bFGF levels in culture media of transduced MSC. *p < 0.05 vs MSCN! and #p > 0.05 vs MSC!! n = 5.
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INnaTTx 4-AP which blocks Iy, and nifedipine which inhibits Ic,;. We also
demonstrated that the effects of GATA-4 overexpression on upregula-
tion of ionic currents in MSC is at least partially dependent on secreted
IGF-1, which in turn could upregulate Kv2.1, Kv1.4, Kir1.1, CCHL2a and
SCN2a1 channel transcript levels. In addition, these effects are also par-
tially dependent on secreted VEGF, which in turn can also upregulate
Kv2.1, Kv1.2, Kv1.4, Kir1.1, CCHL2a and SCN2a1 channel transcript
levels. To our knowledge, this study is the first to demonstrate that ge-
netic modification of MSC via GATA-4 overexpression can directly acti-
vate ionic currents specifically found in CM, which could be a possible
mechanism of how GATA-4 promotes differentiation of MSC into CM.

4.1. Electrophysiological properties of MSCEA™-4

MSC transplantation can help improve the cardiac function of in-
jured hearts through regeneration of CM [24]. GATA-4 gene enhance-
ment in donor cells has been shown to decrease cell apoptosis,
promote angiogenesis and improve differentiation of cells into CM. Spe-
cific to differentiation, it has been reported that upregulation of GATA-4
can significantly increase differentiation of P19 (a murine embryonic
carcinoma cell line) cells, embryonic stem cells and cardiac stem cells
into CM [25,26]. A recent report indicates that SUR2A, a regulatory sub-
unit of cardiac KATP channels, affects GATA-4 expression and shifts CM
to less differentiated states [27]. This phenomenon indicates that re-
duced levels of GATA-4 may even suppress CM differentiation. Our pre-
vious research demonstrated that overexpression of GATA-4 can also
significantly increase MSC differentiation into CM, which was associat-
ed with an upregulation of IGFBP-4 [16]. However, the characterization
of the effects of GATA-4 overexpression on differentiation of MSC into
CM was limited to assessing CM-specific markers using immunofluores-
cence microscopy, Western blot and real-time PCR analyses. Immuno-
staining analyses showed that co-cultured MSCSAT™* were positive for
a-sarcomeric actinin. Additionally, real-time PCR and Western blot
analyses demonstrated that overexpression of GATA-4 can enhance
CM-specific markers such as, BNP, islet-1 and a-actinin when MSC are
cultured alone and when they are co-cultured with CM. However, the
impact of differentiation factors on the electrophysiological properties
and expression patterns of ion channels in MSC has not been well-
documented.

Through our studies, we show that GATA-4 expressing MSC co-
cultured with CM exhibited Iq, o, InaTrx and Ica; channel activities
that are all ionic channels typical of CM. Specifically, we demonstrated
that MSCAT™ 4 exhibited larger I, currents than MSCN"", suggesting
that GATA-4 induces an increase in Iy,. As a result, the transcript levels
of Kv4.2 and Kv1.4, which encode the c-subunit of I, channel, were fur-
ther investigated. We show that Kv1.4 but not Kv4.2 transcripts were in-
creased in MSC%A™4 compared to MSCN'!". Ix; was also increased in
MSCEATA4 when compared to MSCN"!', which might contribute to the
observed higher levels of Kir1l.1 mRNA in MSCSA™4, In addition, Iy,
was also increased in MSC®A™* when compared to MSCN"!", which
could contribute to the observed higher levels of SCN2al mRNA in
MSCEATAY [, | was also significantly increased in MSCEA™4 when com-
pared to MSCN"!! which might also contribute to the higher expression
of CCHL2a mRNA. Ixpr Was also significantly increased in MSCEATA4
when compared to MSCN"!!, which may contribute to the higher expres-
sion of Kv2.1 and Kv1.2 mRNAs. Our studies extend previous observa-
tions, which demonstrated that newly formed MSC formed by co-
culturing MSC with CM (ratio of 1:10) exhibit Ix; activity that is an
ionic channel typical of CM [28].

4.2. Cytokine mediated electrophysiological changes in MSC expressing
GATA-4

Previously, it has been shown that MSC can differentiate into CM-
like cells in a myocardial environment without making physical con-
tacts with myocytes [28]. It is well known that MSC secrete a wide

array of cytokines such as stem-cell factor (SCF), tumor necrosis factor
(TNF), VEGF, IGF-1 and bFGF [29]. Among them, bFGF and IGF-1 are re-
leased at higher levels and have been shown to be essential for cellular
proliferation and differentiation during heart development [30,31].
Both bFGF and IGF-1 have also been shown to regulate potassium chan-
nel expression [32-36]. Previous studies showed that IGF-1 and VEGF
are specifically elevated in culture media of MSC co-cultured with CM,
suggesting an association with increased CM survival using co-
culturing methods [26,37]. Gamper N et al. also reported that IGF-1
upregulates Kv1.1, Kv1.2 and Kv1.3 mRNA in HEK293 cells through
PI3-kinase, PDK1 and SGK1 signaling pathways [35]. In cultured neona-
tal rat ventricular CM, IGF-1 has also been shown to increase cardiac
Kv1.5 channel expression by calmodulin-dependent kinase and tyrosine
kinase signaling pathways [36]. Previous studies demonstrated that
bFGF increases I, in MSC through the upregulation of Kv4.2 expression,
but not Kv4.3 [38]. These results altogether suggest a relationship be-
tween cytokines and electrophysiological properties of cardiac cells.

Through our studies, we show that VEGF upregulates the expression
of Kv2.1, Kv1.2, Kv1.4, Kir1.1, CCHL2a and SCN2a1 channel transcripts,
whereas IGF-1 upregulates the expression of Kv2.1, Kv1.4, Kirl.1,
CCHL2a and SCN2a1 channel transcript levels in MSC after GATA-4 ex-
pression. These results altogether suggest that MSC expressing GATA-4
exert their effects on I, at least in part, through releasing VEGF or/and
IGF-1, which regulates the expression of Kv1.4 channel and increases
Iy, densities in MSC. In terms of the effects of GATA-4 expression on
IKpr in MSC, our results suggest that they are primarily mediated
through releasing IGF-1, which regulate the expression of the Kv2.1
channel. In terms of the effects of GATA-4 expression on Iy, Ic,r and I-
NaTTx iN MSC, our results suggest that they are mediated through release
of VGEF and IGF-1, which then regulate the expression of Kir1.1, CCHL2a
and SCN2a1 channel transcripts, respectively. In contrast, our results
show that GATA-4 expression did not affect the expression of Kv4.2
mRNA.

In conclusion, we identify that there is an impact of GATA-4 expres-
sion on the cellular electrophysiological changes in MSC, which include
effects on potassium, calcium and sodium channels. However, further
experiments are needed to elucidate the underlying mechanisms of
how cytokines secreted from MSC*™ upregulate the gene expression
pattern of ion channels. Future studies aimed at studying these mecha-
nisms will be investigated.

5. Conclusions

GATA-4 overexpression increases Iy, IKpg, Ik1, Inatrx and I,y cur-
rents in MSC. Cytokine (VGEF and IGF-1) release from GATA-4 overex-
pressing MSC can partially account for the upregulated ion channel
mRNA expression.
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